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Lang, Michael A., Ian G. Macintyre, and Klaus Rützler, editors. Proceedings of the Smithsonian 
Marine Science Symposium. Smithsonian Contributions to the Marine Sciences, number 38, 529 
pages, 217 figures, 47 tables, 2009.—The Smithsonian Marine Science Symposium was held on 
15-16 November 2007 in Washington, D.C. It represented the first major dissemination of ma
rine research results since the establishment of the Smithsonian M arine Science Netw ork (MSN). 
The 39 papers in this volume represent a wide range of marine research studies that demonstrate 
the breadth and diversity of science initiatives supported by the MSN. The first section contains 
an overview of the M SN along with papers describing the multidisciplinary investigations span
ning more than 37 years for the four Smithsonian marine facilities that constitute the Network: 
the Smithsonian Environmental Research Center at the Chesapeake Bay, M aryland; the N ational 
Museum of N atural H istory’s Smithsonian Marine Station at Fort Pierce, Florida; the Carib
bean Coral Reef Ecosystems Program, with its Carrie Bow Marine Field Station in Belize; and 
the Smithsonian Tropical Research Institute in Panama. Subsequent papers represent findings 
by Smithsonian scholars and their collaborators on overarching topics of marine biodiversity, 
evolution, and spéciation; biogeography, invasive species, and marine conservation; and forces of 
ecological change in marine systems.

Cover images: (left) Aurelia aurita sea jelly with juvenile carangid jacks in its bell, Carrie Bow 
Cay, Belize; (middle) Dendronephthya  soft corals and Anthias school, The Brothers Islands, Red 
Sea, Egypt; (right) grey reef shark Carcharhinus amblyrhynchos, Kingman Reef, N orthern Line 
Islands (all photos by Michael A. Lang).

Published by Smithsonian Institution Scholarly Press 
P.O. Box 37012 
M RC 957
Washington, D.C._20013-7012 
www.scholarlypress.si.edu

Library of Congress Cataloging-in-Publication Data
Smithsonian Marine Science Symposium (2007 : Washington D.C.)
Proceedings of the Smithsonian M arine Science Symposium / edited by Michael A. Lang, Ian 

G. Macintyre, and Klaus Rützler.
p. cm. — (Smithsonian contributions to the marine sciences, ISSN 0196-0768 ; no. 38) 

Includes bibliographical references and index.
1. Marine sciences—Congresses. I. Lang, Michael A. II. Macintyre, Ian G. III. Rützler, Klaus. 

IV. Title 
GC2.S57 2007 
578.77—dc22

2009028023

ISSN (print): 0196-0768 
ISSN (online): 1943-667X

(55) The paper used in this publication meets the minimum requirements of the American National 
Standard for Permanence of Paper for Printed Library Materials Z39.48-1992.

http://www.scholarlypress.si.edu


Contents

FOREW ORD by Ira R ub ino ff ix

EXECUTIVE SUMMARY by Michael A. Lang  xi

OVERVIEW OF SM ITHSONIAN M ARINE SCIENCE

Introduction  to  the Sm ithsonian M arine Science N etw ork  l
M ichael A. Lang, Sm ithsonian O ffice o f  the Under Secretary 

fo r Science

Land-Sea Interactions and H um an Im pacts in the Coastal Zone 1 1

A nson H . Hines, Sm ithsonian Environm ental Research Center

Sm ithsonian M arine Station at Fort Pierce: Thirty-Eight Years
of Research on the M arine Biodiversity of Florida 25

Valerie J. Paul, Sm ithsonian M arine Station at Fort Pierce 
Julianne Piraino, Sm ithsonian M arine Station at Fort Pierce 
Laura Diederick, Sm ithsonian M arine Station at Fort Pierce

Caribbean Coral Reef Ecosystems: Thirty-Five Years of Sm ithsonian
M arine Science in Belize 43

Klaus Rützler, N ational M useum  o f  N atural History,
Sm ithsonian Institu tion

The Sm ithsonian Tropical Research Institute: M arine Research,
Education, and Conservation in Panam a 73

D. Ross Robertson, Sm ithsonian Tropical Research Institu te
John H . Christy, Sm ithsonian Tropical Research Institu te
Rachel Collin, Sm ithsonian Tropical Research Institu te
R ichard G. Cooke, Sm ithsonian Tropical Research Institu te
Luis D ’Croz, Sm ithsonian Tropical Research Institu te
Karl W. Kaufm ann, Sm ithsonian Tropical Research Institu te
Stanley H eckadon M oreno, Sm ithsonian Tropical Research Institu te
Juan L. M até, Sm ithsonian Tropical Research Institu te
Aaron O ’Dea, Sm ithsonian Tropical Research Institu te
M ark E. Torchin, Sm ithsonian Tropical Research Institu te



S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

M ARINE BIODIVERSITY, EVOLUTION, AND SPECIATION

Protandric Sim ultaneous H erm aphroditism  Is a Conserved Trait
in Lysm ata  (Caridea: Lysmatidae): Im plications for the Evolution 
of H erm aphroditism  in the Genus
J. A n ton io  Baeza, Sm ithsonian M arine Station at Fort Pierce

Reconciling Genetic Lineages w ith Species in W estern A tlantic 
C oryphopterus (Teleostei: Gobiidae)
Carole C. Baldwin, N ational M useum  o f  N atural History, 

Sm ithsonian Institu tion  
Lee A . Weigt, N ational M useum  o f  N atural History,

Sm ithsonian Institu tion  
D avid  G. Sm ith, N ational M useum  o f  N atural History,

Sm ithsonian Institu tion  
Julie H. M ounts, N ational M useum  o f  N atura l History,

Sm ithsonian Institu tion

Recent Insights into Cnidarian Phylogeny
Allen G. Collins, N ational M arine Fisheries Service Systematics 

Laboratory, N a tional M useum  o f  N atura l History,
Sm ithsonian Institu tion

Biodiversity and A bundance of Sponges in C aribbean M angrove: 
Indicators of Environm ental Q uality
Maria Cristina Diaz, M useo M arino de Margarita, Venezuela 
Klaus Rützler, N ational M useum  o f  N atural History,

Sm ithsonian Institu tion

Internal Transcribed Spacer 2 (ITS2) V ariation in the G orgonian Coral 
Pseudopterogorgia bipinnata  in Belize and Panam a 
D aniel D orado, Universidad de Ios Andes, Colombia  
Juan  A. Sánchez, Universidad de Ios Andes, Colom bia

O bvious Invaders and O verlooked Infauna: U nexpected Constituents 
of the D ecapod C rustacean Fauna at Twin Cays, Belize 
D arryl L . Felder, University o f  Louisiana at Lafayette  
Peter C. D w orschak, Naturhistorisches M useum  in Wien 
Rafael Robles, University o f  Louisiana at Lafayette  
H eather D . Bracken, University o f  Louisiana at Lafayette  
A m anda M . Windsor, University o f  Louisiana at Lafayette  
Jennifer M . Felder, University o f  Louisiana at Lafayette  
Rafael Lem aitre, N a tional M useum  o f  N atura l History,

Sm ithsonian Institu tion

Im posex in One of the W orld’s Busiest Shipping Zones 
Carter Li, M cG ill University
Rachel Collin, Sm ithsonian Tropical Research Institu te

Shorefishes of the Tropical Eastern Pacific Online Inform ation System 
D. Ross Robertson, Sm ithsonian Tropical Research Institu te

N ephasom a pellucidum : A  M odel Species for Sipunculan Development? 
A nja Schulze, Texas A & M  University at Galveston  
M ary E. Rice, Sm ithsonian M arine Station at Fort Pierce

95  

111

139

151

173

181

189

197

209



N U M B E R  3 8

M itochondrial Phylogeography of the Intertidal Isopod Excirolana  
braziliensis on the Two Sides of the Isthm us of Panam a 
Renate Sponer, Sm ithsonian Tropical Research Institu te  
Harilaos A. Lessios, Sm ithsonian Tropical Research Institu te

Stability and Change in the Indian River Area Bryozoan Fauna 
over a Twenty-Four Year Period
Judith E. W inston, Virginia M useum  o f  N atural H istory

BIOGEOGRAPHY, INVASIVE SPECIES, AND M ARINE CONSERVATION

The Turtles’ Tale: Flagships and Instrum ents for M arine Research, 
E ducation, and C onservation
John G. Frazier, N ational Zoological Park, Sm ithsonian Institu tion

Eatitudinal G radients in R ecruitm ent and Com m unity Dynamics 
in M arine Epifaunal Com m unities: Im plications 
for Invasion Success
A m y  L. Freestone, Sm ithsonian Environm ental Research Center 
R ichard W. O sm an, Sm ithsonian Environm ental Research Center 
R obert B. W hitlatch, University o f  Connecticut

Ex Situ Culture of C aribbean and Pacific C oral Earvae Com paring 
Various F low -Through Cham bers 
M ary Hagedorn, N ational Zoological Park,

Sm ithsonian Institu tion  
Virginia L . Carter, N ational Zoological Park,

Sm ithsonian Institu tion  
Lea H ollingsw orth, University o f  H awaii 
JoA nne C. Leong, University o f  H aw aii 
R oland  Kanno, University o f  H awaii 
Eric H. Bornem an, University o f  H ouston  
D irk Petersen, R otterdam  Z o o  
M ichael Laterveer, R otterdam  Z o o  
M ichael Brittsan, Colum bus Z o o  and Aquarium  
M ark Schick, John G. Shedd Aquarium

W orldwide Diving Discoveries of Eiving Fossil Animals 
from  the D epths of Anchialine and M arine Caves 
Thom as M . Iliffe, Texas A & M  University at Galveston  
Louis S. Kornicker, N ational M useum  o f  N atura l History,

Sm ithsonian Institu tion

Decim ating M angrove Forests for Com m ercial D evelopm ent 
in the Pelican Cays, Belize: Tong-Term Ecological Toss 
for Short-Term Gain?
Ian C. M acintyre, N ational M useum  o f  N atura l History,

Sm ithsonian Institu tion  
M arguerite A . Toscano, N ational M useum  o f  N atura l History, 

Sm ithsonian Institu tion  
Ilka  C. Feller, Sm ithsonian Environm ental Research Center 
Maria A . Faust, N ational M useum  o f  N atural History,

Sm ithsonian Institu tion



v i  • S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

Using the Panam a Canal to  Test Predictions abou t Tropical 
M arine Invasions
Gregory M . Ruiz, Sm ithsonian Environm ental Research Center 
M ark E. Torchin, Sm ithsonian Tropical Research Institu te  
Katharine Grant, Sm ithsonian Environm ental Research Center

Ciguatera Fish Poisoning in the C aribbean
Patricia A. Tester, N ational Ocean Service, N O A A  
Rebecca L. Feldman, R LF  E nvironm ental 
A m y  W. N au, N ational Ocean Service, N O A A  
Maria A . Faust, N ational M useum  o f  N atural History,

Sm ithsonian Institu tion  
R. W ayne Litaker, N ational Ocean Service, N O A A

FORCES OF ECOLOGICAL CHANGE IN  M ARINE SYSTEMS

H istory  of Reef C oral Assemblages on the R hom boid Shoals of Belize 
R ichard B. A ronson, Florida Institu te  o f  Technology 
Ian C. M acintyre, N ational M useum  o f  N atura l History, 

Sm ithsonian Institu tion  
A n ke  M . Moesinger, D auphin Island Sea Lab  
W illiam F. Precht, Florida Keys N ational M arine 

Sanctuary, N O A A  
M ichael R. Dardeau, D auphin Island Sea Lab

Clim ate and H ydrological Factors Affecting V ariation in C hlorophyll 
C oncentration and W ater Clarity in the Bahia A lm irante, Panam a 
Rachel Collin, Sm ithsonian Tropical Research Institu te  
Luis D ’Croz, Sm ithsonian Tropical Research Institu te  
Plinio Gondola, Sm ithsonian Tropical Research Institu te  
Juan B. D el Rosario, Sm ithsonian Tropical Research Institu te

N utrien t and Chlorophyll Dynamics in Pacific Central 
America (Panama)
Luis D ’Croz, Sm ithsonian Tropical Research Institu te  
Aaron O ’Dea, Sm ithsonian Tropical Research Institu te

G row th and N utrien t C onservation in R hizophora m angle  in Response 
to  Fertilization along L atitudinal and Tidal G radients 
Uka C. Feller, Sm ithsonian Environm ental Research Center 
Catherine E. Lovelock, University o f  Q ueensland  
Cyril Piou, In stitu t N acional de la Recherche A gronom ique, France

U nderw ater Spectral Energy D istribution  and Seagrass D epth Limits 
along an O ptical W ater Q uality G radient 
Charles L . Gallegos, Sm ithsonian E nvironm ental 

Research Center 
W. Judson K enworthy, N O A A  Center for Coastal Fisheries 

and H abita t Research 
Patrick D . Biber, University o f  Southern M ississippi 
Bret S. Wolfe, University o f  Virginia

291

301

313

323

335

345

359



N U M B E R  38  • v i i

Interannual V ariation in Gelatinous Z ooplank ton  and Their Prey 
in the Rhode River, M aryland
Eileen S. Graham, Sm ithsonian Environm ental Research Center 
Danielle M . Tuzzolino, Sm ithsonian E nvironm ental 

Research Center 
Rebecca B. Burrell, Sm ithsonian Environm ental Research Center 
Denise L . Breitburg, Sm ithsonian Environm ental Research Center

Patterns of W ater Q uality  and M ovem ent in the Vicinity 
of Carrie Bow Cay, Belize
Karen H . Koltes, U.S. D epartm ent o f  the Interior 
Thom as B. O pishinski, Interactive Oceanographies

Global Change and M arsh  Elevation Dynamics: Experim enting 
W here Land M eets Sea and Biology M eets Geology 
J. A dam  Langley, Sm ithsonian Environm ental Research Center 
M are V. Sigrist, Sm ithsonian Environm ental Research Center 
James Duls, Sm ithsonian Environm ental Research Center 
D onald  R . Cahoon, U.S. Geological Survey 
James C. Lynch, U.S. Geological Survey
J. Patrick Megonigal, Sm ithsonian Environm ental Research Center

Herbivory, N utrients, Stochastic Events, and Relative D om inances 
of Benthic Indicator G roups on Coral Reefs: A Review 
and R ecom m endations
M ark M . Littler, N ational M useum  o f  N atura l History, 

Sm ithsonian Institu tion  
D iane S. Littler, N a tional M useum  o f  N atura l History,

Sm ithsonian Institu tion  
Barrett L . Brooks, N ational M useum  o f  N atura l History, 

Sm ithsonian Institu tion

Im pacts of H um an  D isturbance on Soil Erosion Potential and 
H ab ita t Stability of M angrove-D om inated Islands in the 
Pelican Cays and Twin Cays Ranges, Belize 
Karen L. McKee, U.S. Geological Survey 
W illiam C. Vervaeke, U.S. Geological Survey

An Overview of Symbiont-Bleaching in the Epiphytic Foram iniferan 
Sorites dominicensis
Susan L. Richardson, Sm ithsonian M arine Station at Fort Pierce

N ew  Perspectives on Ecological M echanism s Affecting Coral 
R ecruitm ent on Reefs
Raphael Ritson-W illiam s, Sm ithsonian M arine Station  

at Fort Pierce 
Suzanne N . Arnold, University o f  M aine 
N icole D. Fogarty, Florida State University 
R obert S. Steneck, University o f  M aine  
M ark J. A . Vermeij, C A R M A B I
Valerie J. Paul, Sm ithsonian M arine Station at Fort Pierce

369

379

391

401

415

4 2 9

4 3 7



S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

Do Indian River Lagoon W etland Im poundm ents (Eastern Florida) 
N egatively Im pact Fiddler Crab (Genus Uca) Populations?
Björn G. Tunberg, Sm ithsonian M arine Station at Fort Fierce

Dynam ic H ydrology of a M angrove Island: Twin Cays, Belize 
D aniel W. Urish, University o f  R hode Island  
R a ym ond  M . Wright, University o f  R hode Island  
Ilka  C. Feller, Sm ithsonian Environm ental Research Center 
W ilfrid  Rodriguez, University o f  R hode Island

Ecological Characteristics of Batis m aritim a  in Florida and Belize
Dennis F. W higham , Sm ithsonian Environm ental Research Center
M ichael C. W higham , University o f  N ew  H am pshire
Ilka  C. Feller, Sm ithsonian Environm ental Research Center
W ilfrid  Rodriguez, University o f  R hode Island
Ryan S. King, Baylor University

Sponge C om m unity Dynamics on C aribbean M angrove Roots: 
Significance of Species Idiosyncrasies 
Janie L . W ulff, Florida State University

INDEX



Foreword

N early tw o-thirds of E arth ’s surface is covered by the ocean, a global 
system essential to  all life. Im pacts on one p art of the ocean can have 
worldw ide effects. The ocean m oderates our clim ate, provides valu
able resources, and produces at least half the oxygen we breathe: it 
makes our planet livable. We know  little, however, about the physical, chemical, 

geological, and biological aspects of this crucial life support system.
The Sm ithsonian Institution, in efforts to  increase know ledge about the 

ocean, has established a netw ork of m arine laboratories th a t m onitors coastal 
habitats along a la titudinal gradient from  the Chesapeake Bay through the 
Indian River Tagoon to  the M esoam erican barrier reef and on both  sides of 
the Isthm us of Panam a. The m aintenance of long-term  research projects and 
environm ental m onitoring is crucial to  understanding changes th a t exceed in 
time the professional career of any given scientist. The inform ation gained from  
such studies a t stable sites enables scientists to  differentiate between long-term  
changes and local or short-term  environm ental variations. Results contribute 
to  our knowledge of systematics and ecology, physiology, behavioral sciences, 
geology, and paleoecology.

O ur m arine science universe comprises Sm ithsonian staff scientists and ex
ternal collaborators and encourages the next generation of scientists, graduate 
students, and fellows. This sym posium  presents a Sm ithsonian-wide sample of 
m arine science results.

Ira R u b in o ff  
Sm ithsonian Institu tion
A cting  Under Secretary for Science, 2 0 0 7-2008





Executive Summary

The results of the Smithsonian M arine Science Symposium, convened by 
the M arine Science N etw ork on 15-16 Novem ber 2007 in Washington, 
D.C., are reported in 39 papers in this volume. These proceedings cover 
a wide range of marine research studies that dem onstrate the breadth 
and diversity of science initiatives supported by the Smithsonian M arine Science 

N etw ork. The first section treats an overview of the Smithsonian M arine Science 
N etw ork established in 1998, and a brief background and history of multidisci
plinary investigations spanning more than 37 years for each of the four marine 
facilities that constitute the N etw ork: the Smithsonian Environmental Research 
Center at the Chesapeake Bay, M aryland; the N ational M useum  of N atural H is
tory’s Smithsonian M arine Station at Fort Pierce, Florida; the Caribbean Coral 
Reef Ecosystems Program, w ith its Carrie Bow M arine Field Station in Belize; and 
the Smithsonian Tropical Research Institute in Panam a. Subsequent papers in this 
volume represent findings by Smithsonian scholars and their collaborators on over
arching topics of marine biodiversity, evolution, and spéciation; biogeography, in
vasive species, and marine conservation; and forces of ecological change in marine 
systems. The volume includes contributions on historical and geological aspects of 
coral reef and mangrove development; on biodiversity, developmental biology, and 
evolution (including molecular genetics) of sponges, cnidarians, sipunculan worms, 
crustaceans, and fishes; on ecology and population dynamics of algae, sponges, 
bryozoans, Zooplankton, and miscellaneous invasive species; on environmental pa
rameters, including pollutants, oceanographic factors, and hydrological regimes, 
and their effects on prim ary and secondary productivity, bleaching of symbiotic fo- 
raminiferans, benthic community structure, herbivory, development of toxic algal 
blooms, and land-sea connectivity in coastal habitats, that is, temperate bays and 
lagoons and tropical reefs and mangroves; and on conservation and education ini
tiatives encompassing a range of organisms from sponges and corals to  sea turtles, 
as well as communities such as tidal marshes, mangrove swamps, and coral reefs. 
As we prepare to face the challenges of rapidly accelerating biodiversity loss and 
global environmental stresses, particularly in highly vulnerable tropical shallow- 
w ater ecosystems such as reefs and mangroves, the focus of our scientific expertise 
on the m ember laboratories of the M arine Science N etw ork has, during decades 
of docum entation, established ecological standards that will help us m onitor and 
evaluate future changes or trends and contribute to forthcoming education and 
conservation initiatives.

M ichael A . Lang
Sm ithsonian Institu tion
Office o f  the Under Secretary for Science
A pril 2009





Introduction to the Smithsonian 
Marine Science Network

Michael A. Lang

ABSTRACT. The “Smithsonian M arine Science Symposium” contained more than 70 
oral and poster presentations by Smithsonian scholars and collaborators and represented 
the first m ajor dissemination of marine research results since the establishment of the 
Marine Science N etwork (MSN) in 1998. The MSN operates a unique array of labo
ratories and research vessels that spans the latitudinal gradient of the western Atlantic 
(Chesapeake Bay, Indian River Lagoon, Mesoamerican Barrier Reef, and Panamanian 
Coast) and crosses the isthmus of Panama. The Netw ork is dedicated to understanding 
the rich biodiversity and complex ecosystem dynamics that sustain coastal processes and 
productivity. We study evolutionary, ecological, and environmental change in the ocean’s 
coastal zones, increasing scientific knowledge of these environments and improving soci
ety’s appreciation of the ocean’s effect on our lives. Coastal environments are of immense 
economic and environmental importance and comprise 95%  of the ocean’s fisheries. Our 
coasts are the most densely populated and fastest growing communities in the USA. The 
MSN ensures integrated support of “Discovering and Understanding Life’s Diversity,” a 
core Smithsonian scientific mission. The MSN’s goals are to ensure that the whole of the 
integrated Network is larger than the sum of its parts, leading to enhanced productivity 
through collaborative and comparative research, marine infrastructure development and 
support, professional training and outreach, and effective allocation of resources.

INTRODUCTION

Michael A. Lang, Smithsonian Institution, O f
fice o f  the Under Secretary for Science, P.O. Box 
37012, MRC-009, Washington, D.C. 20013- 
7012, USA (langm@si.edu). Manuscript received 
10 April 2009; accepted 20 April 2009.

The “ Sm ithsonian M arine Science Sym posium ” was held 15-16  N ovem 
ber 2007  to  celebrate individual and long-term  pan-institu tional m arine re
search, w ith  a particu lar focus on highlights of the first ten years since the 
establishm ent of the M arine Science N etw ork  (M SN) in 1998. The sym posium  
was convened by the Office of the U nder Secretary for Science and  represented 
the first gathering, o f this m agnitude, o f Sm ithsonian m arine scientists. The 
sym posium  presented m arine research findings by Sm ithsonian scholars and 
their co llaborato rs w ith  em phasis on m arine biodiversity, evolution, and spé
ciation; biogeography, invasive species, and  m arine conservation, including 
life histories and  m icrobial and  behavioral ecology; and forces of ecological 
change in m arine systems. The sym posium  carried  on a trad itio n  of Sm ithson
ian m arine science th a t began nearly  150 years ago and resulted in some of the 
w o rld ’s forem ost collections of m arine specimens. M ore th an  70 presentations

mailto:langm@si.edu
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and posters discussed results o f m arine research from  the 
C hesapeake Bay, Indian  River L agoon and Florida Keys, 
the M esoam erican B arrier Reef in Belize, the A tlantic 
and Pacific Coasts o f the Isthm us of Panam a, and  other 
in ternational research sites. T hirty-nine papers from  this 
sym posium  are presented in this 38 th  volum e of Sm ith 
sonian C ontributions to  the M arine Sciences, and ad 
ditional m arine education posters reside on h ttp ://w w w  
.si.edu/m arinescience. Sm ithsonian speakers included m a
rine research leaders, co llabora to rs, and  fellows from  the 
Sm ithsonian Environm ental R esearch Center, N ational 
Z oological Park, N ationa l M useum  of N a tu ra l H istory, 
Sm ithsonian M arine S tation  at F ort Pierce, C aribbean 
C oral Reef Ecosystems Program , Sm ithsonian Tropical 
R esearch Institu te, and  the Office of the U nder Secretary 
for Science.

The Sm ithsonian Institu tion  operates a unique ne t
w ork  of coastal laboratories and long-term  research sites 
on the east coast o f N o rth  and Central America tha t ex
tends along the w estern A tlantic O cean and bridges the 
Panam anian isthm us from  the C aribbean Sea to  the Pacific 
O cean (Figure 1). Scientific diving supports a significant 
am ount of Sm ithsonian m arine research th roughou t the 
N etw ork  and in ternationally  (Lang and Baldwin, 1996; 
Lang, 2007).

The M arine Science N etw ork  concept was developed 
in 1998 from  the bo ttom  up and has achieved the follow 
ing im portan t milestones:

1998: Form alization of a pan-institu tional Sm ithsonian 
M arine Science N etw ork  initiated at tw o-day in 
augural w orkshop at Sm ithsonian Environm ental 
Research Center, w ith m ore than  50 Sm ithsonian 
Institu tion  participants.

1999: D edication of new Carrie Bow Cay M arine Field 
Station.

1999: D edication of new  Sm ithsonian M arine Station at 
Fort Pierce.

2000: M SN  concept and infrastructure allocations ap 
proved by the U nder Secretary for Science.

2001: Launch of the M SN  website 
www.si.edu/m arinescience.

2001: A nnual M SN  Calls for Proposals for infrastructure, 
m arine research aw ards, and postdoctoral fellow
ships.

2003: D edication of Bocas del Toro M arine Laboratory. 
2006: Science Executive Com m ittee review of Sm ithson

ian m arine science, including M SN.
2007: Form ulation  of Big Q uestions in M arine Science:

1. W hat are the m ajor spatial and tem poral 
patterns in d istribution of biodiversity?

2. H ow  does biodiversity, and the loss of biodi
versity, affect the functioning of ecosystems?

3. H ow  are hum ans changing the m agnitude 
and d istribution of biodiversity and w hat 
are the patterns and consequences?

2007: Sm ithsonian M arine Science Symposium.

The M SN  is adm inistered as a pan-institu tional p ro 
gram  through the Office of the U nder Secretary for Sci
ence. It is governed by a seven-member Steering Com m ittee 
com posed of M ichael Lang (Office of the U nder Secreta- 
ray  for Science), Anson Hines (Smithsonian Environm en
tal Research Center), Eldredge Berm ingham  (Smithsonian 
Tropical Research Institute), Klaus Ruetzler (N ational 
M useum  of N atu ra l H istory), R obert Fleischer (N ational 
Zoological Park), Valerie Paul (Sm ithsonian M arine Sta
tion  at Fort Pierce), and Phillip Taylor (N ational Science 
F oundation). A dditional Sm ithsonian scientists partic i
pate by invitation in M SN  research proposals and p ost
doctoral fellowship review panels, M SN  symposia and 
w orkshop com m ittees, and special projects. Support for 
M SN  infrastructure, research, and postdocto ral fellow
ships is provided by the Office of the U nder Secretary 
for Science’s Johnson  and  H un terdon  O ceanographic R e
search Endow m ents.

There are four m ain unifying disciplinary them es to 
Sm ithsonian m arine research: system atics, evolutionary 
biology, ecology, and  geology. Biogeography is a key re
search elem ent, linking system atics, ecology, and evolu
tionary  biology. M echanism s of biogeographic isolation 
are central elements in evolutionary theory, population  
dynam ics, conservation biology, and  patterns of biodiver
sity. B iogeographic patterns are crucial data in the deter
m ination  of in troduced and native species. Site-specific, 
long-term  m easurem ents of environm ental variables allow  
for analysis of change over m ultiple tim e scales, w hich 
is necessary to  detect patterns in typically com plex eco
logical data . The Sm ithsonian M arine Science N etw ork  
is uniquely positioned to  m onito r long-term  change at its 
com ponent sites. It has an  extensive array  of program s 
th a t address m any of the m ost pressing environm ental is
sues in m arine ecosystems, including biological invasions, 
eu trophication, harm ful species and parasites, p lank ton  
bloom s and  red tides, linkages am ong coastal ecosystems, 
global w arm ing including sea-level rise, El N iño/La N iña 
effects, UV rad ia tio n  im pacts, h ab ita t destruction , fish
eries im pacts, ecology of key h ab ita ts  (estuaries, coral 
reefs, m angroves, seagrasses, w etlands), and  biodiversity 
inventories.

The Sm ithsonian’s m arine education program s con
sist of public outreach and professional training. A series

http://www
http://www.si.edu/marinescience
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of these activities are aim ed at prom oting awareness and 
conservation of m arine environm ents and at com m uni
cating the Sm ithsonian’s research findings to  the general 
public. By in tegrating  research w ith  education, the Sm ith
sonian produces to m o rro w ’s discoverers while pursuing 
to d ay ’s discoveries. The public is engaged w ith  in terac
tive exhibits and scientists (e.g., the N ational M useum  of 
N atu ra l H isto ry ’s Sant O cean H aii), sym posia, popular 
books, lectures, and films abou t the m arine environm ent. 
The Sm ithsonian M arine Science N etw ork  contributes 
to  the public interest by dissem inating novel environ
m ental in form ation  a round  the globe. Its research helps 
build a solid foundation  for inform ed decisions about 
environm ental policy, na tu ra l resource m anagem ent, and 
conservation.

O ther recent coord inated  Sm ithsonian m arine sci
ence efforts of note are m arine-terrestrial flora and fauna 
of Cayos Cochinos Archipelago, H onduras (Guzm an, 
1998), n a tu ra l history of the Pelican Cays (M acintyre and 
Rützler, 2000), the Twin Cays m angrove ecosystem, Be
lize (M acintyre et ah, 2004), and investigations of the m a
rine fauna and environm ents of Bocas del Toro, Panam a 
(Collin, 2005). Sm ithsonian taxonom ic field guides and 
keys of algae, invertebrates, and fishes (Littler and Littler, 
2000; Collin et ah, 2005; R obertson, 2009) are valuable 
tools for biologists, divers, and fishermen alike.

M a r in e  Sc ie n c e  N e tw o r k  M is s io n  a n d  V is io n

The M SN  m ission is dedicated to  understanding the 
rich biodiversity and com plex ecosystem dynamics tha t 
sustain coastal processes and productivity, and its vision 
is “to  increase scientific knowledge of m arine coastal en
vironm ents and to im prove society’s appreciation of the 
ocean’s effect on our lives.”

M a r in e  Sc ie n c e  N etw o r k  G o als

The M SN  provides in tegrated  support of “D iscover
ing and U nderstanding  Life’s D iversity,” a core scientific 
m ission of the 2 0 0 5 -2 0 1 0  Sm ithsonian Science S trate
gic Plan. The M SN  ensures th a t the w hole of the in te 
grated  N etw ork  is greater th an  the sum  of its parts , lead
ing to  enhanced productiv ity  th rough  collaborative and 
com parative research facilitated by increased inter-unit 
coord ination , m arine in frastructu re  developm ent and 
support, professional tra in ing  and  outreach , effective a l
location  of research funding, and  tran sp a ren t m anage
m ent, partic ipa tion , and support for Sm ithsonian m arine

scientists th rough  availability  of shared resources and 
facility access.

SM ITH SO N IA N  ENVIRONM ENTAL 
RESEARCH CENTER (CHESAPEAKE BAY)

The Sm ithsonian Environm ental Research Center 
(SERC) advances stew ardship of the biosphere th rough 
interdisciplinary research and education. W ith a resident 
staff o f m ore than  1 0 0  scientists, technicians, fellows, and 
students, SERC has experienced significant grow th in the 
last few years. The SERC laboratories, educational facili
ties, and prim ary field sites are located 25 miles east of 
W ashington, D .C ., on the western shore of Chesapeake 
Bay. Its cam pus includes a grow ing com plex of offices, 
laboratories, m aintenance shops, a library, housing, and 
facilities for public program s. A dock, fleet of research 
vessels, dive locker, w et laboratory, aquarium  room , and 
large fish-weir are used in support of estuarine research.

The greatest resource at SERC is its m ain research site 
on the Rhode River subestuary, w hich includes m ore than  
1,072 ha of land and 26 km  of undeveloped shoreline of 
the Chesapeake Bay. Since 1965, SERC’s long-term  stud
ies have focused on the interactions am ong ecosystems in 
com plex landscapes, tidal m arshes, and estuaries. W ith 
the Rhode River site as its hub, SERC research radiates to 
sites around  the w orld  to  address effects of global change, 
landscape ecology, coastal ecosystems, and population  
and com m unity ecology. M uch of SERC’s com parative 
research across latitudes extends to  the o ther sites of the 
M SN  and includes studies of m angrove biocomplexity, in 
vasive and native species biodiversity, estuarine food webs, 
land use im pacts linked to  w ater quality, carbon process
ing and global change, nu trien t loading and low  dissolved 
oxygen, ecosystem m anagem ent of fisheries and crucial 
habitats, and life history patterns and evolution. Research 
at SERC focuses on five grand environm ental challenges 
(Hines, 2009): (1) im pacts of atm ospheric change on cli
m ate, sea level, ultraviolet radiation , po llu tan t deposition, 
and carbon balance; (2 ) im pacts of w atershed nutrien t dis
charges causing harm ful algal bloom s, depletion of oxy
gen, and destruction of subm erged vegetation; (3) food 
web disruption by pollution and overfishing; (4) invasive 
species; and (5) landscape disturbance by agriculture and 
developm ent.

Goals of SERC in m arine education include profes
sional training (interns, graduate students, postdoctoral 
fellows, and visiting scientists), teacher training, site visits 
and public program s, and distance learning.
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NATIONAL ZO O LO G ICA L PARK 
(W A S H IN G T O N , D.C.)

The Sm ithsonian’s N ational Zoological Park (NZP) 
was founded in 1889. Its mission is to  provide leadership 
in anim al care, science, education, and sustainability. A p
proxim ately 2,000 individuals of 400 different species 
constitute its anim al collection. The N Z P  consists of a 163 
acre urban  park  located in Rock Creek Park in northw est 
W ashington, D .C., and the 3,200 acre C onservation and 
Research Center in F ront Royal, Virginia, em phasizing re
productive physiology, analysis of hab ita t and species rela
tionships, and the train ing of conservation scientists.

The N ational Zoological Park conducts in ternational 
m arine research on sea turtles and sea birds, ecology of 
bottlenose dolphins, W eddell seal lactation, life history 
and reproductive strategies of gray and harbor seals, n u 
tritional ecology of sea otters, and cryopreservation of en
dangered coral species. M arine exhibits include the Seal 
and Sea Lion Pool and the Invertebrate Exhibit, which 
opened in 1987, w here m arine invertebrates comprise 
75%  of its live collections on display. The N Z P ’s tools 
to  inspire, train , and em pow er successive generations to 
care for the w orld ’s biological diversity are its exhibits, 
science, outreach, and education program s. Ultimately, 
efforts m ust be oriented tow ard  protecting wildlife and 
other forms of biological diversity so th a t we, and future 
societies, continue to  enjoy the incalculable benefits o f our 
natu ral w orld.

NATIONAL M USEUM  O F NATURAL HISTORY 
(W A S H IN G T O N , D.C.)

The N ational M useum  of N atu ra l H istory (N M N H ) 
has a distinguished history of m ore than  150 years of sam 
pling and collections-based research. M ajor collections 
represent algae and dinoflagellates, foram inifera, sponges, 
cnidarians, ctenophores, w orm s, crustaceans, m ollusks, 
bryozoans, echinoderm s, tunicates, fishes, m arine rep 
tiles, birds, and m am m als), now  num bering m ore than  
33 ,000,000 specimens of plants and anim als. O f app rox i
m ately 2,415 families of m arine invertebrates, nearly 67%  
are represented in the N M N H  invertebrate collection, 
w hich is no t lim ited solely to  the diversity-rich tropics. 
The N M N H  provides professional collection m anagem ent 
services to  the N ational Science Foundation  United States 
A ntarctic Program  (USAP) and the in ternational scientific 
community. A prim ary focus of this project is im proving 
access to  the collections th rough its cataloging (inventory)

program  (more than  900,000 USAP specimens) and loan 
program . M ore than  170,000 USAP specimens in 138 
separate transactions were either lent or returned from  
loan between 1995 and the end of 2004, supporting the 
research efforts of scientists in 22 countries. Several hun 
dred lots of archive samples from  the Palmer Long-Term 
Ecological Research Program  were also accessioned (Le- 
m aitre et ah, 2009).

The focus of m arine science at N M N H  addresses the 
diversity of m arine life, w here species occur, how  they are 
related to each other, how  m arine diversity developed and 
how  it is m aintained, w hat are the hum an im pacts on m a
rine life, and how  m arine life-forms are used by people.

The M useum  adm inisters the Laboratories of A nalyti
cal Biology for state-of-the art m olecular w ork  and two 
m arine field stations (Carrie Bow Cay, Belize, and Smith
sonian M arine Station at Fort Pierce, Florida), m em ber 
facilities of the M SN. Since 1966 the M useum  has funded 
the A to ll Research Bulletin, w hich publishes research re
ports on the geology and ecology of islands and their adja
cent coral reef and m angrove com m unities in tropical sites 
around  the world.

The N M N H  O cean Initiative comprises the Sant 
O cean H aii, the O cean Web Portal, the Sant C hair in 
M arine Science, and interdisciplinary m arine research at 
N M N H . V irtual access to  the M useum ’s key m arine col
lections is being created. The Initiative aims to  tra in  future 
generations of m arine scientists and educate the public 
about, and raise awareness of, the im portance of the ocean 
as a global system.

SM ITH SO N IA N  M ARINE STATION 
AT FORT PIERCE (FLORIDA)

The Sm ithsonian Institu tion  has had  a presence in Fort 
Pierce, Florida, since 1969 and was know n then as the 
Fort Pierce Bureau. From  1969 to  1981, the Fort Pierce 
Bureau carried ou t studies including underw ater oceanog
raphy  w ith research submersibles, a survey of the Indian 
River Lagoon, coral reef research, and research on life 
histories of m arine invertebrates, partly  in collaboration  
w ith the newly form ed H arb o r Branch Foundation  (now 
the H arb o r Branch O ceanographic Institu tion  at Florida 
A tlantic University). In 1981, the Fort Pierce Bureau was 
dissolved, and in its place the Sm ithsonian M arine Station 
at Link Port was form ally recognized as an organizational 
unit under the auspices of the N ational M useum  of N a tu 
ral History. The Station took over the barge, acquired origi
nally by the Smithsonian in 1973 from  federal surplus, that
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was docked at the H arbor Branch campus. In 1996, the 
Smithsonian purchased, from  the M acA rthur Foundation, 
8 acres of property 7 miles south near the Fort Pierce Inlet 
w ith easement access to the Indian River Lagoon. St. Lucie 
County enacted a 25 year lease of a county dock and adja
cent land at a site on the inlet across from  the Station, whose 
m ain building was completed and dedicated in 1999.

The Sm ithsonian M arine Station at Fort Pierce 
(SMSFP) is a m arine science research center located on the 
Indian River Lagoon along 156 miles of F lorida’s central 
Atlantic coast. The Indian River Lagoon is a long, nar
row, and shallow  estuary adjacent to the A tlantic O cean, 
separated by a strip of barrier islands. Biologists at SMSFP 
have the advantage of w orking just 20 miles from  the Flor
ida current, a stream  of w arm  w ater from  the C aribbean 
th a t moves no rthw ard  past F lorida’s coastline as part of 
the larger, com plex system of currents know n as the G ulf 
Stream. The current carries w ith it m any tropical m arine 
organism s, allowing researchers to w ork  at the interface of 
the N orthern  H em isphere’s tropical and tem perate regions. 
Situated in a biogeographic transitional zone between the 
tem perate and subtropical provinces, the SMSFP facility 
provides access to  an ex traord inary  diversity of m arine 
and estuarine species and to  a variety of habitats, which 
include m angroves, salt m arshes and sandy beaches, rocky 
in tertidal substrates, seagrass beds, m ud and sand flats, 
coral reefs, w orm  reefs, Coquina  hard  bottom s, deep coral 
rubble zones, shallow- to  deep-w ater sandy plains, and the 
blue w aters of the G ulf Stream.

The M arine Station supports and conducts scholarly 
research in the m arine sciences, em phasizing studies of 
biodiversity, life histories, and ecology of m arine organ
isms (Paul et ah, 2009). The results of this research enable 
policy m akers to  m ake inform ed environm ental decisions 
in guiding conservation and sustainable m anagem ent of 
m arine resources, as well as providing the basis for inno
vative applications in medicine, aquaculture, and the ef
fective balance between developm ent and conservation. 
For Sm ithsonian scientists, the SMSFP provides an im por
tan t link w ith o ther M SN  facilities in the tropics at the 
Sm ithsonian Tropical Research Institute (STRI) in Panam a 
and Carrie Bow Cay in Belize and in the tem perate region, 
the Sm ithsonian Environm ental Research Center on the 
Chesapeake Bay.

The facilities at the Sm ithsonian M arine Station 
at Fort Pierce include an 8,000 square foot facility tha t 
houses a histology laboratory, an electron m icroscopy 
lab, a confocal m icroscope, a com bination electrophore- 
sis/DNA/chemistry laboratory, a photographic darkroom , 
flow -through seaw ater tables and aquaria, an industrial

shop, and offices and laboratories for visiting scientists 
and fellowship recipients. The 39 -foot R/V Sunburst and 
tw o smaller vessels are used for scientific diving, dredg
ing, and traw ling in the Indian River Lagoon, C ontinental 
Shelf, and G ulf Stream.

The M arine Station’s educational efforts include post
doctoral fellows and interns, public events and lectures, 
school program s and public tours, a web site, the Indian 
River Lagoon Species Inventory, and the M arine Ecosystems 
Exhibit, which was established in 2001 w ith the following 
ecosystems on display: coral reef, seagrass, mangrove, hard- 
bottom  and nearshore habitats, and Oculina  reef).

CARIBBEAN CORAL REEF ECOSYSTEMS 
PR O G R A M  (CARRIE B O W  CAY, BELIZE)

Coral reefs are unique biogeological structures that 
thrive in clear, nutrient-poor (oligotrophic) tropical oceans 
and support a rich and diverse biological community. Reef 
systems are driven by the symbiosis between scleractinian 
corals and microscopic dinoflagellate algae (zooxanthellae) 
as their chief energy source. The largest, best developed, least 
polluted, and least commercially exploited coral reef in the 
Atlantic region is the M esoamerican Barrier Reef in Belize. It 
is a complex of reefs, atolls, islands, oceanic mangroves, and 
seagrass meadows that extends over 160 km. For its unique 
characteristics and unperturbed condition, the Belize barrier 
reef has been declared a W orld Heritage Site.

In the early 1970s, R ützler et al. (2009) discovered 
the form idable qualities of the Belize (then British H o n 
duras) barrier reef. After careful com parison w ith other 
locations in the western C aribbean, it was chosen as the 
site of an interdisciplinary long-term  study of systematics, 
ecology, behavior, and evolution of reef organism s and the 
dynamics and historical developm ent of reef com m uni
ties (Rützler and M acintyre, 1982). Carrie Bow Cay, only 
three hours by plane and boat from  M iam i, was found to 
be the ideal logistical base because of its location on top of 
the barrier reef, only meters aw ay from  a variety of hab i
ta t types (reef flat, spur and groove, deep fore-reef slope, 
patch  reefs, seagrass m eadows, and m angroves), and its 
undisputed ow nership by a Belizean family able to  cater to 
all Sm ithsonian needs for lodging, food, local tran sp o rta 
tion, and contacts w ith governm ent.

In 1985, as part of the U.S. Congress C aribbean Ba
sin Initiative, the N ational M useum  of N atu ra l H istory 
received an increase to  its budget base to  continue and 
intensify study of C aribbean coral reef ecosystems. These 
funds allowed for the expansion of research facilities on
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Carrie Bow Cay and the update of CCRE equipm ent. In 
the years since, CCRE has accom plished the following: 
am assed thousands of specimens of m arine plants, inver
tebrates, and fishes, which are organized in an enorm ous 
database; assisted the governm ent of Belize in shaping and 
justifying its coastal conservation policy; participated  con
tinuously in the Caribbean-w ide reef m onitoring netw ork 
(CARICOM P); established the first m eteorological ocean
ographic m onitoring station  in coastal Belize; and, above 
all, published well over 850 scientific papers in reviewed 
journals, as well as several books, doctoral dissertations, 
popular articles, and pho to  and video docum entaries. Be
tween 60 and 80 scientists use Carrie Bow Cay each year 
as a part of ongoing CCRE research.

The Carrie Bow Cay L aboratory  serves prim arily in 
support of SI m arine scientists’ research projects and their 
external collaborators. Seasonal hurricanes during the 
past 35 years could no t destroy Carrie Bow Cay facilities 
to  the extent th a t a devastating fire did in Decem ber 1997. 
Im proved facilities now  include dry and w et labs, housing, 
generator, compressor, small boats and scuba cylinders, 
and essential facilities such as solar power, a running- 
seaw ater system, and w eather station.

C CRE’s educational and outreach program s include 
its Belize teachers’ m angrove w orkshops, publications, 
symposia, advisory consults w ith Belizean M inistries, and 
fellows and interns.

SM ITH SO N IA N  TROPICAL RESEARCH 
INSTITUTE (REPUBLIC OF PA N A M A )

The Sm ithsonian Tropical Research Institu te’s (STRI) 
m arine research program  in the Republic of Panam a dates 
to  1964 w hen small laboratories were established on the 
Pacific and C aribbean coasts w ithin the form er Canal 
Zone. Today, STRI operates m arine stations a t Bocas del 
Toro and Galeta Point in the C aribbean and the N aos m a
rine laboratory  com plex in the Pacific. U ntil 2008, the R/V 
Urraca, a 96 foot nearshore coastal oceanographic ves
sel, was outfitted w ith rem otely operated vehicle, scientific 
diving, and dredging capabilities, and was operated under 
University N ational O ceanographic Laboratory  System 
(UNOLS) research fleet standards.

At the Panam a Canal, the Isthm us of Panam a narrow s 
to  less than  1 0 0  km, separating oceans th a t are very dif
ferent tropical m arine ecosystems. The C aribbean is a rela
tively stable ocean, w ith small fluctuations in tem perature 
and relatively low  tidal variation. Its transparen t, nutrient- 
poor w aters are ideal for the grow th of reefs, and it ranks

just behind the Indian O cean and the Indo-W est Pacific in 
term s of num bers of m arine species. The tropical eastern 
Pacific, in contrast, exhibits m uch greater fluctuations in 
tides and tem perature, w ith seasonal upwelling locally and 
longer-term  variation  resulting from  the El N iño south
ern oscillation cycle. Its m ore nutrient-rich  w aters support 
com m ercial fisheries of m ajor im portance. The creation of 
these tw o distinct m arine realms by the rise of the Isthm us 
of Panam a during the past 10 m illion years also con trib 
uted to  the form ation of the m odern biological and geo
logical w orld. D uring this interval, the G ulf Stream  was 
established, the m am m als of N o rth  America conquered a 
newly connected South America, the lee Ages began, and 
m odern m an arose. The Isthm us played a m ajor role in 
this history, and set in m otion a fascinating natu ral experi
m ent, as the anim als and plants o f the tw o oceans w ent 
their separate evolutionary ways.

There are also m ajor differences w ithin each ocean. 
In the Pacific, seasonal upwelling of nutrient-rich  w a
ters is strong in the G ulf of Panam a, where trade w inds 
blow  freely across the Isthm us, but absent in the G ulf of 
Chiriqui, w here the high terrain  blocks these winds. The 
m ore stable conditions in the G ulf of Chiriqui support the 
best developed coral reefs in the tropical eastern Pacific. 
O n the C aribbean side, the San Bias Archipelago is bathed 
in clear oceanic w aters, whereas the reefs and m angroves 
of the enorm ous Chiriqui Lagoon of Bocas del Toro are 
enriched by runoff from  the land. Thus, Panam a can be 
considered a na tion  of four ocean types, providing unique 
opportunities for understanding how  and why m arine eco
systems function as they do.

U nderstanding the history and ecology of Panam a’s 
diverse m arine environm ents has been a m ajor them e of 
STRI’s research over the past four decades (R obertson et 
ah, 2009). M ajor program s include betw een-ocean com 
parisons of physical and biological oceanography, geologi
cal reconstruction of events leading up to and following 
the rise of the Isthm us, studies of m arine biodiversity, and 
analyses of the vulnerability of m arine habitats to  natural 
and anthropogenic change. In celebration of STRI’s role in 
coral reef research, the Sm ithsonian’s 150th anniversary, 
and the International Year of the Reef, the Sm ithsonian 
hosted the Eighth In ternational Coral Reef Symposium 
in Panam a in 1996. This meeting brought 1,500 reef sci
entists and m anagers to  Panam a from  around the w orld 
and resulted in the publication of a tw o-volum e proceed
ings (Lessios and M acintyre, 1997) and an in ternational 
traveling exhibit th a t has already brought STRI’s m arine 
discoveries to  M iam i, the D istrict of Colum bia, H onduras, 
and Jam aica.
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The M arine Environm ental Sciences Program  (MESP) 
at STRI collects and  analyzes fundam ental oceanographic 
in form ation  th a t provides critical in form ation  for studies 
such as El N iño and  coral bleaching. The Panam a Paleon
tology Project in Bocas del Toro seeks to  record  the history 
of the divergence betw een the tw o oceans over the past 
10  m illion years and the evolutionary response of m arine 
organism s to  these changes. Results from  this project are 
the geological reconstruction of the closure of the Isth
mus of Panam a 3 m illion years ago and the discovery of a 
m ajor extinction event in the C aribbean abou t 2 m illion 
years ago. T hrough a com bination  of m olecular and pale
ontological inform ation , STRI’s m olecular evolution p ro 
gram  has developed a m odel system for determ ining the 
rate  at w hich organism s diverge genetically th rough  time 
(Panam a m olecular clock). This achievem ent allows for 
the phylogenetic reconstruction  of m arine life elsewhere 
in the w orld.

Educational program s w ithin STRI include a m arine 
fellowship program , school group visits (Culebra N ature  
Center, G aleta Point M arine Lab, Bocas del Toro Lab), 
public seminars, advisory consults w ith the Panam anian 
governm ent, and graduate courses.

C O N C LU SIO N

The Sm ithsonian Institution is unique am ong federal 
agencies, research organizations, and universities w ith its 
investm ent in com prehensive, long-term  m arine studies 
of crucial ecosystems at a la titudinal gradient of stable 
sites. Thousands of m arine science publications provide 
results and data for synthesis and a new  baseline for m od
eling and forecasting. C ontinued opportunities rem ain for 
m any im portan t m arine organism s to  be identified by con
ventional and m olecular techniques and described. Deep 
reefs are becom ing increasingly im portan t as a focal area 
to  understand how  the reef system in to to  functions and to 
quantify their physical, chemical, and biological con tribu
tions to  the shallow  reefs th a t we have studied for m ore 
than  three decades (Lang and Smith, 2006). Life histories 
require further analysis to aid ecological understanding 
and fisheries m anagem ent. Thirty-five-year m ultidisci
plinary databases allow  for early detection and evaluation 
of com m unity changes, invertebrate diseases, invasive spe
cies, and recruitm ent caused by environm ental degrada
tion  and catastrophic events.

The M SN  continues to  provide support for individual 
and pan-institu tional collaborative research, postdoctoral 
m arine science fellows, m arine science staff and in fra

structure support, m arine outreach and education, and 
w orkshops and symposia: for example, Bocas del Toro 
taxonom y; coral reef m anagem ent; m angrove ecology of 
Twin Cays, Belize; m arine genetics; sea turtle  conserva
tion  and population  m anagem ent; seagrass and m angrove 
ecosystems; neogastropod evolution; m arine invasives of 
the G ulf of M exico; and m arine invasive species across 
latitudinal gradients. O utcom es of the integration of the 
Sm ithsonian m arine facilities and program s since 1998 are 
the facilitated freedom  of m ovem ent of scientists between 
units and the increased collaborations and co-authored 
publications. The M SN  was highlighted as a m odel for 
pan-institu tional Sm ithsonian program s by the Sm ithson
ian Science Com m ission in 2003. The m ost likely keys to 
its success were the bottom -up developm ent of the N et
w ork  concept, starting w ith the Institu tion’s staff scien
tists, and the availability of research funding th rough the 
Office of the U nder Secretary for Science to  enable m arine 
research and postdoctoral fellowships.

The Sm ithsonian M arine Science N etw ork  and the 
Sm ithsonian Scientific Diving Program  provide the facili
ties and support for the efficient conduct of m arine re
search. The prim ary objective of the m arine research effort 
is the advancem ent of science. The deliverable is m ainly in 
the form  of peer-reviewed publications for dissem ination 
th roughout the scientific com m unity and to the public.

The im portance of the M SN  is its contribution to  the 
knowledge of com plex ecosystems including seagrasses, 
m angrove islands, bays, estuaries, and coral reefs, and the 
preservation of these precious resources by learning about 
their rich biodiversity, function, and interconnectedness. 
Only a long-term  com m itm ent will allow us to  understand 
the dynamics of coastal processes and organisms, obtain the 
cooperation of the public, and educate a new  generation.
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Land-Sea Interactions and Human Impacts 
in the Coastal Zone

Anson H. Hines

ABSTRACT. The Smithsonian Environmental Research Center (SERC) conducts re
search on land-sea interactions to understand natural processes and human impacts in 
linked ecosystems of the coastal zone. Coastal ecosystems support great biological p ro
ductivity and are of immense ecological and economic importance. In addition, more 
than two-thirds of the human population resides in the coastal zone, where human 
activities cause chronic and acute disturbance of every habitat and marked degrada
tion of ecological balance and productivity. The Chesapeake Bay and its Rhode River 
subestuary are used by SERC as model study systems to conduct long-term, intensive 
m onitoring and experiments. Research at SERC focuses on five grand environmental 
challenges: (I) impacts of atmospheric change on climate, sea level, ultraviolet radiation, 
pollutant deposition, and carbon balance; (II) impacts of watershed nutrient discharges 
causing harmful algal blooms, depletion of oxygen, and destruction of submerged veg
etation; (III) food web disruption by pollution and overfishing; (IV) invasive species; and 
(V) landscape disturbance by agriculture and development. Research by SERC on these 
grand challenges serves to advise policy and management from improved stewardship of 
coastal resources.

INTRODUCTION

Anson H. Hines, Smithsonian Environmental Re
search Center, RO. Box 28, 647 Contees W harf 
Road, Edgewater, Maryland 21037-0028, USA 
(hinesa@si.edu). Manuscript received 29 August 
2008; accepted 20 April 2009.

The coastal zone is of immense economic and environm ental im portance. 
M ore than  50%  of the E arth ’s hum an population  (3 billion people) resides in 
the coastal zone and relies on the goods and services of coastal ecosystems, and 
this num ber is expected to  double by 2045 (Creel, 2003). Coastal com m unities 
are the m ost densely populated  and fastest grow ing areas in the United States: 
14 of the n a tio n ’s largest 20 cities are in coastal locations; m ore than  50%  of the 
U.S. population  lives in 17% of the coun try ’s land, com prising coastal counties; 
this population concentration  is expected increase to  70%  w ithin 25 years; and 
23 of the 25 m ost densely populated  counties encom pass coastal cities and their 
surrounding spraw l (Crossett et ah, 2004). The coastal environm ent includes the 
E arth ’s m ost biologically productive ecosystems, and this diverse environm ent 
includes unm easured reserves of strategic m inerals, oil and gas, and other non 
living resources. The coastal zone encompasses m ajor hubs of global tran sp o rta 
tion  and commerce and unparalleled opportunities for recreation and tourism , 
as well as the m ajority  of fisheries and aquaculture industries. At the same time,
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these activities cause chronic and acute disturbance of ev
ery coastal habitat: overfishing has rem oved m ost large 
species a t the top  of the food web, and coastal w aters re
ceive m ost of the waste of u rban  centers and agricultural 
runoff of the coastal plain.

Research at the Sm ithsonian Environm ental Research 
Center (SERC) focuses on land-sea interactions. Scientists 
at SERC study linked coastal ecosystems to  understand 
natu ral processes and hum an im pacts in the coastal zone. 
O cean productivity is concentrated  in the coastal fringe 
where nutrients run  off the land and well up from  the 
deep. The coastal environm ent includes the E arth ’s m ost 
biologically diverse ecosystems: estuaries, w etlands, m an
groves, seagrasses, coral and oyster reefs, kelp forests, and 
pelagic upwelling areas. Bottom  com m unities and w ater 
colum n processes of the photic zone are m ost tightly cou
pled in the nearshore shallows. Coastal w aters comprise 
95%  of the oceans’ fisheries. Thus, SERC research focuses 
on im proved stew ardship of these m arine resources.

CHESAPEAKE BAY A N D  THE RHODE RIVER 
SUBESTUARY A S A  MODEL SYSTEM

The Sm ithsonian Environm ental Research Center 
utilizes the n a tio n ’s largest estuary, Chesapeake Bay and 
its 177,000 km 2 w atershed including six states and the 
D istrict of Colum bia (Figure 1), as its prim ary research 
landscape and m ain study site. In addition to  SERC, this 
study area includes the Sm ithsonian’s m useum  com plex, 
zoological exhibits, and adm inistrative offices. An area 
w ith a long Am erican history of exploitation  of coastal re
sources, the Chesapeake w atershed is hom e to 17 million 
people, w ho are m ostly concentrated  in the urban  centers 
and suburban spraw l of Baltimore, W ashington, D .C ., and 
N orfolk . Agriculture, particularly  row  crops, is the m ajor 
land use of the Chesapeake w atershed, and farm ing has 
been the m ajor source of disturbance to  the eastern de
ciduous forest for 400 years.

Established in 1965, SERC owns a unique 1,072 ha 
land holding for long-term  descriptive and experim ental 
studies of linked ecosystems in a m odel subestuary and 
subw atershed of Chesapeake Bay— the Rhode River, 
w hich is located 40 km  east o f W ashington, D .C ., and 
10 km  south  of A nnapolis, M ary land  (Figure 2). The 
p roperty  at SERC includes cropland, forests in various 
successional stages, w etlands, and  26 km  of undeveloped 
shoreline; this is the largest contiguous block of land 
dedicated to  environm ental research, science education, 
public access, and stew ardship on the w estern shoreline

of Chesapeake Bay. The 585 ha R hode River subestuary 
is a shallow  (m axim um  depth =  4 m), so ft-bo ttom  em- 
baym ent in the low er m esohaline zone of the Bay. The 
facilities at SERC provide strategic support for research 
a t the site and ready access to  the rest o f the Chesapeake 
w atershed and estuary.

G R A N D  CHALLENGES O F COASTAL 
ENVIRONM ENTAL RESEARCH

The purpose of this paper is to  present examples tha t 
highlight SERC’s coastal research on five grand environ
m ental challenges. W ith data sets extending back to  the 
1970s and 1980s, SERC research m onitors decadal-length 
changes to  distinguish seasonal and annual fluctuations 
from  long-term  trends in the environm ent. Im portantly, 
SERC research seeks to  determ ine m echanistic under
standing of the causes of change at m ultiple spatial scales 
ranging from  global change to  landscape, w atershed, eco
system, and com m unity levels o f organization. The land 
and long-term  studies at SERC’s Rhode River site afford 
m ultidisciplinary experim ental analyses of mechanisms 
controlling ecological interactions. The research there 
addresses the grand challenges and advises environm en
tal policy and m anagem ent for im proved stew ardship of 
coastal resources.

G r a n d  C h a lle n g e  I: Im pacts  o f  A tm o s p h e r ic  C h a n g e

H um an alterations of the atm osphere are causing 
rap id  changes in climate, sea level, ultraviolet radiation , 
po llu tan t deposition, and ecosystem carbon balance. Re
search by SERC on the salt m arshes of the Rhode River 
subestuary provides a good exam ple of the ecological com 
plexities of this challenge. B. G. D rake and colleagues have 
been conducting the w orld ’s longest running experim ental 
m anipulation  of C 0 2 on natu ral p lan t com m unities (1985 
to  present), w hich has been testing the effects of rising a t
m ospheric C 0 2 concentration  in these salt m arshes. The 
experim ent m easures response of the tw o dom inant p lant 
species a t the site: Spartina patens and Scirpus olneyi. The 
experim ent applied nine treatm ent com binations of three 
C O 2 levels in open-top cham bers (am bient air at 340 ppm; 
elevated C 0 2 a t a tw ofold increase in concentration of 680 
ppm ; and a control treatm ent w ithou t cham bers) crossed 
w ith types of patches (nearly monospecific S. patens-, nearly 
monospecific S. olneyi-, and patches w ith mixes of the two 
species) (Drake et ah, 1989). Cham bers were replaced 
exactly on replicate m arked plots of the nine treatm ent
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FIGURE 1. Map of Chesapeake Bay and its watershed with six physiographic provinces. Arrow 
indicates the location of the Smithsonian Environmental Research Center on the Rhode River 
subestuary and watershed. Darkened areas indicate 17 clusters of 500 subwatersheds that dif
fered in land use and were monitored for stream discharges of nutrients.
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Smithsonian Environmental 
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FIGURE 2. Map of land holdings (shaded green) of the Smithsonian Environmental Research Center (SERC) surrounding the Rhode River 
subestuary. Red outline shows the boundary of the watershed.

com binations for the duration  of the grow ing season for 
the past 23 years (1995-2008). Photosynthesis and respi
ra tion  were m easured in each cham ber during the grow ing 
season, and plant production  was m easured at the end of 
each season. As predicted, Spartina patens is a C4 p lant 
th a t responds weakly to  rising C 0 2, whereas grow th and 
production  were greatly stim ulated in Scirpus olneyi as a 
C2 p lan t (Drake and Rasse, 2003). However, the am ount 
of stim ulation of S. olneyi is significantly inversely depen
dent on salinity (i.e., w ater stress), w ith low er production 
in years of high salinities (i.e., low  rainfall) (Rasse et al., 
2005; and Figure 3).

Salt m arsh research at SERC’s Rhode River site also 
explores other ecosystem complexities. N ew  research is 
tracking the fate of the carbon added by grow th stim ula

tion  of the plants, w hich appears to  be sequestered in the 
peat-form ing roots of the salt m arsh (Carney et ah, 2007). 
Research conducted by J. P. M egonigal and colleagues at 
the same m arsh study site com pares effects of increased 
C 0 2 interacting w ith nutrient additions to  the m arsh to 
determ ine w hether peat accum ulation is sufficient to  keep 
up w ith rising sea level. Their initial results indicate th a t 
the peat accum ulation is equivalent to  the curren t rate 
of sea-level rise of approxim ately  3 m m  year-2, allow 
ing the m arsh to  persist instead of becom ing subm erged. 
Additionally, a nonnative species, Phragm ites australis, is 
rapidly  invading the m arsh  site, sim ilar to  m ost others 
in the region (King et ah, 2007); and its responses to  the 
interaction  of rising C 0 2 and nutrients are unknow n. The 
Chesapeake region has high levels of m ercury deposition
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FIGURE 3. Effect of (A) precipitation and (B) salinity (ppt = parts per thousand) on the stimulation of 
photosynthesis by twofold increase in C 0 2 concentration on the sedge Scirpus olneyi in open-top chambers 
placed on a salt marsh of the Rhode River subestuary during a 17-year period (1989-2003). (After Rasse 
et al., 2005.)
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th a t is derived from  coal-burning pow er plants. N ew  w ork 
a t the SERC salt m arsh site shows th a t m icrobes rapidly 
activate the m ercury (m ercury-m ethylation) (M itchell et 
ah, 2008) deposited into m arshes, thus feeding it into bio
logical processes on the coastal food web (C. M itchell and
C. Gilmour, Sm ithsonian Environm ental Research Center, 
2008, personal com m unication).

G r a n d  C h a lle n g e  il 

Im pacts  o f  N utrient  Lo a d in g

O ver-enrichm ent of coastal w aters w ith  nutrients 
causes harm ful algal bloom s, depletion of oxygen, and 
destruction of subm erged vegetation. E utrophication  in 
C hesapeake Bay and m any other coastal systems is caus
ing “ dead zones” of anoxic and hypoxic w aters along 
deeper bo ttom  areas. A m ajor focus of the restoration  
efforts of the Environm ental P rotection Agency’s C hesa
peake Bay Program  has been to  reduce nutrien t loading 
by phosphorus and nitrogen runoff into the Bay. Long
term  w atershed and estuarine w ater quality m onitoring 
by SERC at the R hode River site and th roughou t C hesa
peake Bay shows the dynam ic in teractions of stream  dis
charge, nu trien t inputs, and p lank ton  responses affecting 
oxygen levels.

W atershed nu trien t discharge occurs prim arily  in 
storm  events and is related to  bo th  geologic position  
(e.g., P iedm ont or C oastal Plain provinces of the C hesa
peake w atershed) and land use, especially developm ent 
and agriculture (Figure 4). P lankton  productiv ity  is m uch 
higher in years w ith  high runoff, w hich leads to  p lank 
ton  bloom s (Figure 5). Long-term  m onitoring from  1986 
to  2004 shows th a t w ater clarity (Secchi disc depth) and 
near-bottom  oxygen levels have declined significantly in 
the R hode River subestuary (Figure 6). A lthough oxygen 
levels at SERC’s long-term  m onitoring station  in the shal
low  edge of the Bay generally do not fall below alarm 
ing levels of approxim ately 6 ppm , oxygen levels in the 
deeper m ainstem  of the Bay drop to  very low  levels (Hagy 
et al., 2004) and occasionally spill into the m outh  of the 
R hode River, killing benthic organism s (A. H ines, personal 
observations).

W ith the decline in w ater clarity, light levels are not 
sufficient to support grow th of seagrasses and other sub
merged aquatic vegetation, w hich had largely disappeared 
from  the Rhode River subestuary and m uch of Chesapeake 
Bay by the early 1970s. These structured ecosystems are 
im portan t nursery habitats for fish and crabs in coastal 
systems such as Chesapeake Bay. Recent SERC research
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FIGURE 4. Effects of cropland on stream discharge of nitrogen 
for watersheds in the Piedmont and Coastal Plain physiographic 
provinces of Chesapeake Bay (see Figure 1). Nitrogen is shown as 
nitrate concentration on the y-axis; cropland is shown as a per
centage of land use of the subwatershed area on the v-axis. (After 
Jordan et al., 1997.)

emphasizes the linkage of subm erged aquatic vegetation to 
w atershed characteristics (Li et al., 2007).

G r a n d  C h a lle n g e  III: Fo o d  W eb D isr u ptio n  

by Po l l u t io n  a n d  O v e r fis h in g

Pollution and overfishing result in severe disruptions 
of coastal food webs (Jackson et al., 2001). The com bined 
effects of low dissolved oxygen and loss of subm erged 
aquatic vegetation com prise m uch of the m ajor im pact 
of pollu tion  in coastal systems such as Chesapeake Bay. 
However, inputs of m ercury and other toxic chemicals also 
m arkedly affect the food web as they become concentrated 
a t its upper levels, often causing serious effects on seafood 
th a t affect hum an health (K rabbenhoft et al., 2007). Im 
pacts of overfishing and hab ita t loss have resulted in the 
loss of sustainable stocks for nearly every fishery species in 
Chesapeake Bay and in nearly every coastal system w orld 
wide. After a century of intense exploitation, disease, and 
ecosystem im pacts, oysters, as the Bay’s m ost productive
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plankton bloom, which is mainly regulated by variation in spring 
precipitation and watershed discharge. (After Gallegos and Jor
dan, 1997.)

fishery historically, are now  at only 1%  of their biomass 
in 1900 (Rothschild et ah, 1994). Eutrophication and 
overfishing act as m ultiple stressors on coastal food webs, 
and m anagem ent’s too  narrow  focus on single factors may 
have adverse consequences for restoring ecosystem health 
and fishery production  (Breitburg et al., 2009).

Blue crabs are the rem aining m ajor lucrative fishery in 
the upper Bay, but the blue crab stock has also declined by 
60%  since 1991 (CBSAC, 2008). Research by SERC at the 
Rhode River subestuary provides the m ost detailed analy
sis of blue crab ecology available (Hines, 2007). N early 30 
years of SERC experim ents show  th a t blue crabs are the 
dom inant predato r on benthic com m unities in the estuary, 
and their foraging limits abundance and species com po
sition of infaunal invertebrates as well as causing m ajor 
b io turbation  of the upper 10 cm of sediments (Hines et 
ah, 1990). Long-term  m onitoring of fish and blue crabs 
th roughou t the Rhode River subestuary shows the m arked 
seasonal and annual variations in population  abundance 
(Figure 7), as blue crabs m igrate from  the nursery habita t 
and become inactive below 9°C in winter. A nnual varia
tion  in recruitm ent into the R hode River causes m ore than  
a 10-fold fluctuation in abundance, w ith  obvious variation 
in effects of predation  on infaunal invertebrates. M any up
per Chesapeake Bay nursery habitats now  appear to  be be
low  carrying capacity for juvenile blue crabs (Hines et ah, 
2008). Recent SERC blue crab research has focused on de-
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FIGURE 6. Long-term trends in water clarity as determined by Secchi (disk) depth (left) and in oxygen concentration (D.O. = dissolved oxygen; 
right) in the Rhode River subestuary. (Figure courtesy of C. Gallegos.)
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FIGURE 7. Seasonal and annual variation in abundance of blue crabs caught in 3 m otter trawls in the Rhode 
River subestuary. Abundance is the monthly mean of three trawls at each of three permanent stations within 
the estuary.

veloping innovative approaches to  restoring the blue crab 
population  in the Bay, especially by testing the feasibility 
of releasing hatchery-reared juvenile blue crabs into nurs
ery areas such as the Rhode River (Hines et ah, 2008).

G r a n d  C h a lle n g e  IV: Invasive S pecies

Invasions of nonindigenous species are drastically alter
ing biodiversity, structure, and function of coastal ecosys
tems (Ruiz et ah, 2000). The largest, m ost com prehensive 
research program  on m arine invasive species in the USA 
is conducted by SERC. Rates of invasion in to  coastal 
ecosystems are increasing m arkedly as a result of a w ide 
range of hum an-m ediated  vectors, bu t m ost im portan tly  
as a result of shipping, bo th  ballast w ater discharge and 
hull fouling (Ruiz et ah, 2000). The SERC database for 
invasive species (NEMESIS) docum ents m ore th an  500 
invasive species of invertebrates, algae, and fish in N o rth  
A m erican coastal w aters. For C hesapeake Bay ap p ro x i
m ately 176 species are docum ented as established inva

sions (Figure 8). Invasions are dynam ic and ongoing in 
C hesapeake Bay, as indicated by recent records of C hi
nese m itten  crabs (Ruiz et ah, 2006). M any species are 
having large bu t poorly  understood  im pacts in Chesa
peake ecosystems, such as the salt m arsh  reed Phragmites 
australis (King et ah, 2007).

G r a n d  C h a lle n g e  V :

La n d s c a p e  D isturbance  by A griculture  

a n d  D e velo pm en t

Agriculture and urbanization are causing w idespread 
modifications of landscape structure. Researchers at SERC 
recently analyzed various indicators of estuarine habitat 
quality for 31 Chesapeake subwatersheds tha t differed in 
five categories of land use com position: forest, agriculture, 
developed, mixed agriculture, and mixed developed (Fig
ure 9). These land uses have profound effects on estuarine 
habitat quality because they increase storm w ater runoff and 
loading of nutrients. N itrogen discharge into subestuaries of



N U M B E R  3 8 • 1 9

T a x o n o m i c  groups o f  NIS in t roduced and es ta b l i shed  in the  C h e s a p e a k e
Bay reg ion (n= 176)

Other  
Ve r t e b ra t es

F ishes

Inver te brate s

V a s c u l a r  P lants

A lg ae

0 20  40  60  80

N um be r  o f  spec ies

FIGURE 8. Numbers of invasive species documented for algae, vascular plants, invertebrates, fishes, and other 
vertebrates (total number = 176 species) in Chesapeake Bay. Regular residents are species living in habitats 
below tidal influence; boundary residents are species primarily living either above the intertidal zone or in non- 
tidal freshwater and that occasionally move into tidal portions of the Bay. (NIS = noninvasive species.)

□ R eg u l a r  R e s i d e n t s
□ B o u n d a r y  R e s i d e n t s

agricultural and developed watersheds was high in both wet 
and dry years, but in dry years it was high only in developed 
watersheds, which continue to  have high hum an w ater use 
regardless of rainfall (Figure 10) (Brooks et ah, 2006). Land 
use also has m arked effects on levels of toxic chemicals in 
the food webs of the subestuaries. Level of polychlorinated 
biphenyls (PCBs) was highly correlated w ith percentage of 
developed lands on the subwatershed (Figure 11).

In add ition  to  effects on the w atershed, developm ent 
of the shoreline has large im pacts on coastal ecosystems. 
R esearch by SERC in the R hode River show s th a t the 
shallow est fringe of the subestuary  serves as a critical ref
uge h ab ita t for juvenile fishes and  crabs to  avoid larger 
p redato rs, w hich are restricted  to  deeper w ater (Ruiz et 
ah, 1993; H ines and  Ruiz, 1995). Coarse w oody debris 
from  forested shores also plays a valuable role as struc
tu ra l h ab ita t and  refuge from  p redato rs (Everett and 
Ruiz, 1993). As developm ent results in cu tting  dow n the 
riparian  forest and  hardening  the shoreline w ith  b u lk 
heads and  rip rap  to  prevent erosion, w ater depth  at the 
shoreline increases and the source of w oody debris is 
lost. W ith  the loss of functional refuge in the nearshore 
shallow s, juvenile fish and  crabs becom e increasingly ac
cessible to  p redato rs.

C O N C LU SIO N

The decadal data sets generated by SERC for the 
linked ecosystems of the R hode River and Chesapeake Bay 
clearly show  the im portance of sustaining long-term , in 
tensive studies to  distinguish natu ral variation  and trends 
of hum an im pacts. The rate of change associated w ith hu 
m an im pacts is increasing m arkedly as the effects of global 
change become m anifest and as the hum an population  of 
the w atershed continues to grow  rapidly, w ith another 
50%  increase predicted in the next 25 to  50 years. The 
interactive effects of these m ultiple stressors require much 
m ore research to  define im proved m anagem ent solutions 
to  restore and sustain these resources. Scientists at SERC 
also extend studies of the large-scale systems of the Rhode 
River and Chesapeake Bay through com parative studies 
w ith other coastal areas, especially latitudinal com pari
sons of systems in the Sm ithsonian M arine Science N et
w ork  along the western A tlantic. A lthough each site has 
its idiosyncratic traits, the com m on im pacts of the grand 
challenges of atm ospheric change, nu trien t loading, food 
web disruption by pollution and overfishing, invasive spe
cies, and land developm ent are all m anifested pervasively 
in the linked ecosystems th roughou t the coastal zone.
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Smithsonian Marine Station at Fort Pierce: 
Thirty-Eight Years of Research on the Marine 
Biodiversity of Florida

Valerie J. Paul, Julianne
Diederick

ABSTRACT. The Smithsonian M arine Station at Fort Pierce, located on South Hutchin
son Island in Fort Pierce, Florida, has had an ongoing program in the marine sciences 
since the early 1970s. Funded by a private trust from J. Seward Johnson, Sr., to the 
Smithsonian, the marine program has supported the research of Smithsonian scientists 
and their associates, postdoctoral fellows, resident scientists, and the operations of the 
station, including a small support staff. The station is administered by the National M u
seum of N atural History as a facility for research dedicated to the marine sciences. The 
Smithsonian M arine Station at Fort Pierce has developed a strong, broadly based re
search program focusing on ecology, evolution, systematics, and life histories of marine 
organisms. Ongoing studies address im portant issues in biodiversity, including global 
climate change, invasive species, harmful algal blooms, larval ecology, and evolutionary 
developmental biology.

INTRODUCTION

Valerie J. Paul, Julianne Piraino, and Laura Died
erick, Smithsonian Marine Station at Fort Pierce, 
701 Seaway Drive, Fort Pierce, Florida 34949, 
USA. Corresponding author: V. Paul (paul@si.edu). 
Manuscript received 29 August 2008; accepted 20 
April 2009.

The Sm ithsonian M arine Station at Fort Pierce (SMS) is dedicated to  study
ing the rich diversity of m arine life of the Indian River Lagoon and Florida coast. 
In sharing its findings w ith the scientific community, resource m anagers, and the 
general public, the M arine Station prom otes the conservation and stew ardship 
of F lorida’s vast m arine resources. Research activities focus on the Sm ithsonian 
Institu tion’s core scientific emphasis of discovering and understanding life’s di
versity. A lthough m ost research projects focus on biodiversity, life histories, and 
ecology of m arine and estuarine organism s, com plem entary studies of physi
cal and chemical processes related to  the m arine environm ent are also part of 
the S tation’s investigations. The insights gained by the research conducted at 
SMS are widely dissem inated through  scientific publications (more than  780 to 
date; see com plete listing on the S tation’s website w w w .sm s.si.edu), scientific 
and public presentations, popular articles, and the media, thus contributing to 
the broader mission of the Sm ithsonian Institu tion  for the “increase and diffu
sion of know ledge.”

The Sm ithsonian’s presence in Fort Pierce, Florida, began in 1969 through 
an association w ith Edw in Link, an inventor and engineer w ho was involved 
at tha t time in the design of research submersibles, and J. Seward Johnson, Sr.,

mailto:paul@si.edu
http://www.sms.si.edu
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founder of the H arb o r Branch Foundation, now  know n 
as the H arb o r Branch O ceanographic Institute (HBOI) at 
Florida A tlantic University (Figure 1). In late 1969, the 
Sm ithsonian was given tw o tru st funds through the gener
osity of J. Seward Johnson, Sr., for the developm ent and 
m aintenance of a submersible (then under construction) 
and for research in underw ater oceanography. At its com 
pletion in 1971, the submersible, the Johnson Sea-Link I, 
was donated  to  the Sm ithsonian. In 1973, after a tragic 
accident in the Johnson Sea-Link in w hich tw o men died, 
the Sm ithsonian transferred ow nership of the submersible 
to  H arb o r Branch. Following the transfer of the subm ers
ible, the Sm ithsonian’s m arine research program  in Fort 
Pierce continued to  be supported by incom e from  both 
trust funds, then later, after certain legal resolutions, by 
one of the tw o funds, designated as the H unterdon  Fund. 
The Sm ithsonian carried ou t its activities in Fort Pierce on 
the grounds of the H arb o r Branch Foundation  (Link Port) 
under the auspices of the Fort Pierce Bureau, a unit adm in
istered directly by the Office of the Secretary and then later 
by the Assistant Secretary for Science. In M arch  1981 this 
Bureau was dissolved as an organizational entity, and the 
adm inistrative responsibility for the Sm ithsonian research

program s at Link Port was transferred  to  the D irector 
of the N ational M useum  of N atu ra l H istory  (N M N H ). 
The organization was then retitled by the Secretary of the 
Sm ithsonian as the Sm ithsonian M arine Station at Link 
Port. At the time of the transfer of adm inistrative respon
sibility, the directive from  the Office of the Assistant Sec
retary  for Science was th a t a strong research program  in 
m arine science should be established and th a t the program  
should be open to  all m arine scientists in the Sm ithson
ian Institution. In response, R ichard Fiske, then D irector 
of N M N H , established an inter-unit advisory com m ittee, 
appointing Catherine Kerby, his adm inistrative assistant, 
as chair o f the com m ittee, and M ary  Rice, D epartm ent 
of Invertebrate Zoology (on assignm ent to  the Fort Pierce 
Bureau), as director of the facility and research program s 
at Link Port. Rice held this position until her retirem ent 
in 2002, at w hich time Valerie Paul was selected as her 
successor.

The Sm ithsonian M arine Station at Link Port was ini
tially set up w ith a small on-site staff and well-equipped 
laboratories and field facilities to  provide opportunities for 
Sm ithsonian scientists and their colleagues to  conduct field 
research in a highly diverse subtropical m arine environ-

FIGURE 1. J. Seward Johnson, Sr. (left), and inventor Edwin Link were instrumental in pro
viding funding and submersibles for the Smithsonian’s marine research program in Fort Pierce, 
Florida.
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ment. This plan gave M useum  scientists the opportun ity  
to  extend and broaden their research from  m useum  col
lections to  field studies in such areas as behavior, ecology, 
physiology, and life histories. M oreover, it provided the 
opportun ity  for all Sm ithsonian m arine scientists to  carry 
out com parative studies of the diverse ecosystems and bi
ota w ithin the Fort Pierce vicinity and peninsular Florida 
and, m ost im portantly, to establish long-term  databases 
and to  conduct long-term  studies. An im portan t com po
nent of the plan  was to  include postdoctoral fellows, both 
to  com plem ent the research of Sm ithsonian scientists and 
to  contribute to  train ing of future generations of m arine 
scientists. In addition, by serving m any Sm ithsonian scien
tists (as opposed to  a few resident scientists), the program  
was conceived to yield m axim um  productivity of high- 
quality m odern science and to  be the m ost equitable and 
effective use of available funds.

For the first 18 years the Sm ithsonian M arine Station 
at Link Port used a vintage W II barge as a floating labo
rato ry  docked at H arb o r Branch (Figure 2) as the base 
of operations for its highly successful research program , 
w hich was carried out prim arily by visiting scientists from  
the Sm ithsonian, their colleagues, and postdoctoral fel

lows. Restrictions im posed by the space and structural 
lim itations of the barge for m any research activities as well 
as its high m aintenance requirem ents led the Sm ithsonian 
to  pursue plans for a land-based laboratory.

In M ay 1999 these plans were realized when, w ith the 
approval of J. Seward Johnson, Jr., and a signed M em o of 
U nderstanding, the Sm ithsonian M arine Station relocated 
to  an 8 acre site acquired from  the M acA rthur Foundation  
near the Fort Pierce Inlet, 7 miles south of H arb o r Branch. 
A t this time the official nam e of the station was changed to 
the Sm ithsonian M arine Station at Fort Pierce. The move 
was m ade into a newly constructed 8,000 square foot 
building w ith offices and laboratories for visiting scien
tists, resident staff and postdoctoral researchers, general- 
use laboratories for chemistry, microscopy, and m olecu
lar research (Figures 3, 4), and a w et laboratory  supplied 
by a small seaw ater system. In M arch 2003, a 2,400 
square foot storage building was com pleted. The build
ing includes a w orkshop and storage for scientific supplies, 
scuba equipm ent, and other m arine research equipm ent. 
In April 2004 a research dock was com pleted on the In
dian River Lagoon, w hich is accessible by an easem ent on 
adjacent property. A flow -through seaw ater building was

FIGURE 2. A retired World W ar II Army barge was remodeled to include two levels of offices and laboratories for use by the Smithsonian 
Marine Station scientists from the early 1970s to 1999.
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FORT PIERCE INLET

S m ith so n ia n  M arine S ta tio n

S m ith so n ia n  M arine E c o s y s te m s  E xhib it

ATLANTIC OCEAN

FIGURE 3. This aerial view shows the location of the Smithsonian Marine Station on the Fort Pierce Inlet of the Indian 
River Lagoon in Florida.

added to  the cam pus in August 2005. The relocation to 
the new  research building and cam pus provided the o p 
portun ity  for the Sm ithsonian M arine Station to  increase 
and strengthen the breadth  and diversity of its research 
as well as to  establish new  collaborative interactions. The 
move also m ade it possible to  expand the S tation’s educa
tional m ission, initiating new  cooperative ventures in edu
cation and public outreach.

In the struggle to  understand life, how  its diversity has 
come about, and the current rapid  loss of biodiversity on a 
global scale, the Sm ithsonian M arine Station is positioned 
as are few laboratories in the w orld to  study this excep
tional diversity from  an array of environm ents. The Smith
sonian M arine Station is located on the Fort Pierce Inlet of 
the Indian River Lagoon (IRL) (see Figure 3), an estuary 
extending along one-third the length of the east coast of 
Florida. The IRL is widely recognized as one of the m ost 
diverse estuaries in N orth  America, and it has been desig
nated an estuary of national significance by the Environ
m ental Protection Agency. The M arine Station’s unique 
location on the Fort Pierce Inlet puts it in a prim e position 
to  access oceanic w aters and to  sample organisms from  the 
Florida Current and other offshore habitats. This region of 
F lorida’s coast, characterized as a transitional zone where 
tem perate and tropical w aters overlap, offers access to a 
great variety of habitats and an extraordinary  diversity of 
species. To the south of Fort Pierce, w ithin a few hours of 
travel, are Florida Bay and the Florida Keys, the only living 
tropical coral reefs in the continental United States.

Specialized equipm ent and instrum entation at the 
Sm ithsonian M arine Station include tem perature-con
trolled aquaria and incubators, equipm ent for preparing 
tissues for light and electron microscopy, an ultracold 
freezer, equipm ent for electrophoresis, a therm ocycler 
for D N A  am plification, high perform ance liquid chro 
m atographs, a gas chrom atograph/m ass spectrometer, 
and a UV-visual spectrophotom eter. For microscopic 
studies, equipm ent is available for light, epi-fluorescent, 
and N om arski microscopy, time-lapse and norm al-speed 
cinem atography, photom icrography, video recording and 
editing, inverted microscopy, scanning and transm ission 
electron m icroscopy (Figure 5), and confocal laser scan
ning microscopy.

Confocal laser scanning m icroscopy (CLSM) has be
come an increasingly im portan t tool in m odern environ
m ental microbiology, larval ecology, developm ental biol
ogy, and biochemistry. CLSM involves the use of a light 
microscope, laser light sources, a computer, and special 
softw are to  image a series of in-focus optical sections 
through thick specimens. The specimens, w hich can be 
live or fixed, are stained w ith fluorescent dyes tha t high
light specific structures when excited by the lasers. Once 
the stacks of tw o-dim ensional (2-D) images are collected, 
the com puter softw are constructs spectacular, inform ation- 
rich, three-dim ensional (3-D) images tha t yield a w ealth of 
inform ation. In June 2008, the Sm ithsonian M arine Station 
acquired a Zeiss LSM 510 confocal system tha t is already 
providing data in the cutting-edge studies of Postdoctoral
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FIGURE 4. Smithsonian Marine Science Network Postdoctoral Fellow Koty Sharp uses molecular methods to deter
mine the diversity of bacteria associated with corals.
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FIGURE 5. Julie Piraino, Laboratory Manager, examines the larva of a sipunculan worm on the scanning electron microscope.

Fellow Koty Sharp on the presence and transm ission of 
bacteria in corals, and in research conducted by Postdoc
toral Fellow Kate Raw linson on the fate of individual cells 
in the developm ent of embryos of polyclad flatworms. 
This new  microscope will greatly increase the capabilities 
of Sm ithsonian m arine scientists to conduct probe-based 
subcellular studies in biochemistry, microbiology, and de
velopm ental biology (Figure 6).

The M arine Station owns four boats for use in field 
studies: a 17 foot Boston W haler and a 21 foot Carolina 
Skiff for w ork in the shallow  w aters of the IRL, a 21 foot 
center-console boat to  access nearshore w aters, and a 39 
foot vessel, the R/V Sunburst, for offshore research activi
ties. These vessels provide access to the diverse m arine 
and estuarine environm ents in the vicinity of SMS. The 
excellent location, facilities, instrum entation, and skilled 
staff of the Sm ithsonian M arine Station facilitate research

on m any diverse topics in m arine biology and m arine 
biodiversity.

RESEARCH ACTIVITIES

The Sm ithsonian M arine Station at Fort Pierce is an 
im portan t contribu tor to  the m arine research and col
lections a t the N ational M useum  of N atu ra l H istory. It 
provides a vital link between tropical and tem perate eco
systems in a coastal netw ork of m arine research stations 
know n as the Sm ithsonian M arine Science N etw ork. The 
M arine Science N etw ork  (MSN) is an array  of lab o ra to 
ries spanning the w estern A tlantic coastal zone and across 
the Isthm us of Panam a, facilitating long-term  interdisci
plinary, com parative research am ong M SN  sites, including 
the Sm ithsonian Environm ental Research Center (SERC)
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FIGURE 6. Left: Confocal microscopy captures 
an oxidative burst reaction by the green alga Dic
tyosphaeria cavernosa following exposure to the 
fungus Lindra thalassiae. An oxidative burst is 
an explosive production of reactive oxygen spe
cies (hydrogen peroxide is an example) intended 
to act as first defense against invading pathogens. 
Middle: Confocal image shows development of 
musculature and nervous system in a larva of a 
sipunculan worm. Right: Confocal laser scan
ning micrograph of the musculature of a Müller’s 
larva of the flatworm Cycloporus variegatus. 
Phalloidin staining shows circular and longitudi
nal muscles (cm, lm, respectively) and the ciliary 
band (cb). Scale = 30 pan.

in M aryland, the Carrie Bow Cay M arine Field Station 
in Belize, and the Sm ithsonian Tropical Research Institute 
(STRI) in Panam a.

Research at SMS continues to be carried out by Smith
sonian scientists from  various units w ithin the Institution

along w ith their colleagues from  other national and inter
national institutions, as well as by resident SMS scientists, 
postdoctoral fellows, and graduate students (Figure 7). 
O ngoing research program s by resident scientists a t the 
Sm ithsonian M arine Station involve coral reef research,
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FIGURE 7. Visiting Scientist Anastasia Mayorova (kneeling) collects sipunculan worms with the assistance of Mary 
Rice, Director Emeritus of SMS (left), and Research Technician Woody Lee.

m onitoring th a t is supporting restoration of the Florida Ev
erglades, harm ful algal blooms, m arine natural products, 
and invertebrate larval life histories, evolution, and devel
opm ent. The Sm ithsonian M arine Station prom otes the 
education of emerging scientists by offering pre- and post
doctoral research fellowships and supporting the w ork  of 
student interns. Examples of ongoing research activities 
are discussed below.

M arine Biodiversity

The Smithsonian M arine Station has long had a cen
tral focus on documenting biodiversity of marine life in the 
most diverse coastal waters of the continental United States. 
N M N H  invertebrate zoologist David Pawson has discovered 
and documented echinoderms (sea urchins, sand dollars, sea 
cucumbers) in shallow and deep waters of Florida for more 
than 25 years (Hendler et ah, 1995). He has found sand dol
lars that are probably hybrids between tw o species in the

offshore waters of Fort Pierce. O ther groups of organisms 
that have been well studied by N M N H  researchers for many 
decades include the marine algae (M ark and Diane Littler), 
foraminifera (M arty Buzas), crustaceans (Rafael Lemaitre 
and colleagues), deep- and shallow-water mollusks (Jerry 
Harasewych and Ellen Strong), and meiofaunal organisms 
(animals less than 1 m m  in size that live in sand and sedi
ments) (Jon N orenburg and coworkers). Additionally, many 
SMS scientists, including former director M ary Rice, have 
focused on understanding the diversity and distribution of 
larval forms of different groups of marine invertebrates. 
These larval stages are morphologically and ecologically 
very different from adult life stages and are extremely im
portan t for the transport and propagation of marine species, 
sometimes over long distances (Figure 8). Tuck Hines and 
Richard O sm an (SERC) have also studied recruitm ent pa t
terns and larval ecology for a variety of invertebrate larval 
forms in the IRL. A few examples of the many biodiversity 
studies conducted at SMS are highlighted below.
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FIGURE 8. Examples of marine invertebrates, the larval develop
ment of which has been studied by Mary Rice and colleagues at SMS 
for more than 30 years. Organisms shown here, clockwise from up
per left, are a starfish brachiolarian larva, a sipunculan pelagosphera 
larva, a brachiopod larva, and a flatworm Muller’s larva.

W ith m uch of their research focused on ecology, phys
iology, and pollu tion-oriented w ork, M ark  and Diane Lit
tler observed a grow ing need for an easier means for field 
scientists and resource m anagers to identify the diverse 
and abundan t m arine algal species in the field. They have 
published user-friendly field guides, including the aw ard- 
w inning book Caribbean R e e f Plants (Littler and Littler, 
2000), w ith m uch of their laboratory  and field research 
based at SMS. M ore recently, w ith co-author M . Dennis 
H anisak (H arbor Branch O ceanographic Institute), they 
published Subm ersed Plants o f  the Indian R iver Lagoon: 
A Floristic Inventory and Field G uide  (Littler et ah, 2008), 
a book rich w ith photography and illustrations depicting 
the taxonom y and distributional patterns of m ore than  
250 species of subm ersed plants in the Indian River L a
goon. The book was based on six years of field and labo ra
tory  w ork along the central east coast of Florida.

D. W ayne Coats, a p ro tistan  ecologist at the Sm ithso
nian Environm ental Research Center, has w orked on the 
biology and ecology of free-living and symbiotic protists 
for 20 years. His w ork  has enabled com parisons between 
the Chesapeake Bay and Indian River Lagoon estuaries 
and provided enhanced understanding of how  eukaryotic 
m icrobes influence the structure of m arine food webs (Sno- 
eyenbos-W est et ah, 2004). M uch of C oats’ w ork  at SMS

has considered the biodiversity and trophic biology of p ro 
tists living in coastal w aters of Florida or associated w ith 
local m arine fauna. He has show n parasitism  of p lank
tonic ciliates in the Indian River Lagoon to  be a m ajor 
pathw ay for recycling m aterial w ithin the m icrobial loop. 
Coats and his graduate students have also shown tha t many 
free-living photosynthetic dinoflagellates have the ability 
to  feed on ciliate protozoa. A lthough ingestion rates are 
typically low, the high densities attained by red-tide d ino
flagellates in the Indian River Lagoon and Chesapeake Bay 
m ake their ability to  ingest ciliates an im portan t m icrobial 
food web interaction. Feeding on ciliates and other p ro 
tists m ay help sustain blooms w hen nutrien t resources for 
photosynthesis are lim ited. Coats and his colleagues have 
also revealed a rich and poorly know n ciliate fauna asso
ciated w ith the respiratory  trac t of bottle-nosed dolphins 
and other cetaceans (Ma et al., 2006). Previously reported  
to  be parasitic, these ciliates appear no t to  directly im pact 
the health  of anim als held in captivity. T hrough his w ork 
at SMS, Coats has helped define the significance of p ro 
tists w ithin the m arine ecosystem. In some instances, these 
protists com pete directly w ith Zooplankton for food re
sources, thus lim iting the upw ard  m ovem ent of energy and 
m atter in the food web. In other instances, they can recycle 
biom ass no t readily grazed by Zooplankton, thus repack
aging it in a form  th a t can move m ore readily th rough the 
food web.

M ary  Rice, form er director of SMS, established a p ro 
gram  of life history studies m ore than  30 years ago involv
ing num erous postdoctoral fellows and visiting scientists 
w ho have w orked on a variety of m arine invertebrates. 
H er research has focused on an enigmatic group of m a
rine worm s know n as sipunculans. Presum ably a prim itive 
group related to  annelids and m ollusks, sipunculans are 
unique in their com plete lack of segm entation and single 
unpaired ventral nerve cord. O ne of several objectives of 
her studies has been the use of developm ental studies to 
understand phylogenetic affinities both  w ithin the group 
and w ith other spiralian phyla (Schulze and Rice, 2009). 
O ther objectives have been com parative studies of repro 
ductive biology and ecology of shallow -w ater and deep-sea 
species, an investigation of the biology of oceanic larvae, 
including their m etam orphosis and their role in species 
distribution, and a systematic survey of the Sipuncula of 
Florida and the C aribbean.

In studies of reproductive biology, com parative in 
form ation was gathered for num erous species on gam eto- 
genesis, spawning, egg sizes, egg m aturation , fertilization, 
and reproductive seasonality (Rice, 1989). Year-long ob
servations of reproductive activity in Phascolion cryptum ,
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a small species inhabiting discarded gastropod  shells in 
the subtidal w aters of the Indian  River Lagoon, revealed 
th a t—in con trast to  tem perate species— anim als were 
reproductive th roughou t the year. A collaborative ultra- 
structural study of spermiogenesis was also conducted. 
The m ost abundan t sipunculan of the Indian River L a
goon, this species was recorded in densities up to  2,000 
to  3,000 per square meter. N o longer found in these den
sities, the popu la tion  has declined for reasons unknow n 
(Rice et ah, 1983).

Studies of larval biology by Rice and collaborators 
have concentrated  on the oceanic pelagosphera larvae of 
sipunculans th a t occur in abundance in the Florida C ur
rent, a com ponent of the G ulf Stream System th a t flows 
along the edge of the C ontinental Shelf offshore from  Fort 
Pierce. R eported  in w arm  w ater currents th roughout the 
w orld ’s oceans, these larvae are know n to be long lived, 
existing in the larval stage for 6 to  7 m onths, and hence to 
have the potential for w idespread species dispersal (Rice, 
1981). C ontinuing for m ore than  three decades, the stud
ies have included descriptions of the various larval m orpho- 
types through light and scanning microscopy, as well as an 
investigation of factors inducing m etam orphosis and the 
identification of species by rearing larvae to  adulthood. 
Several of the larvae were identified by rearing, surviving 
in the laboratory  for periods of 3 to  26 years as adults. In 
m ore recent collaborative studies (with Postdoctoral Fel
low  Anja Schulze and staff of the N M N H  L aboratory  of 
Analytical Biology), genomic analysis, com paring larval 
and know n adult sequences, was utilized to  identify addi
tional larval types. These analyses suggested the presence 
of tw o cryptic species, characterized by m orphologically 
similar adults but different larval types.

Jon  N orenburg  (N M N H ), together w ith  students, 
postdocto ra l fellows, and co llabora to rs, has been and  is 
focused on discovering nem ertean diversity in Florida and 
using th a t diversity to  address b roader questions. In short 
visits over the course of 20 years they have collected as 
m any as 70 pu tative species, prim arily  from  the shoreline 
and shallow  coastal w aters, from  a region w ith  24 prev i
ously know n species. M any of the add itional species are 
po ten tia l range extensions th a t aw ait confirm ation w ith 
specimens from  type locales, especially those in southern  
Brazil, w hich is the nearest sub trop ical nem ertean fauna 
th a t also is well docum ented. There also are tantalizing 
prelim inary  data for close genetic links w ith  European 
species (M aslakova and  N orenburg , 2008). N ew  spe
cies have been nam ed, and  ano ther 10 to  15 po ten tia l 
new  species aw ait add itional specimens or genetic w ork. 
M ost nem erteans have few to no external diagnostics to

characterize and  discrim inate species unam biguously. Al
m ost all the species collected in F lorida by N orenburg  
and  cow orkers in the past 15 years w ere processed w ith 
genetic w ork  in m ind, w hich will resolve som e questions 
of identity  and yield realistic estim ates of true diversity 
and  con tribu te  im p o rtan t samples for studying diversifi
cation  of the phylum  (Thollesson and N orenburg , 2003). 
T h a t effort in Florida is an im p o rtan t com ponent of tw o 
global-scale nem ertean projects headed by N orenburg: 
(1) diversity and  coevolution of the specialized, ectosym- 
biotic carcinonem ertid  w orm s w ith  their decapod crus
tacean hosts (m ostly crabs), and  (2) phylogeny and  b io 
geography of O to typh lonem ertes, w hich are specialized 
and m iniaturized w orm s occupying the aqueous pore 
space in coarse sedim ents, such as coarse sand beaches 
and in h igh-curren t subtidal hab ita ts . N o ren b u rg ’s study 
of nem erteans in Florida has con tribu ted  im p o rtan t orig
inal observations abou t developm ental biology of nem er
teans, and  one species in particu lar has revolutionized 
our understanding  of nem ertean evolution (M aslakova 
et ah, 2004).

Carole Baldwin and Lee Weigt from  the N ational 
M useum  of N atu ra l H istory  are studying fish diversity, 
including larval fishes, th rough D N A  barcoding m ethods. 
Fish taxonom ists have traditionally  classified fishes based 
on m orphological features th a t can be seen and described. 
However, m any families of fishes, such as parrotfishes and 
gobies, have m embers th a t look so similar they are v irtu 
ally indistinguishable w ithou t exam ining the genetic m ate
rial. Baldwin and her research team  have now  cataloged 
m ore than  200 species (from m ore than  1,000 specimens) 
from  the Indian River Lagoon. Processing involved identi
fying and m easuring each fish, photographing its live col
oration, taking a tissue sample for D N A  analysis, and p re
serving the rest of the specimen as a voucher for N M N H  
archival collections. Tissue samples from  each specimen 
were used to  create a D N A  barcode, w hich is unique to 
the individual fish species and can be used for identifica
tion purposes. N o t only will this w ork  be im portan t for 
establishing a database of genetic inform ation for fishes 
o f the Indian River Lagoon, it will greatly increase our 
understanding of shorefish diversity. The overall goal of 
the w ork is to  provide a new, m ore realistic estim ate of 
species diversity in the C aribbean, Florida, and adjacent 
areas. H aving am assed D N A  extractions from  fishes from  
a variety of taxa and from  m ultiple localities in the tro p i
cal A tlantic, the investigators can now  exam ine interspe
cific phylogenetic relationships to  investigate patterns of 
spéciation and potential patterns of m orphological diver
gence accom panying spéciation.
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Im portan t reasons often cited for understanding 
biological diversity are the possible benefits these spe
cies m ight yield as foods, medicines, or for other hum an 
uses. Valerie Paul, D irector of SMS, and m em bers of her 
research group investigate the chemical diversity of m a
rine organism s by studying m arine natu ral products, small 
molecules produced as chemical signals or as toxins or 
chemical defenses. M em bers of Paul’s research team  iso
late and characterize natu ral products from  F lorida’s m a
rine life (seaweeds and invertebrates) and have discovered 
com pounds th a t have never previously been found in n a 
ture. A current area of interest for her research group is 
the biodiversity and chemical diversity of benthic m arine 
C yanobacteria. Through collaborations w ith medicinal 
chemists, they are actively investigating the beneficial uses 
of these com pounds for treatm ent of hum an diseases such 
as cancer and bacterial infections.

M arine Ec o lo g y

Valerie Paul studies m arine p lan t-an im a l interactions 
in coral reef hab ita ts. C oral reefs in Florida and  th ro u g h 
ou t the w orld  are declining, in p a rt the consequence of 
shifts from  coral- to  a lgal-dom inated com m unities. Paul 
and m em bers of her research team  study grazing by reef 
fishes and  sea urchins and  the effects of herbivory  on 
coral reef com m unity  structure  (Paul et ah, 2007). They 
have found th a t chem ical defenses of m arine algae al
low  some w ell-defended m arine p lants to  dom inate on 
coral reefs despite grazing pressure. Key to  the recovery 
of coral reefs is the successful recru itm ent of coral larvae 
to  becom e juvenile and  eventually adu lt corals (Ritson- 
W illiam s et ah, 2009). P au l’s research group and  their 
co llaborato rs exam ine positive and  negative interactions 
betw een coral larvae and  the m arine algae th a t dom inate 
coral reef hab ita ts . Some of the same species of algae 
th a t are chem ically p ro tected  from  grazers can inh ib it the 
settlem ent of coral larvae, thus preventing the successful 
recovery of coral reefs.

Algae are an essential p a rt of m arine ecosystems 
and w hen m aintained in balance can provide food, shel
ter, oxygen, and m ore to  millions of organism s, includ
ing people. But some algae can produce harm ful toxins 
and, under certain conditions, can grow  ou t of control. 
These so-called harm ful algal bloom s have been increas
ing in frequency and severity along the w orld ’s coastlines. 
N M N H  scientist M aria Faust has been investigating the 
types of planktonic harm ful algae, often called red tides, 
w hich occur along F lorida’s east coast (Faust and Tester, 
2004). Valerie Paul, N M N H  Statistician Lee-Ann Hayek,

and Postdoctoral Fellows K aren A rthur and Kate Semon 
have been studying form ation of bloom s of m arine cya
nobacteria in F lorida’s estuaries and coral reefs and try 
ing to  elucidate environm ental factors th a t contribute to 
bloom  form ation (Paul et ah, 2005). Increased nutrients 
from  land-based sources, such as runoff from  fertilizers 
and sewage treatm ent plants, m ay help to  fuel some of 
these algal bloom s. The biological and biochem ical diver
sity of harm ful algae is the subject of ongoing research, 
w hich has led to  the discovery of novel toxins produced 
by these cyanobacteria.

Estuaries and coasts around the w orld are approaching 
critical levels of degradation, and the southern Indian River 
Lagoon is no exception. Large-scale, collaborative efforts 
are underw ay to  restore biodiversity and the vital ecologi
cal functions these ecosystems provide. Björn Tunberg and 
members of his benthic ecology research team  at SMS are 
involved in one of the m ost am bitious of these projects, the 
Comprehensive Everglades R estoration Plan (CERP). Ex
tensive modifications to  the southern IRL w atershed over 
the past 100 years have decreased the system’s ability to 
store w ater and have increased nutrient-rich storm w ater 
runoff. The CERP plan, under the direction of the South 
Florida W ater M anagem ent D istrict and the U.S. Army 
Corps of Engineers, aims to  restore w etlands and build 
w ater storage basins to im prove estuarine health. Tunberg 
and his team  established a benthic m onitoring program  
five years ago to  provide a baseline data set of species dis
tribu tion  and abundance in the sediments of the Indian 
River Lagoon. This team  is acquiring quarterly  data tha t 
will allow  them  to detect and predict long-term  changes 
in the benthic com m unities th roughou t the central and 
southern  Indian River Lagoon.

The location  of the Sm ithsonian M arine Station on 
the Indian River Lagoon for 37  years has allow ed Sm ith
sonian researchers to  establish long-term  and  intensive 
research projects th a t are valuable in understanding and 
assessing m arine biodiversity. Long-term  biological m oni
to ring  is m ost effectively carried ou t on organism s w ith 
high densities, m any species, short generation  times, quick 
responses to  changes in environm ental variables, and  a 
long history of extensive study on a w orldw ide basis. 
The benthic foram inifera fit these requirem ents, and their 
populations have been m onitored  in the Indian River L a
goon for m ore th an  30 years by M arty  Buzas (N M N H ).

A t one station near the H arb o r Branch O ceanographic 
Institute, m onthly replicate sam pling of foram inifera liv
ing in the sedim ent has been carried ou t since 1977. These 
data indicate significant differences between seasons, as 
well as am ong years, bu t no overall increase or decrease
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over a longer time span. The spatial d istribution of the 
foram inifera forms an environm ental mosaic of patches 
w hose densities change w ith time. This newly discovered 
phenom enon was term ed pulsating patches (Buzas et al., 
2002; Buzas and H ayek, 2005). At the St. Lucie Inlet, o b 
servations were m ade in 1975-1976  and again 30 years 
later in 2005. Species richness had  greatly declined over 
30 years, and the com m unity structure of the foram inifera 
in this area was com pletely destroyed (Hayek and Buzas, 
2006). M onitoring  at this Inlet during 2007-2008  has 
show n th a t species richness has increased; however, ex
cept for the abundan t species, the fauna does no t contain 
the same species as it did 30 years ago. M onitoring  efforts 
are continuing, and Buzas and H ayek have also begun a 
coring program  to determ ine the effects of both  natural 
and anthropogenic effects on com m unity changes during 
the past 150 years.

Candy Feller, Dennis W higham , cow orkers from  the 
Sm ithsonian Environm ental Research Center (SERC), and 
national and in ternational collaborators have conducted 
long-term  studies of the m angrove ecosystems of the In
dian River Lagoon. The overall goal of this project is to 
collect hydrological, nutrient, m icrobial, and vegetation 
data in support of their long-term  ecological studies of 
factors tha t contro l the structure and function of m an
grove ecosystems (Figure 9, top). Feller has continued a 
study of how  nutrien t enrichm ent affects the m angrove 
com m unities along the A tlantic coast of Florida for the 
past 10 years. Fertilization experim ents designed to  en
rich nitrogen (N) and phosphorus (P) in sediments have 
show n tha t black m angrove forests in Florida are nitrogen 
limited. W hen nitrogen was added in the IRL, the black 
m angroves grew  out of their dw arf form  (Feller et ah, 
2003). A ddition of N  also affected internal dynamics of 
N  and P, caused increases in rates of photosynthesis, and 
altered patterns of herbivory (Lovelock and Feller, 2003). 
These findings contrast w ith results for m angrove forests 
in Belize and Panam a w here the seaw ard fringe was N- 
lim ited but the dw arf zone was P-limited. Their studies 
have dem onstrated th a t patterns of nutrient lim itation in 
m angrove ecosystems are com plex, th a t no t all processes 
respond similarly to the same nutrient, and th a t similar 
habitats are no t lim ited by the same nutrien t w hen differ
ent m angrove forests are com pared (Lovelock et ah, 2006; 
Feller et ah, 2007).

Feller and  her colleagues have also studied the ef
fects of the 2004 hurricanes Frances and  Jeanne on the 
m angrove com m unities (Figure 9, bo ttom ). O ver the past 
4 years they have continued  to  m onito r and quantify  the 
recovery of the m angroves, docum enting tree height, leaf

area index, m angrove type, m angrove defoliation and 
recovery, hydrology, and  salinity. D am age to  the m an 
groves was higher in the fringe and transition  zones than  
in the dw arf zone. The N -fertilized trees sustained sig
nificantly higher dam age th an  controls in all zones and 
have been slow er to  recover. A fter 2.5 years, the leaf area 
index  (LAI) of P-fertilized and contro l trees was equal to 
pre-sto rm  levels, w hereas + N  trees w ere less th an  90%  
recovered. LAI again decreased dram atically  in Jan u 
ary 2007, presum ably  as the result of an intense 2 year 
drough t in F lorida.

D ennis W higham  and  colleagues from  the University 
of U trecht, The N etherlands Institute for Ecology-Centre 
for Limnology, and  the U niversity of South Florida are 
determ ining the relationships betw een the structure  and 
p roductiv ity  of different m angrove h ab ita t types and 
hydrological processes and nitrogen  cycling, including 
characteristics of the m icrobial com m unity  associated 
w ith  n itrogen cycling. T heir hydrological studies have 
show n th a t there is no evidence of freshw ater inpu t from  
groundw ater in to  their study site and  th a t the g ro u n d 
w ater chem istry is prim arily  influenced by évapo trans
p ira tion . Subsequently, salt pans and  dw arf m angrove 
com m unities develop in areas th a t are characterized by 
hypersaline conditions associated w ith  evapotransp ira- 
ton . G row th  rates are low er in the salt pan  and  dw arf 
m angrove hab ita ts , and  prelim inary  results indicate th a t 
the m icrobial com m unity  in those hab ita ts differs from  
other hab ita ts.

The studies described above docum ent the m orpho
logical, genetic, and biochem ical diversity of F lorida’s 
m arine life. Collectively, these biodiversity and ecological 
studies and investigations of long-term  changes in Flor
id a ’s coastal w aters, including the Indian River Lagoon, 
m angrove ecosystems in Florida, and coral reef habitats 
of southeast Florida and the Florida Keys, give us the 
background essential to docum ent changes in biodiversity 
resulting from  hum an and climatic im pacts on F lorida’s 
coastal environm ents.

EDUCATION A N D  OUTREACH

As a resource for educators, students, researchers, and 
the public, the M arine Station m aintains a species inven
tory  of plants and animals in the Indian River Lagoon. 
The Indian River Lagoon Species Inventory website (www 
.sms.si.edu/IRLspec) is continually expanding and now  in 
cludes m ore than  3,000 species w ith m any photographs 
and scientific references. In addition to  individual species
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FIGURE 9. Top: From front to back, Smithsonian Marine Station graduate fellow Juliane Vogt (University 
of Dresden), postdoctoral fellow Cyril Piou, and volunteer Rainer Feller explore the mangrove at Hutchinson 
Island, Florida, looking for light gaps. Bottom: Sharon Ewe (on left) and Anne Chamberlain examine damage 
to the mangroves at Hutchinson Island, Florida, immediately after Hurricane Jeanne.
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reports th a t give hab ita t, d istribution, life history, popu la
tion  biology, physical tolerance, and com m unity ecology 
inform ation, the database includes inform ation on n o n 
native and endangered, threatened, and special-status spe
cies. An electronic com panion publication to  the Species 
Inventory is the Field Guide to  the Indian River Lagoon 
(www.sms.si.edu/IRLfieldguide). Both projects have been 
supported by the Indian River Lagoon N ational Estuary 
Program  adm inistered by the St. Johns River W ater M an 
agem ent D istrict. Features such as an interactive glossary, 
enhanced indexing, and links to  o ther relevant websites 
add to  the educational value of these websites.

The Sm ithsonian M arine Ecosystems Exhibit in the 
St. Lucie C ounty M arine Center celebrated its seventh an 
niversary in August 2008. Adm inistered by the Sm ithson
ian M arine Station, the exhibit showcases the C aribbean 
coral reef ecosystem th a t was a popular exhibit at the N a 
tional M useum  of N atu ra l H istory  for m ore than  20 years 
and the first living m odel of an A tlantic coral reef ecosys
tem  available for public viewing. Through an outpouring 
of local interest and support, the exhibit was transferred 
to  Fort Pierce to  a building constructed and m aintained by 
St. Lucie County for the sole purpose of housing this edu
cational attraction . At the Ecosystems Exhibit, visitors are 
invited to  explore six Florida m arine habitats and learn 
about the com plexity and im portance of these ecosystems 
(Figure 10). The largest aquarium  houses a C aribbean 
coral reef display. A dditional aquaria depict a seagrass bed, 
red m angrove coastline, estuarine and nearshore habitats, 
and a deep-w ater Oculina  coral reef. Smaller aquarium  
displays highlight single species of interest, and a touch 
tank  offers visitors personal in teraction w ith various lo 
cal invertebrates, such as horseshoe crabs, sea urchins, sea 
cucum bers, and pepperm int shrim p.

This public aquarium  is unlike any other, providing an 
accurate representation of the underw ater worlds of the In
dian River Lagoon and Atlantic Ocean. Although these w a
ters are a com m on sight to  m any coastal Florida residents, 
few have experienced the unsurpassed diversity of life just 
below their surface. By highlighting this diversity and dis
playing local ecosystems as com plex communities of organ
isms interacting in their environments, the Exhibit aims to 
provide the public w ith a better understanding of the fragile 
coastal ecosystems of the Indian River Lagoon and the sur
rounding area, including the impacts people have on them.

The Sm ithsonian M arine Ecosystems Exhibit is a 
field trip  destination for thousands of school-aged chil
dren each year (Figure 11). A lthough some choose a 
self-guided visit, m ost partic ipate  in one of several struc
tu red  program s facilitated by E ducation staff m em bers.

Program  options are age- and grade-appropria te  and are 
structured  in com pliance w ith  F lo rida’s Sunshine State 
S tandards. Activities include scavenger hunts, w ater qual
ity experim ents, food web and energy transfer studies, 
sim ulated benthic sam pling, and  field experiences in the 
Indian River Lagoon.

In 2005, education staff at the Exhibit began offer
ing com m unity and visitor program s. R anging from  in 
form ative breakfast program s to  sleepovers and summer 
cam ps, the new  program s target trad itional visitor groups 
in new  ways, providing m ore focused and in-depth learn
ing experiences for those interested in taking advantage 
of the m any resources the Sm ithsonian has to  offer. The 
enthusiastic response from  the com m unity has resulted in 
continual additions to  the events calendar.

In addition  to being a physical destination for the 
local community, the Ecosystems Exhibit has also estab
lished itself as a valuable resource for local schools and 
com m unity organizations th a t do no t have the means to 
travel. Education staff provides classroom  outreach p ro 
gram s, bringing the w onders of the underw ater w orld to 
hundreds of students each school year. Education staff 
m em bers have also developed Resource Loan Kits for area 
teachers to borrow  for in-classroom  use for a tw o-w eek 
tim e period. The Exhibit website also hosts three webcams 
th a t provide live feeds to  three of the E xhibit’s displays. 
O nline visitors have alternate, unparalleled views into 
the seagrass and coral reef m odel ecosystems, as well as 
th rough the lens of a laboratory  m icroscope. Future plans 
include the developm ent of online curricula and activities 
based on observations m ade via the webcams.

LO O K IN G  TO THE FUTURE

D uring the past 37 years the Sm ithsonian M arine Sta
tion  at Fort Pierce has developed a strong, broadly based 
program  in m arine biodiversity research focusing on sys- 
tem atics, ecology, and life histories of m arine organisms. 
W ith nearly four decades of research along the IRL, the 
Sm ithsonian M arine Station has been able to  establish 
long-term  and intensive research projects th a t are valuable 
in understanding and assessing m arine biodiversity as well 
as the changes in biodiversity occurring on a global scale. 
As a result of its excellent location, m odern facilities, and 
experienced staff, the M arine Station is well positioned 
to  continue to  address im portan t research topics includ
ing global climate change, invasive species, harm ful algal 
bloom s, systematics, larval ecology, and evolutionary de
velopm ental biology.

http://www.sms.si.edu/IRLfieldguide
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FIGURE 10. The coral reef at the Smithsonian Marine Ecosystems Exhibit.

The Sm ithsonian M arine Ecosystems Exhibit makes 
the w ork of Sm ithsonian m arine researchers accessible to a 
broad, non-scientific audience. The living displays capture 
the dynam ic quality of natu ral ecosystems, and the educa
tional offerings are a reflection of the same. Program s, dis
plays, and live exhibits are constantly  changing, evolving, 
and taking on new  life, providing a foundation  to  ensure 
the E xhibit’s future in an ever-changing community.
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Caribbean Coral Reef Ecosystems: 
Thirty-Five Years of Smithsonian 
Marine Science in Belize

Klaus Rützler

ABSTRACT. With foresight and tenacity, Smithsonian Institution marine scientists have 
devoted more than three decades to understanding and preserving one of the planet’s vital 
natural resources: the coral-reef ecosystem. In the late 1960s marine scientists from the 
Smithsonian National Museum of N atural History, Washington, founded a long-term 
Caribbean coral-reef field program, now known as Caribbean Coral Reef Ecosystems 
(CCRE), to investigate the biodiversity, community structure and dynamics, and envi
ronmental processes that control this ecosystem. Its core group of botanists, zoologists, 
paleobiologists, and geologists found an ideal study site—with high biological diversity, 
significant geological features, and minimal anthropogenic disturbance—on the barrier 
reef off Southern Belize, and in 1972 established a field station on one of its tiny islands, 
Carrie Bow Cay. Within a radius of less than 2 km lie a great variety of richly populated 
habitats, from mangrove to fore-reef. The Belize mainland and three offshore atolls are 
within easy reach by small boat. Each year, up to 120 Smithsonian staff and associated sci
entists, with assisting students and technicians, study the area’s reefs, nearby mangroves, 
and seagrass meadows. Their “whole-organism” expertise encompasses many fields of 
biology—systematics, evolution, paleobiology, ecology, and ecophysiology—supported 
by molecular techniques to expand upon traditional morphological taxonomic analyses. 
An oceanographic-meteorological monitoring station on Carrie Bow Cay records envi
ronmental data, now available on the World Wide Web, and monitors the productivity 
of selected reef, mangrove, and seagrass communities. Field research is complemented by 
the large resources of the Smithsonian home base. Today, the CCRE program is a mem
ber of the Smithsonian’s M arine Science Network, which includes coastal laboratories in 
Panama, Florida, and M aryland. In these and other respects— CCRE now has more than 
800 papers in print—the program ’s accomplishments are indeed impressive.

INTRODUCTION

Klaus Ruetzler, Department o f  Invertebrate Zool
ogy, National Museum o f  Natural History, Smith
sonian Institution, Washington, D.C. 20560- 
0163, USA (ruetzler@si.edu). Manuscript received 
9 June 2008; accepted 20 April 2009.

H ow  does one sum m arize in a few pages 35 years of research on a com 
plex ecosystem by m ore than  200 investigators? Clearly, it cannot be done in a 
com plete fashion. W ith apologies for any omissions, I present this review as a 
tribute to  every single partic ipant in the C aribbean Coral Reef Ecosystems p ro 
gram  (CCRE) dating back to  the late 1960s, w hen it was titled Investigations 
of M arine Shallow-W ater Ecosystems (IMSWE). The founders’ unifying objec
tive was to  apply a m ultidisciplinary, long-term  team  approach to  studies of 
m arine shallow -w ater animals and plants, and to exam ine their interactions in

mailto:ruetzler@si.edu
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their environm ent—today as well as in the past— for infor
m ation on the determ inants of com m unity structure and 
evolutionary change. A coral-reef ecosystem, we agreed, 
is the m ost extensive and biologically productive shallow- 
w ater com m unity on E arth and thus w ould fully m eet our 
purposes. After conducting literature reviews and several 
joint surveys th roughou t the C aribbean, we chose Belize 
(then British H onduras) as the p rogram ’s locale because 
of its pristine environm ent and high diversity of organisms 
and reef types.

Program  Founders a nd  O bjectives

Coral reefs are am ong the true w onders of the world: 
they cover 190 m illion km 2 of the w orld ’s ocean floors, 
are trem endously productive, protect tropical continental 
coasts and islands from  the eroding forces of the oceans, 
supply hum ans w ith large quantities of high-quality p ro 
tein, and are a unique recreational resource. For all their 
aesthetic and economic value, coral reefs rem ain invisible 
to  m ost people unless they live close to  tropical coasts 
or engage in skin or scuba diving. W ithout such contact, 
m any are insensitive to  the catastrophic effects of po llu
tion  and uncontrolled land developm ent, w hich can ra p 
idly decimate entire com m unities and thus their benefits, 
or are unaw are of the effects of natu ral phenom ena such 
as global w arm ing and acid rain.

Fortunately, the unique com position of the Sm ithson
ian Institution, w ith specialists in m any disciplines of the 
life and earth  sciences, provided a substantial num ber of 
researchers interested in reefs and willing to team  up for 
the com m on good of an integrated study. Some experts 
from  other institutions were expected to  join for specific 
tasks. O ur original team , all staff of the N atu ra l M useum  
of N atu ral H istory (N M N H ), consisted of W alter H . Adey, 
D epartm ent of Paleobiology, a specialist in fossil and m od
ern coralline algae; Ian G. M acintyre, Paleobiology, a car
bonate sedimentologist studying calcification, reef-building 
organisms, and reef evolution; A rthur L. Dahl, Botany, an 
algal ecologist; M ary  E. Rice, Invertebrate Zoology, an ex
pert in sipunculan w orm  systematics and developm ental 
biology; Tom Waller, Paleobiology, a m alacologist focus
ing on the systematics and distribution of scallops in time 
and space; Arnfried A ntonius, a postdoctoral fellow in In
vertebrate Zoology w orking on stony corals; and myself, 
Invertebrate Zoology, a sponge biologist w ith an interest 
in reef ecology and bioerosion. We were joined in our early 
search for the optim al research site by D avid R. S toddart, 
a geographer a t the University of Cam bridge, England; 
Porter M . Kier, an actuopaleontologist (later a director of

the N atu ra l H istory  M useum ) looking for m odern clues 
to  interpreting fossil echinoderm  assemblages; R ichard S. 
(Father Joe) H oubrick, a form er priest tu rned  m alacolo
gist and w orking at the Sm ithsonian M arine Sorting Cen
ter; E rnst Kirsteuer, an invertebrate zoologist specializing 
in nem ertine w orm s at the Am erican M useum  of N atural 
H istory, N ew  York; and Fred H otchkiss, a postdoctoral 
fellow in Invertebrate Zoology specializing in ophiuroid  
echinoderm s. D avid S toddart was a particu lar asset be
cause he had  a w ealth  of research experience w ith the dis
tribu tion , geom orphology, terrestrial botany, and  dynam 
ics of Belizean islands (cays), having been a m em ber of the 
1959 Cam bridge E xpedition to  British H onduras (Carr 
and  T horpe, 1961) and partic ipan t in num erous post- 
H urricane H attie  (1961) surveys (S toddart et ah, 1982).

O ur m ain objective was to study the historical and pres
ent conditions in a well-developed coral reef far removed 
from  the stressful impacts of an industrial society w ith a 
view to compiling baseline data on how  an established reef 
com m unity adjusts to  natural environm ental param eters. 
These data w ould include inform ation on diagenetic altera
tion of the reef structure, as revealed in drill cores. W ith 
the resulting inform ation, we hoped to  develop a predic
tive m odel of the im pact of anthropogenic stress. As we 
quickly discovered, m ost previous reef studies consisted of 
short-term  surveys during large-scale expeditions, w ith su
perficial sam pling during a single season; moreover, many 
of the reports on reef fauna and flora had been prepared 
by specialists w ho had  never observed the organism s and 
processes in the field. A com plex ecosystem such as a coral 
reef obviously required a m ore rigorous, long-term , and 
m ultidisciplinary approach if we had any hope of deter
m ining the relative im portance of diversity, biom ass, en
ergy flow, and environm ent to  com m unity function.

C arrie Bo w  C ay, Base o f  a  N ew M arine F ield Station

The team  chose a C aribbean reef site for several rea
sons: m ost of us had  already w orked in th a t area, and it 
w ould  be “close to hom e,” w ould perm it com parison w ith 
the already-stressed reefs of Florida, and w ould minimize 
travel time and cost. Equally im portan t, to  be sure, was 
the fact th a t all the characteristic reef types and zones were 
w ithin w orkable distance, reef grow th was vigorous w ith 
a good geological record of past developm ent, and the lo 
cale was rem ote from  terrestrial and hum an influences.

M oving ahead w ith small gran t aw ards from  Smith
sonian Institu tion  endow m ents, we purchased an inflatable 
b oat w ith an ou tboard  motor, dive tanks, a small com pres
sor, and tents for reconnaissance trips across the C arib
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bean. In another step forw ard, the U.S. N ational Science 
Foundation provided support for a planning meeting on 
Glovers Reef atoll, Belize, attended by representatives of 
some 40 academic institutions. We envisioned starting up 
the program  there and eventually conducting com parative 
studies on an Indo-Pacific atoll. As fate w ould  have it, the 
proposal em anating from  this meeting was no t funded.

Returning to Glovers Reef in February 1972 to retrieve 
our IMSWE equipment from storage, Arnfried Antonius and 
I discovered a small unoccupied islet w ith three shuttered 
buildings on the southern  Belize barrier reef. Its nam e, we 
learned, was Carrie Bow Cay (16°48 'N , 88°05'W ; origi
nally spelled Caye), and it was ow ned by the family oper
ating the Pelican Beach M otel in Dangriga (Stann Creek 
D istrict), a small tow n on the m ainland (Figures 1, 2). To 
our happy surprise, this reef trac t m et all our scientific re
quirem ents, studies there w ould  garner generous coopera
tion  from  Belize’s Fisheries D epartm ent, and excellent lo 
cal logistical support w ould be available. The m otel, now  
called Pelican Beach Resort, was ow ned and operated by 
H enry Bowm an, Jr., and his wife Alice. After negotiating 
storage for our equipm ent, we initiated a contract to  lease 
p art of Carrie Bow Cay, including the tw o smaller co t
tages, for a three-m onth  research period th a t spring and 
summer.

Carrie Bow Cay was ow ned by H enry Ju n io r’s father, 
H enry T. A. Bowman, a th ird-generation descendant of 
Scottish settlers. The enterprising H enry senior was a cit
rus grower, businessm an, and one-tim e legislator w ho had 
bought the island from  his father as a vacation retreat, 
changed its nam e (from  Ellen or Bird Caye) to  Carrie for 
his wife, and pu t up an old farm house th a t he had  bought 
on the m ainland and carried out to the cay in sections. 
W ith his love of fishing, “Sir H enry” (as I referred to  him  
w hen we became friends) and some of his relatives (daugh
ter N orm a and daughter-in-law  Alice, in particular) de
veloped a keen interest in the sea and the reef’s m yriad 
anim als and plants. This interest persuaded him  to allow 
us unrestricted access to  m ost of his island and provided 
m any opportunities to  share our observations over drinks 
during the sunset hour.

A great concern for both  of us then, and for all of 
CCRE today, was the rate of coastal erosion, m ainly the 
consequence of frequent hurricanes, w hich had reduced 
the size of the island from  2 acres (0.8 ha) in the 1940s to  a 
little m ore than  half th a t in the 1970s. In his delightful au 
tobiography (Bowman, 1979), H enry  took  the blam e him 
self, adm itting tha t he had carelessly rem oved m angrove 
trees “th a t build and bind these cayes.” At the same time, 
he did m ake a significant contribu tion  to  the island’s m or

phology: in 1942 he built a 27 m  long concrete boat dock 
on the leew ard (lagoon) side. It has rem ained unchanged 
to  this day and has served as a reference in our m apping of 
the geom orphology and com m unities nearby.

Since then, both  H enrys have passed away, but their 
naturalist spirit lives on. Therese R ath , who is Junior and 
Alice’s daughter (Sir H enry’s granddaughter), runs Pelican 
Beach w ith her m other and continues to  offer us logistical 
support on Carrie Bow. Therese’s husband, Tony R ath— 
one of our early volunteer station m anagers w ho m oved to 
Dangriga from  M innesota tw o decades ago— is a success
ful nature photographer and runs the prem ier web design 
business in Belize; he still helps us out as a naturalist ad 
viser and provides docum entary photography.

Fac ilities  a t  Start- U p

Between 1972 and 1975, our team  operated on a 
shoestring. The relatively small grants available to  us 
(the Sm ithsonian has no direct access to  N ational Science 
Foundation  funding) kept the field station open for no 
m ore than  four m onths a year and supported  up to  25 
scientists and assistants per season. O ur facilities consisted 
of a small three-room  building w ith a tin roof to  the south 
of the m ain house (it contained our lab, living quarters for 
tw o, and a kitchen); a 4 m 2 shed th a t could house tw o; and 
a tent, w hen needed, th a t could accom m odate up to  six. 
The dive com pressor and a small generator were installed 
in im provised shelters.

O ur show er consisted of a spray-head on a pipe 
screwed into the bo ttom  of a huge w ooden vat th a t col
lected rainw ater running off the roo f of the m ain build
ing. To preserve decency, there was an enclosure (its sign 
read: “Save Water, Shower w ith a F riend” ). The toilets for 
all island occupants were tw o outhouses accessed from  a 
w ooden pier extending over the reef flat to  the island’s 
east. The cab in’s seats were rough-cut planks w ith holes. 
However, its w indow  opening allowed a spectacular view 
of the reef flat, barrier reef, and unobstructed  horizon, 
w ith pelicans and 1 m  long parrotfish jum ping and feed
ing in the foreground.

After getting used to  us, Sir H enry  tu rned  his chil
d ren ’s “m useum ” in the m ain house into a sta tion  m an
ager’s quarters by adding some w ood siding for walls and 
a door. It was a roofed-over corner of the house’s wide, 
upper-level porch, w here N orm a and Alice had  kept and 
displayed an assortm ent of shells, corals, quirky d rift
w ood, and  stranded and m um m ified algae, invertebrates, 
and  fishes. W orking for a m useum  ourselves, we found 
th a t a quain t step forw ard.
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FIGURE 2. The original Investigations of Marine Shallow-Water Ecosystems (IMSWE) survey team, the Belize barrier reef, and Carrie Bow 
facilities in the early 1970s. Upper left: The team included (left to right) Walter Adey, Arthur Dahl, Tom Waller, Klaus Ruetzler, and Arnfried 
Antonius (missing from the picture are Porter Kier, Ian Macintyre, and Mary Rice). Upper right: Belize barrier reef looking south, with South 
Water Cay in foreground and Carrie Bow Cay near center. Center left: Carrie Bow Cay looking southwest, with ocean-side reef flat in fore
ground. Center right: Carrie Bow facilities looking south, the Bowmans’ “Big House” to the right and our lab building in the center. Lower left: 
Photographer Kjell Sandved working in the aquarium area. Lower right: Scientists in the lab are Anne Cohen (left) and Jim Thomas.
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For the “ la b ,” we rem oved some of the cottage p a r ti
tions th a t originally defined the bedroom  space for the 
paren ts and  three children, built a long bench along the 
oceanfront wall w ith  a supply cabinet and pho to  table 
opposite it, and  w eatherp roofed  w indow s by insert
ing acrylic panes in the low er half to  allow  the w ooden 
shutters to  rem ain  open under m ost w eather conditions 
and thus let in m ore light. The sun gave us light for m i
croscopy and  photography, w ith  a couple of small gaso
line-driven generators doing the job w henever needed. 
We b rough t m icroscopes, cam eras, some portab le  in 
strum ents, labw are, and  boating  and  dive gear from  
hom e bu t im provised on m ost add itional lab o ra to ry  or 
field needs. O u r original IM SW E inflatable boat and  25 
horsepow er ou tb o ard  engine were still in w orking order, 
supplem ented by a sim ilar inflatable recently added. A 
shortw ave rad io  provided contact w ith  Pelican Beach in 
D angriga for ordering supplies, b rough t ou t once a week. 
A local cook p repared  our m eals and  lived in a room  
under the big house; nex t to  her was the simple residence 
of a native fisherm an w ho served as caretaker and  w atch 
m an, particu larly  w hen the island w as deserted  during  
the off-season. O u r sta tion  m anager w as usually one of 
us, o r one of our enthusiastic young m useum  technicians, 
or some o ther volunteer w ith  technical know -how . W hen 
the lab was closed, all valuables were stored  in high 
places (in case of sto rm  floods), the w indow s shuttered, 
and the door padlocked  and  nailed to  its fram e. (“T h is,” 
the locals said, “does no t keep the crooks ou t bu t keeps 
the honest people h o n est.” ) D uring hurricane season, all 
m ajor equipm ent was taken  to  D angriga and  stored  in 
the M aya H u t behind Pelican Beach.

AN A LY ZIN G  A  COM PLEX ECOSYSTEM

T he Early Y ears

The program ’s first targets were to m ap the reefs and 
other habitats near the field station, including Carrie Bow 
Cay itself, and to  identify the key organisms in the com m u
nities (Figures 3, 4). Because the north-south-orien ted  bar
rier reef is the dom inant feature separating the lagoon from  
open ocean, we established a transect perpendicular to  its 
trend, originating well inside the lagoon in a seagrass bed 
2 m  deep; it then crossed the barrier-reef crest some 150 m 
n orth  of Carrie Bow and extended due east across the reef 
and dow n the fore-reef slope to  a depth of 30 m. This tra n 
sect w ould become the baseline reference for all our to p o 
graphic studies and future observations and experiments.

We also tried to  develop some standard  m ethods of 
sam pling, extracting interstitial organism s, and deter
m ining biomass (Dahl, 1973; M acintyre, 1975; Rützler, 
1978a). Because of the com plexity of the reef fram ew ork 
(with its three-dim ensional structure) and the diversity 
and size range of its inhabitants (which varied by at least 
three orders of m agnitude), we had  to  modify m any of the 
com m only used ecological m ethods to  ensure com patible 
results.

Unable to  employ self-contained recording instru 
m ents to  m onitor im portan t environm ental param eters, 
we established a m anual routine for taking tide and tem 
perature readings, and for observing solar radiation , wind 
speed and direction, precipitation, humidity, cloud cover, 
wave action, and turbid ity  w ith simple handheld devices. 
For specific projects, we m easured salinity, oxygen con
centration, pH  values, w ater current speed, and subm arine 
daylight w ith off-the-shelf instrum ents for w hich we built 
w aterp roof housings w hen necessary. These data, along 
w ith the first reef m aps and results from  transect surveys, 
were sum m arized in our 1975 progress report and distrib
uted to  program  participants and supporters.

M any colleagues helped identify key organism s and 
determ ine biom ass and spatial and tem poral d istribution 
(Adey and M acintyre, 1973; Kier, 1975; Paw son, 1976). 
Early on, we discovered unexpectedly high num bers of 
new  species in alm ost all taxa, w hich was surprising be
cause the C aribbean Sea is generally considered am ong the 
best-studied oceanic regions of the w orld. Using in situ 
m ethods, we identified and quantified environm ental p a 
ram eters such as light, w ater flow, and sediments m aking 
up the “m icroclim ate” of particu lar organism s (Graus and 
M acintyre, 1976). We also investigated im portan t associa
tions and interactions between organism s, such as sym bio
ses and space com petition, predation , diets, and behavioral 
patterns. In addition, we m easured prim ary production  of 
benthic m acroalgae and sym biotic m icroalgae, and grow th 
and reproduction rates of reef-form ing organism s, the first 
steps tow ard  determ ining key m etabolic processes (M ac
intyre et ah, 1974).

Some geologists and biologists collaborated in the 
study of geological processes such as the construction and 
destruction of the coral-reef fram ew ork and the calcifica
tion rates of corals, coralline algae, and other bioherm s. 
O thers studied physical and biological erosion and sedi
m ent production  rates (Rützler, 1975), sedim ent sorting 
and colonization by m eiofauna, and processes of recem en
tation . Ian M acintyre initiated a drilling project w ith col
leagues from  the U.S. Geological Survey’s Energy Resource 
Division to  learn abou t the historical developm ent of the
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CARRIE BDW CAY FIELD STATION
N A T IO N A L  MUSEUM OF NATURAL H IS T O R Y

SM ITHSONIAN INSTITUTION 
W ASHINGT' D C -

___________ESTT9'.

FIGURE 3. Some early program participants. Clockwise, from top left: Ian Macintyre about to enter the submarine Colombus Cay Cave; 
Arnfried Antonius setting up time-lapse camera for study of black band coral disease; Klaus Ruetzler catching the evening sun for a microscope 
examination; view of entrance of station; Mike Carpenter fixing an underwater viewer; Joan Ferraris measuring oxygen consumption of benthic 
community on the Carrie Bow reef flat; and Ilka Feller surveying red-mangrove insects at Twin Cays.
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FIGURE 4. Principal marine habitats near Carrie Bow Cay. Top row: left, patch reef near the south tip of the island; right, barrier reef 
crest composed of elkhorn and fire coral (Acropora, Millepora). Middle row: left, outer fore-reef with corals, sponges, and gorgonians; 
center, small cave in the fore-reef framework; right, seagrass stand in the barrier-reef lagoon. Bottom row: left, red mangrove at Twin 
Cays, with Carrie Bow Cay in the background; center, gorgonian and barrel-sponge community on the outer fore-reef; right, diver on 
the fore-reef slope.
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barrier reef. Cores from  a series of holes yielded inform a
tion  on past com m unity patterns and successions as well as 
the d istribution of contem poraneous subm arine cements 
w ithin the reef structure (M acintyre et ah, 1981).

Detailed m aps and inventories of terrestrial plants on 
several Belizean cays, including Carrie Bow, from  1960, 
1962, and 1972 (see S toddart et ah, 1982) aided in our 
observation of m orphological and floral changes, particu 
larly in relationship to  the frequent hurricanes in the re
gion. In 1974, only tw o years into our presence on Carrie 
Bow, H urricane Fifi, w hich destroyed large coastal areas of 
H onduras, hit the barrier reef just south of our island. Al
though our reef habitats experienced only m inor changes, 
prim arily local breakdow n of the fram ew ork and accum u
lation of rubble, m ost terrestrial life on Carrie Bow, par
ticularly vascular plants, was killed by flooding— except 
for coconut trees, w hich suffered about a 20%  loss (16 
trees)— and there was severe coastal erosion. U pon rem ap
ping the island in the w ake of this event, we noted some 
redepositing of beach sand and recolonization by plants 
th rough drift and w indblow n seeds.

G a in in g  M o m e n t u m

O ur venture took  a significant step forw ard w ith the 
aw ard, in 1975, of an annual g ran t by the Exxon C or
pora tion  from  the com pany’s public relations budget for 
C entral America. A lthough relatively small, the funds 
nearly doubled our support and had  no strings attached, 
except they were to  be dedicated to  C aribbean coral reef 
research. A dded to this welcome developm ent was a new 
and beneficial relationship w ith C aptain G raham  Thom as 
of the Royal Signals D etachm ent in Belize, a helicopter 
pilot detailed to support the training of British forces in 
jungle environm ents. G raham  was able to  equip his heli
copter w ith an aerial cam era and take vertical pictures of 
the Carrie Bow reefs th a t provided excellent photo  cover
age for a detailed m apping of the area’s reef structures at 
a scale of 1:800 and to  a depth of 10 m. This in form a
tion  constituted enorm ous progress over available nau ti
cal charts (with a scale of 1:125,000) th a t dated back to 
British surveys in the 1830s and were only partly  updated 
in the 1940s. Even greater resolution in aerial m apping 
(but a t the expense of areal coverage) was achieved by in 
troducing a helium  w eather balloon equipped w ith a re
m otely operated  cam era. This technique (Rützler, 1978b), 
like several others devised by our team , was docum ented 
in a volum e on coral reef research m ethodology sponsored 
by the U nited N ations Educational, Scientific and C ultural 
O rganization (UNESCO) (S toddart and Johannes, 1978).

In 1977, in association w ith the T hird  In ternational 
Symposium on Coral Reefs in M iam i, several of our team  
organized a well-received field trip  to  Belize, highlighted 
by a detailed field guide based on m aps, transect data, and 
aerial and underw ater hab ita t photographs em anating 
from  the program  (M iller and M acintyre, 1977). In short 
order, the program  launched several new projects (Fig
ure 5) to investigate the fate of siliceous skeletons in the 
calcium  carbonate environm ent of the reef (Rützler and 
M acintyre, 1978), the feeding behavior of scyphom edu
sae (Larson, 1979), and the systematics of the unexpect
edly diverse ostracod crustaceans (Kornicker and Cohen, 
1978). O ther innovative and pioneering w ork  focused on 
the fine structure of bivalve anatom y as revealed through 
scanning electron m icroscopy (Waller, 1980) and, w ith 
collaborators from  the Scripps Institu tion  of O ceanog
raphy, on the chem istry of m arine p lant and invertebrate 
secondary m etabolites th a t show ed prom ise as antibiotics 
or other therapeutical substances (Kokke et ah, 1979). By 
the end of 1978, m ore than  50 papers had  been published 
or were in press to  docum ent the biology, ecology, and 
geology of the Belize barrier reef in the vicinity of Carrie 
Bow Cay.

The p rogram ’s success appeared to  be short lived, 
however: in late September 1978, H urricane Greta passed 
across the Belize barrier reef just 6 km  north  of Carrie 
Bow. Four lives were lost in Dangriga, the citrus harvest in 
the valley to  the west was destroyed, and there was heavy 
beach erosion at Pelican Beach M otel. A lthough no m em 
bers of our group were on location because we had closed 
dow n for the season, p a rt of our equipm ent was dam aged 
w hen ocean storm  surge and rain  flooded the storage area. 
Storm  waves from  the east and strong backlashing w inds 
from  the northw est caused severe erosion of beach sand 
on Carrie Bow and w iped out some 30 coconut trees, the 
small house, and the outhouses. The ocean-side wall of the 
laboratory  building also caved in, exposing equipm ent and 
supplies to  saltw ater spray. Following the storm , visibility 
in the usually very clear ocean w ater rem ained at less than  
3 m  for tw o weeks, m ost elkhorn (Acropora palmata) and 
fire coral (Millepora complanata) near the reef crest was 
reduced to rubble, and the salinity in the lagoon dropped 
from  the usual 35%o to 25%o.

Despite this setback, we decided to  press our team  
and collaborators to com plete w ork  in progress and p re
pare a state-of-the-art sum m ary of our accom plishm ents. 
The resulting volume (Rützler and M acintyre, 1982), later 
know n as the Blue Book (for the color of the hard  cover), 
became a p latform  for the next phase of investigations, as 
well as for raising funds. The first section presen ted  a
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FIGURE 5. A few examples of research activities of the 1970s to 1980s. Clockwise, from top left: boat operator Frank (Pelican Beach Resort) 
helps Ron Larson to lower plankton net from the stem of the boat; Ian Macintyre’s group drill-coring down a sand groove on the fore-reef; 
Joan Ferraris (left) tending incubation chambers to measure temperature-salinity tolerance of invertebrates and Sara Lewis preparing aquaria 
for fish herbivory experiments; Sara measuring algal abundance in a quadrat frame on the reef flat; Klaus Ruetzler retrieving trace paper from 
tide recorder on Carrie Bow dock; M ark and Diane Littler’s team assessing effects of nutrients on algal growth.
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detailed overview of the physical and biological environ
m ent of our study site—its habitats and com m unity struc
ture, geological history, tides, w ater currents, climate, and 
terrestrial conditions— com piled by Ian M acintyre and 
myself and various outside collaborators, including Björn 
Kjerve (University of South Carolina, Colom bia), Joan  Fer
raris (M ount Desert Island Biological Laboratory, M aine), 
and Eugene Shinn (U.S. Geological Survey, M iam i). The 
next section focused on the benthic and planktonic com 
m unities—the carbonate m icroborers, m icro- and m acro
benthos, Zooplankton, and the populations of a large 
subm arine cave at nearby Colum bus Cay— and their p ro 
ductivity. The principal collaborators were Joan  Ferraris, 
Paul H argraves (University of Rhode Island, Kingston), 
Jeffrey M ay (Rice University, H ouston), and David Young 
(D epartm ent of the Navy, M ississippi). A section on b iodi
versity included m any im portan t groups of reef organism s, 
notably  the algae and seagrasses (James N orris, N M N H ), 
hydroids (Barry Spracklin, University of N ew  H am pshire, 
D urham ), m edusae (Ronald Larson, a form er N M N H  
technician w ho m oved on to  the University of Victoria, 
Colom bia), stony corals (Stephen Cairns, N M N H ), oc
tocornis (Katie M uzik, postdoctoral fellow, N M N H ), si
punculan w orm s (M ary Rice, N M N H ), crustaceans and 
pycnogonids (Brian Kensley, Allan Child, N M N H ), and 
echinoderm s ( Frederick H otchkiss, postdoctoral fellow, 
N M N H ; B radford M acurda, Jr., University of M ichigan, 
Ann A rbor). The m ost unusual discovery was th a t chiron- 
om id insect larvae, caught in emergence traps, are part of 
the offshore benthic com m unity and live in fore-reef sand 
bottom s to  depths of 30 m  (G ernot Bretschko, Biological 
Station Lunz, Austria). A section on species interactions 
and responses to  the environm ent addressed chemical de
fense in algae (James N orris), the life history and ecology 
of cnidarians (Ronald Larsen), grow th patterns of reef 
corals (R ichard G raus, N M N H ), sponge-zoanthid  asso
ciations (Sara Lewis, D uke University, D urham ), bivalve 
larval settlem ent (Thom as Waller, N M N H ), and resource 
partitioning in chaenopsid, coral-associated fishes (David 
Greenfield, Field M useum  of N atu ra l H istory, Chicago). 
The concluding chapter puts Carrie Bow Cay and its reefs 
in the larger context of the Belize barrier reef com plex 
(contributed by R andolf Burke, N o rth  D akota  Geological 
Survey, G rand Forks, and D avid Stoddart).

H aving overcome m any of the start-up problem s, 
including setbacks caused by the hurricanes, we forged 
ahead in the new  decade w ith increasing productivity  and 
innovation. CCRE m em bers authored  a num ber of im por
tan t m onographs and other reports on reef biodiversity. 
We started  a series of papers on the fungi (Kohlmeyer,

1984) and algae (Littler and Littler, 1985); prepared anal
yses of several large crustacean groups, including parasitic 
copepods on fishes (Cressey, 1981), decapods (Kensley 
and Gore, 1981), isopods (Kensley, 1984), and am phipods 
(Thom as and B arnard, 1983); and published the first sur
vey of local moss anim als, bryozoans, by a colleague then 
at the Am erican M useum  of N atura l H istory  in N ew  York 
(W inston, 1984).

We also conducted a series of day and night p lankton  
tow s over the fore-reef and over lagoon seagrass bottom s, 
w hich were surprisingly devoid of larval stages of some of 
the area’s com m on anim als, such as an assortm ent of cni
darians and sponges. We speculated th a t the larvae m ight 
be swimming close to  or w ithin the reef fram ew ork, where 
our boat-tow ed nets could no t be operated, and decided to 
tow  or push the p lankton  nets by hand, while swimming 
close to  the bottom . A lthough m ore successful, this tech
nique took  time and effort to  obtain  sufficient samples. 
Eventually, we hit on the idea of building a stationary 
net supported by a fram e th a t could be placed close to  or 
am ong the coral heads or branches. For locations w ithout 
strong directional currents, we added a w aterp roof elec
tric m otor w ith propeller and a flow m eter to  m easure the 
volum e of w ater th a t passed through the net. This setup 
ultim ately produced excellent samples of great diversity 
considerably beyond the com position of p lankton  tow s by 
boat (Rützler et al., 1980).

H aving a small budget and in tent on disturbing our 
study environm ent as little as possible, we sought creative 
field and labora to ry  techniques tha t w ould no t require 
sophisticated instrum entation  or climate control. In keep
ing w ith these goals, our colleague Sara Lewis, for one, 
com pleted the experim ental fieldwork for her entire dis
sertation  on fish herbivory on the Carrie Bow reef flat, 
just a few meters east of the lab building (Lewis, 1986). 
Some of our M useum ’s phycologists experim ented w ith 
the influence of algal grow th forms on herbivores at the 
same location (Littler et ah, 1983). Ecophysiological w ork 
on tem perature and salinity tolerance of polychaetes and 
other reef invertebrates was accom plished in situ and w ith 
simple, specially designed acrylic incubation cham bers 
(Ferraris, 1981; Ferraris et al., 1989). Subm arine cem enta
tion  processes were determ ined experim entally in the karst 
cave h ab ita t of Colum bus Cay (M acintyre, 1984). Benefits 
of algal sym bionts to  sponge hosts were explored by in situ 
trials on a nearby patch  reef (Rützler, 1981). And, w ith an 
innovative underw ater time-lapse cam era w ith strobe light 
borrow ed from  its inventor, H ara ld  Edgerton at the M as
sachusetts Institute of Technology, we recorded several 
unattended day-n ight activities on the reef, including the
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nocturnal feeding behavior of basket stars (Astrophyton) 
(Hendler, 1982).

D uring reef surveys in the early phase of our program , 
we were already seeing a num ber of dead or dam aged cor
als w ith no clear sign of the com m on physical impacts 
related to  storm s or boat anchors. O ur postdoctoral fel
low  Arnfried A ntonius pioneered these observations at 
Carrie Bow and elsewhere in the C aribbean, as well as 
in the Indo-Pacific (Antonius, 1982). O ne notable feature 
of m any of these flagging corals was a black line between 
live coral tissue and recently dead (white) skeleton. D uring 
collaborative studies, we determ ined th a t the black band 
consisted of a m at of entangled filam entous cyanobacteria, 
w ith a num ber of associated m icrobes, and th a t the p h o to 
synthetic bacteria had an appetite for coral tissue, thereby 
causing w hat has been called “ black band  disease” (R ütz
ler et al., 1983).

O ceanic  M angrove  Swamps

Anyone looking through our 1982 “Blue B ook” will 
notice that mangroves are barely mentioned, except for a 
few rem arks about Twin Cays, a mangrove island in the 
lagoon just over 3 km  northw est of Carrie Bow (Figure 6). 
This lack should not be taken as a sign of little interest. 
CCRE workers have in fact been highly impressed by the 
relatively clear (for a swamp) w ater in the tidal channels 
and the rich flora and fauna, particularly the sponges, cov
ering the stilt roots of red m angrove (Rhizophora mangle).

O n an earlier visit to  a very sim ilar m angrove is
land, East Bimini in the Baham as, I had  been so struck 
by its subtidal diversity th a t it seemed an ideal com m u
nity for m ultidisciplinary study. The “discovery” of Twin 
Cays during the early 1980s rekindled this interest, and 
coincidentally our Exxon supporters indicated th a t they 
w anted to diversify their generosity in Central America 
beyond coral reef research. We therefore subm itted a new 
proposal to  their open com petition for the com prehen
sive study of a C aribbean m angrove ecosystem at Twin 
Cays. A factor in our favor was tha t oil pollution caused 
by tanker ballast-w ater discharge or wrecks was affect
ing C aribbean beaches and reefs at th a t time. Indeed, a 
colleague and I had studied the effect of such an oil spill 
at Galeta Island, Caribbean Panam a, a decade earlier and 
found th a t the subtidal reef corals were barely affected by 
the spill bu t th a t the oil slick had  caused severe damage 
to  the nearby in tertidal m angrove com m unity (Rützler 
and Sterrer, 1971). O u r proposal w on ano ther five years 
of research grants, and  we nam ed our initiative SWAMP 
(Sm ithsonian W estern A tlantic M angrove Program ). This

support was supplem ented by in ternal grants for specific 
purposes, no tab ly  Fluid Research Funds travel aw ards, a 
Scholarly Studies gran t for m angrove research, a Sm ithso
n ian  Associates W om en’s Com m ittee aw ard  for scientific 
illustration , W. R. Bacon Scholarships (for external col
laborato rs), Seidell Funds for library  enhancem ents, and 
N ational Science F oundation  grants to  outside co llabora
tors (who were to  some extent also supported  by their 
hom e institutions).

Because mangroves are tidal com m unities w ith terres
trial, intertidal, and subtidal com ponents, we could expand 
our fields of interest, adapt our m ethods to  the new  envi
ronm ent, and add a num ber of disciplines to our study that 
are no t usually applicable in the subtidal reef environm ent 
(Rützler and Feller, 1988; Figure 7). W ith a w ider biodiver
sity horizon, we could now  conduct surveys of microbes, 
fungi, algae, sponges and their endofauna, polychaetes, 
crustaceans, echinoderms, and bryozoans. We were fortu
nate to have a rare expert on the quantitatively im portant 
ascidian tunicates join us a t this time, Ivan G oodbody of 
the University of the W est Indies, Jam aica. O ur team  also 
explored the geological history of the m angrove by coring 
through massive peat accum ulations and dating the dif
ferent horizons and also initiated terrestrial studies of the 
m angrove’s lichens, insects, spiders, reptiles, and birds.

An im portan t first step was to  explore and m ap Twin 
Cays and nam e the m any bays, ponds, creeks, m ud flats, 
and lakes and give them  coordinates (before G lobal Posi
tioning System [GPS] devices were available) th a t w ould 
allow  us to  relocate research sites. We also w anted to  gar
ner m ore interest in the m angrove ecosystem, but because 
swam ps tend to  be viewed as undesirable environm ents, 
it took  considerable effort to  w in over our sponsors, local 
hosts, and even m any colleagues. G ood photography was 
a decided help, but even the best pictures convey but a tiny 
segment of a process in nature, although they are absolutely 
necessary for docum enting shapes, expressions, or colors, 
of course. To depict the entirety of, say, an anim al-plant 
association, we needed to capture the obvious and the h id
den, the large and the small (in proper detail and perspec
tive), and the dynamics of day versus night—in a w ord, we 
needed to  combine art w ith science. We did just tha t in a 
new project called A rt in a SWAMP (Figure 8). The lead 
artist was Ilka (“ C andy” ) Feller, a contract illustrator at 
the time w ith vast experience in the fields of botany and 
entomology, having w orked w ith num erous colleagues in 
those departm ents in our M useum  over m any years. Candy 
no t only employed her artistic talent in the illustration  of 
m angrove com m unities, but she was so captivated by the 
entire ecosystem th a t she resum ed academic studies (after
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FIGURE 6. Twin Cays mangrove habitats. Clockwise, from top left: the island viewed southwest toward Carrie Bow Cay and the barrier reef; 
mangrove fringe lining the Main Channel; sponge clusters in one of the tidal channels supported by red-mangrove stilt roots; diverse community 
of sponges and ascidians on a root substrate; a newly discovered and described sponge (genus Haliclona) anchored on and in the mangrove-peat 
bank that lines many channels; juvenile barracuda hiding among mangrove roots; a snorkeler exploring Hidden Creek, which connects a shal
low mangrove lake with the open Main Channel.
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FIGURE 7. ( facing page) Examples of projects initiated at Twin Cays. Clockwise, from top left: mapping and exploring team landing on the west
ern shore; our weather station erected in a large tidal mud flat; scientific illustrator Mary Parrish sketching mangrove communities; Molly Ryan 
photographing community samples returned to the lab at Carrie Bow for one of her scientific illustrations; student volunteer helping to collect 
specimens; ichthyologists Will Davis and C. Lavett Smith comparing catches; Ilka Feller measuring salinity in Hidden Lake, the location of one 
of her mangrove fertilization and growth experiments; Ian Macintyre, with Ilka, dissecting termite nest during an exploration of the mangrove’s 
interior.

having raised tw o daughters), com pleted a dissertation on 
the Twin Cays m angrove, and became one of the forem ost 
m angrove ecologists w orking on com m unities between 
Florida and Brazil and as far aw ay as Australia and N ew  
Zealand. O ther artists on the project were M ary  Parrish, 
first a staff m em ber in my departm ent and now  illustrator 
in the D epartm ent of Paleobiology; M olly Kelly Ryan, In
vertebrate Zoology staff illustrator; and Jennifer Biggers, 
then my contract research assistant and illustrator. This 
team , along w ith Paleobiology’s Ian M acintyre, N atu ra l 
H istory  M useum  photographer Chip Clark, Invertebrate 
Zoology technician M ike Carpenter, and several m ore as
sociates and volunteers engaged in detailed surveys and 
m apping of Twin Cays geom orphology and in analysis and 
graphic reconstruction  of habitats and com m unities, rang
ing from  epiphytic sponges to  in tertidal algae-invertebrate 
associations to  red m angrove-insect interactions, and an 
entire m udflat population  (Rützler and Feller, 1996).

O ur grow ing fam iliarity w ith m angrove organisms 
raised a num ber of significant ecological and behavioral 
questions concerning the com position and ecology of 
floating cyanobacterial m ats (addressed by M aria Faust 
in the D epartm ent of Botany; Faust and Gulledge, 1996) 
and herbivory in m acroalgal com m unities (investigated 
by M ark  and Diane Littler and colleagues; e.g., Littler 
et ah, 1983). A rare im m une disease was discovered in 
a sponge (Rützler, 1988) in w hich the usually beneficial 
m icrobial sym bionts tu rn  against their host. The dynamics 
and behavioral patterns of sw arm ing copepod crustaceans 
am ong m angrove roots were investigated by Frank Fer
rari, Invertebrate Zoology, and colleagues (Buskey, 1998; 
Ferrari et ah, 2003). Also, new w ork was done on inverte
brates living in com plex burrow s in the sedim ent substrata 
of m angrove channels (D w orschak and O tt, 1993), and on 
the im portance of m angroves for the recruitm ent and p ro 
tection of com m ercial species such as spiny lobster (Acosta 
and Butler, 1997). In research on another puzzling ques
tion—the role of sponge cyanobacterial sym bionts in both 
m angrove and reef nu trien t cycling— it was show n tha t 
nitrogen fixing by bacteriosponges is indeed an im portan t 
input to  the com m unity (Diaz and W ard, 1997). W ith the

new  emphasis on the biology of the Twin Cays m angrove, 
Ian M acintyre applied geological techniques over several 
years to  reveal its biological history: using a portable vi- 
bracore, he m apped and carbon-dated  the subsurface lay
ering of peat, sand, and rubble, all the way to  Pleistocene 
level (M acintyre et ah, 2004b).

As our financial situation im proved, we were able to 
address the bothersom e problem  of coping w ithou t au to 
m ated instrum entation  for continuous m onitoring of ba
sic m eteorological and oceanographic param eters. Up to 
then  we had  docum ented the tidal regime at Carrie Bow 
Cay w ith a pressure sensor (Kjerfve et ah, 1982) and  re
lied on various borrow ed or leased instrum ents to  meet 
the needs of specific projects for m onitoring w ater cur
rents, tem perature, solar rad ia tion  precipitation , or w ind 
(Greer and  Kjerfve, 1982; Rützler and Ferraris, 1982). 
N one of these im provised m ethods provided long-term , 
reliable records even if we were on site. W ith the help of 
con trac t engineer George H agerm an, we adapted  a leased 
A nderaa (Bergen, N orw ay) au tom atic w eather sta tion  for 
our purposes and installed it on a massive, elevated w ood 
p la tfo rm  in an extended tidal m ud flat to  the no rth  of 
Twin Cays. This setup provided us w ith  continuous data 
for several years until it becam e outdated  and  fell victim 
to vandalism .

CARIBBEAN CORAL REEF ECOSYSTEMS: 
A  BREAKTHROUGH

In the early 1980s, R ichard Fiske, then D irector of 
the N ational M useum  of N atu ra l History, asked for p ro 
posals tha t w ould interest our sponsors in the U.S. C on
gress, who at th a t po in t appeared to favor the expansion 
of prom ising research already in progress. To our surprise, 
the M useum  received an increase to  its budget base for 
the study of C aribbean Coral Reef Ecosystems beginning 
in 1985. M odeled on the IMSWE-SWAMP initiatives, the 
CCRE program  encom passed reef, m angrove, seagrass, 
and p lankton  com m unities, w ith a prim ary focus on the 
Carrie Bow Cay region.
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FIGURE 8. Examples of illustrations of mangrove swamp communities. Clockwise, from top left: characteristic intertidal red algal cover (Bos- 
trychietum) on red-mangrove prop root, with mangrove oyster, mangrove crab, and periwinkle; tidal mudflat showing developed red-mangrove 
seedlings, black-mangrove pneumatophores, driftwood, and a marbled godwit; cut-away view of mangrove channel bottom showing charac
teristic benthic organisms including decapod burrowers; close-up of peat-bottom community with algae, fallen mangrove leaves, sea anemone, 
and sabellid tube worms.
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U nder a new  adm inistrative structure approved by 
D irector Fiske, CCRE w ould be governed by a steering 
com m ittee chaired by me and com posed of representa
tives of different departm ents and disciplines, including 
outside advisers. M arsha Sitnik, who w orked w ith all the 
M useum ’s interdepartm ental biodiversity initiatives, be
came program  adm inistrator. N ow  we could afford the 
im portan t position of operations manager, filled by M ike 
Carpenter, w ho serves as field station logistics director and 
has trained  and supervised our volunteer station  m anag
ers, each of w hom  typically spends three to  six weeks at 
Carrie Bow Cay.

The new funding allowed us to  lease all of Carrie 
Bow Cay year round  and rem odel the big house for much- 
needed dry-lab space for instrum ents, a library, computer, 
and additional living accom m odations. We built a sepa
rate, sound-insulated com pressor-generator shed, added 
p ropane gas refrigerators to  kitchen and labs, and im 
proved radio-com m unication and other safety features for 
boating and diving. N ew  equipm ent included microscopes, 
balances, centrifuge, and other analytical equipm ent. We 
also upgraded our w eather station w ith real-tim e data ac
cess and connected it w ith  the Belize M eteorological O f
fice, w hich had no offshore m onitoring facility. Even m ore 
im portan t, we had  a m odest budget for travel stipends to 
a ttrac t outside collaborators to  w ork  on organism s or dis
ciplines no t covered by Sm ithsonian staff scientists.

At the end of the first CCRE program  year, our p u b 
lication list exceeded 200 entries. Several of the projects 
m entioned earlier were continued or com pleted and new 
ones begun w ith like-m inded colleagues whose expertise 
filled the gaps in our experience. To nam e a few of these 
projects, some focused on the control o f reef zonation by 
light and wave energy (Graus and M acintyre, 1989), the 
taxonom y and ecology of hydroids (Calder, 1991), oligo- 
chaete worm s (Erséus, 1988), mysid crustaceans (M odlin, 
1987), and ascidians (Goodbody, 1995); the predation 
and feeding ecology of sponges (W ilkinson, 1987), echi- 
noderm s (Aronson, 1987), and fishes (W ainwright, 1988); 
the ecophysiology of invertebrate-bacterial symbiosis 
supporting life in hydrogen sulfide environm ents (O tt and 
N ovak, 1989; O tt et ah, 1991) and m angrove-tree m e
tabolism  (McKee et ah, 1988); and island groundw ater 
hydrology (Urish, 1988).

In 1988 we held a w orkshop at the Calvert M arine 
M useum  in Solomons, M aryland, to review the accom 
plishm ents and gaps in our research on the Twin Cays 
m angrove ecosystem. Close to  40 program  participants 
sum m arized the progress of their w ork on internal struc
ture, developm ent over time, sedimentology, meteorology,

hydrology, vegetation, productivity, nu trien t cycling, 
tem perature-salinity  tolerance, and biodiversity of fauna 
and flora from  m icrobes to am phibious fishes. The m ost 
obvious deficiencies were in oceanography, a num ber of 
im portan t organism  groups such as m ollusks and fishes, 
and m arine benthic and terrestrial ecology. O ne of the 
highlights was a report on a com plem entary team  study of 
the H olocene geological history, peat com position, and ter
restrial and m arine vegetation of Tobacco Range, another 
large m angrove island abou t 3.5 km  no rth  of Twin Cays 
(Tittler et ah, 1995). This atoll-like range drew  C CRE’s a t
ten tion  w hen a large area of fractured and slum ped fossil 
peat was discovered off its west shore.

At a subsequent planning w orkshop in Jam aica, CCRE 
established a protocol for studies at Twin Cays and Carrie 
Bow Cay. This initiative, called C aribbean Coastal M arine 
Productivity (CARICOM P), calls for simple but univer
sally applicable m ethodologies in the m onitoring of m ajor 
oceanographic param eters and health of the C aribbean’s 
principal com m unities. To this end, we established repre
sentative plots and transects in m angrove, seagrass meadow, 
and fore-reef, which are being evaluated yearly for changes 
in structure and productivity, while climatic factors are de
term ined on a weekly basis (Koltes et ah, 1998).

As our scientific draw ing and photography of swamp 
com m unities gained scientific im portance and aesthetic 
value, we were invited display some of this w ork  to  the 
public at the Sm ithsonian’s S. D illon Ripley Center in an 
exhibition titled “Science as A rt.” It included a video doc
um entary on m angrove swam p biology, produced in col
laboration  w ith colleagues from  the University of Vienna 
(Joerg O tt and A lexander Bochdansky). The video also 
served as a teaching aid in an annual educational w ork 
shop for Belize high school teachers, conducted by Candy 
Feller and M arsha Sitnik in collaboration w ith the Belize 
Fisheries and Forestry departm ents and titled “M angrove 
C onservation through E ducation .” This was a timely 
w orkshop, indeed: our research area a t Twin Cays was 
showing the first signs of anthropogenic stress in response 
to  tourist visitation, garbage dum ping, vandalism  (of our 
w eather station and boat dock), and the clear-cutting of 
m angrove trees to gain land for developm ent. These de
velopm ents had  a particularly  adverse im pact on Candy 
and her colleagues, whose w ork  on m angrove p lan t ecol
ogy required extended undisturbed natu ral conditions to 
single ou t param eters (nutrients, in particular) th a t en
hance or impede grow th (Feller, 1995; Feller et ah, 1999). 
Fortunately, at our urging, Belize’s Forestry and N atural 
Resources D epartm ents helped slow the disturbances and 
started w ork on a conservation plan for the South W ater
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Cay M arine Protected Area (MPA) th a t w ould include 
Carrie Bow and Twin Cays.

Side-tracked by the discovery of the Pelican Cays 
biodiversity ho tspo t (see the next section), the im pact 
of a hurricane, and coral bleaching events, we were u n 
able to  convene ano ther Twin Cays sym posium  until 
2003. M eeting at the Sm ithsonian M arine Station in Fort 
Pierce, F lorida, we found our m angrove program  had  ac
cum ulated enough scientific results no t only to  fill a vol
ume of m ultidisciplinary papers but also to  dem onstrate 
changes in the structure of the ecosystem over a span of 
tw o decades (M acintyre et ah, 2004a). Articles on geo
logical history and sedim entary conditions were spear
headed by Ian M acintyre and those on aquatic ecology 
by R ützler and colleagues. O ther contributions covered a 
w ide range of topics: changes in the m angrove landscape, 
docum ented through aerial and satellite im agery by W il
frid Rodriguez and Ilka Feller a t the Sm ithsonian Environ
m ental Research Center; m arine botany, investigated by 
M aria Faust and the Tittler team ; Foram inifera, by Susan 
R ichardson of the Sm ithsonian M arine Science N etw ork  
(MSN); symbiotic ciliates, by Joerg O tt; sponge ecology, 
by Cristina Diaz (then an M SN  Fellow w ith me) and Janie 
W ulff (now at the Florida State University, Tallahassee); 
and tw o very different w orm  groups, the interstitial gna- 
thostom ulids by W olfgang Sterrer (N atural H istory  M u 
seum, Berm uda), and the burrow ing sipunculans, by Anja 
Schulze, postdoctoral fellow, and M ary Rice, emeritus 
scientist, both  at SMS, Ft. Pierce, Florida (M ary is also 
the founding director of tha t laboratory). W illiam  Browne 
(University of H aw aii, H onolulu) sum m arized years of 
genetic and developm ental research on m angrove crusta
ceans, Jud ith  W inston her w ork  on bryozoans, and Ivan 
G oodbody his observations on ascidian diversity. Years of 
genetic research at Twin Cays on a highly unusual am 
phibious fish, the m angrove rivulus, was sum m arized by 
Scott Taylor and his collaborators, and terrestrial biology 
received a welcome boost from  observations by Seabird 
M cKeon (then at SERC) and Stephen M itten  (University

of M issouri, St. Touis, now  based in Belize). Energy flow 
was also exam ined in a paper on nutrients derived from  
m icrobial m ats by Sam antha Joye (University of Georgia, 
Athens), and another on the planktonic food web by Ed
w ard  Buskey (University of Texas a t Austin). To round 
ou t the reports, M ary  Parrish explained the im portan t role 
of scientific field illustration— a collaboration  between sci
entist and artist—in analyzing and explaining m angrove 
com m unities.

C C R E ’s recent accom plishm ents also include tw o 
far-reaching in itiatives. The first, begun by co llab o ra 
to r  E m m ett D uffy from  the V irginia Institu te  of M arine 
Science (G loucester Point), is a study of the system atics 
and  ecology of snapping shrim p (Alpheidae) th a t live in 
reef sponges w ith  a large in te rio r cavity system , such as 
the genus Agelas. As the w ork  progressed w ith  various 
specialists and  g raduate  students com ing on board , al- 
pheids w ere found  to  have m uch m ore genetic diversity 
and  ecological com plexity  th an  previously thou g h t. A n
o ther discovery, a first am ong m arine life, w as th a t these 
crustaceans have the same advanced social struc tu re  (eu- 
sociality) as some w ell-studied terrestria l anim als, such 
as term ites (Duffy, 1996). Second, a logistical b reak 
th rough , m ade possible th ro u g h  our co llabo ra tion  w ith  
colleagues at the U niversity of R hode Island, was the 
developm ent of a new  in tegra ted  environm ental sens
ing system  w ith  a rad io-te lem etry  link  to  the In ternet 
(O pishinski et ah , 2001).

Pelican C ays, Biodiversity H otspot

In the early 1990s, our neighbors on Wee Wee Cay, 
Paul and  M ary  Shave, alerted us to  another am azing 
ecosystem: the Pelican Cays (16°59 .8 'N , 88°11 .5 'W ), a 
biologically rich m angrove island group less than  20 m 
south-southw est of our Carrie Bow station  (Figure 9). We 
now  had  an 8 m  boat, m ore substantial th an  any before, 
th a t could take us there in abou t an hour. Ivan G ood
body, the first to  visit the Pelicans on the rum or of an

FIGURE 9. ( facing page) The Pelican Cays “mangreef.” Clockwise, from top left: aerial photograph of Cat Cay showing mangrove, reef ridges, 
and deep lagoons (Manatee Cay, left, and Fisherman’s Cay are in the background); diver swimming over coral (Agaricia) below the canopy of a 
red-mangrove tree; Rich Aronson and Ian Macintyre operating a hand corer to retrieve subbottom coral and other deposits; close-up of ascidian 
(Clavellina)-sponge (Monanchora, Spirastrella) community, enveloped by brittle star arms, on Manatee Cay mangrove root; Klaus Ruetzler 
sampling sponges (Aplysina) in a marine pond on Fisherman’s Cay; Coral Ridge (Agaricia, Palythoa) with sponges ( Chondrilla) at Cat Cay 
lagoon entrance (sponge-covered mangrove roots in background).
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ascidian paradise there, found the area teeming w ith as- 
cidians— and m uch m ore. M any of us followed in short 
order, eager to  investigate the Pelicans’ atoll-like reef, an 
elongate north -sou th -o rien ted  structure m easuring alm ost 
10 X 3 km  and studded w ith about a dozen m angrove 
cays on its northern  rim . M ost of the islands enclose deep 
circular ponds th a t support and pro tect a diverse com m u
nity of m arine plants and sessile filter feeders—particu 
larly sponges and ascidians— flourishing on red-m angrove 
stilt roots and peat banks. A w ealth of other invertebrates 
and fishes live just below the tide line, a m ix of reef and 
m angrove organism s, some species previously seen only 
in m uch deeper w ater on the barrier fore-reef, although 
the Pelican Cays are situated deep inside the barrier-reef 
lagoon, halfw ay between the reef and the m ainland.

We were so im pressed by the unusual diversity and 
ecological com plexity of the Pelican Cays ecosystem tha t 
we asked the Belize C oastal Zone M anagem ent and Fish
eries units to  include the region in the South W ater Cay 
MPA. Tony R ath  (N aturaL ight, Dangriga) and  Jimmie 
Smith (Islands from  the Sky, H ouston , Texas) helped w ith 
aerial photography, M olly Ryan w ith  m apping, and  our 
research team  along w ith  outside co llaborators addressed 
the new  scientific perspectives (M acintyre and Rützler, 
2000). M acintyre and his team , and K aren M cKee (U.S. 
Geological Survey, Tafayette, Touisiana), spearheaded the 
study of geological underpinnings and vegetation history, 
D an  U rish (University of R hode Island) and  Tracy Villar
eal (University of Texas a t Austin) the hydrography of the 
ponds, Thom as Shyka (N ational O ceanographic and A t
m ospheric Agency, Silver Spring, M aryland) the nu trien t 
cycle and w ater flow patterns in the ponds, Steve M o r
ton  (Bigelow Taboratory, W est B oothbay H arbor, M aine) 
and M aria  Faust the phytop lank ton , M ark  and Diane 
T ittler the m arine algae and seagrasses, Susan R ichard 
son (then at Yale University, N ew  H aven, Connecticut) 
the epiphytic foram iniferans, R ützler and  colleagues the 
sponges, Janie W ulff (then at M iddlebury College, Ver
m ont) sponge predation , W olfgang Sterrer the gnathosto- 
m ulids, G ordon  H endler (N atural H istory  M useum , Tos 
Angeles, California) the echinoderm s, and Ivan G ood- 
body the tunicates. At the height of these investigations, 
we were able to  in troduce the spectacular coral com m u
nities of the cays to  participants of the 8 th  In ternational 
C oral Reef Symposium, along w ith  o ther points of in ter
ests, such as com m unity changes in the reef zones of the 
Carrie Bow reference transect over the past tw o decades 
(M acintyre and  A ronson, 1997). The fishes of the Peli
cans were investigated (just after the edited volum e was 
published) by a team  of ichthyologists led by our M use

um ’s Jam es Tyler and included form er Am erican M useum  
of N atu ra l H istory  cu ra to r (now retired) C. Tavett Smith 
(Smith et ah, 2003). M ore recently, im portan t suspension 
feeders th a t had  no t been covered by the earlier surveys, 
the bryozoans, were studied by our long-tim e co llabora
to r  Jud ith  W inston of the Virginia M useum  of N atu ra l 
H isto ry  (W inston, 2007).

A lthough still uncertain  of the causes of this archipel
ago’s unusually high biodiversity, CCRE researchers saw 
am ple evidence of its fragility and w arned of the irrepa
rable harm  th a t could come to its delicate com m unities 
from  careless visitors or w ater w arm ing during long pe
riods of calm  (as observed in course of some hurricanes). 
Tittle did we know  th a t our concerns w ould soon prove 
to  be well founded. In the course of a num ber of routine 
survey flights over the reef, we noted disturbing signs of 
land “developm ent” on several of the Pelican islands, sub
sequently confirm ed by ground-truthing: we found large 
areas of m angrove clear-cut and bo ttom  sediments near 
the cays dredged to  obtain  fill m aterial on w hich homes 
and resorts could be built. We reported  our observations 
to  the authorities because by th a t time the cays were al
ready part of the South W ater Cay MPA and m angrove 
cutting was illegal w ithou t a special perm it. At the tim e of 
this w riting, the activities have stopped and are under in 
vestigation by the governm ent of Belize. U nfortunately, a 
great natu ral treasure has been severely dam aged, w ithout 
any clear sense of w hether and how  soon a recovery will 
be possible.

A M em o rab le  Y ear, 1 997

In CCRE’s 35-year history, 1997 stands ou t for its 
rem arkable highs— and lows. Scientifically, m any signifi
cant field projects were launched or carried to  com pletion: 
investigations of coral bleaching, a new and unsettling 
phenom enon on the barrier reef (Aronson et ah, 2000); 
ecophysiological analysis of periodic crustacean swarm ing 
am ong red-m angrove stilt roots (Buskey, 1998); a pioneer
ing initiative to  m atch poorly know n fish larvae to the 
adults of the species, first by m orphological means after 
rearing in the laboratory, later by D N A  analyses (Baldwin 
and Smith, 2003); and a w orkshop on C aribbean sponge 
systematics w ith experts from  five nations th a t led to  a 
better understanding of the barrier-reef and m angrove 
poriferan fauna (Rützler et al., 2000). This was also the 
International Year of the Reef, and to  celebrate the occa
sion we m ade every effort to share our enthusiasm  for this 
unique environm ent w ith students and the general public 
through num erous lectures, poster sessions, and demon-
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strations, on site in Belize and back hom e at the N ational 
M useum  of N atu ra l H istory. To add to  the festivities, our 
Carrie Bow field station, the logistical base and catalyst 
of our program , had  reached the respectable age of 25 
(1972-1997).

But the G ods of the  Sea m ust have had  o ther plans 
for this venerable facility. O n  6 D ecem ber 1997 an acci
dental fire broke ou t, aided by old, te rm ite-ridd led  lu m 
ber and  fanned by a strong  no rtherly  w ind. M ost of the 
sta tion  was reduced to  ashes— laborato ry , k itchen , living 
quarters, even w ooden  vats filled w ith  w ater, all except 
a sm all co ttage and the genera to r hu t, w hich w ere iso 
la ted  on the south  end of the island. The blaze destroyed 
m uch valuable equipm ent, including m icroscopes, b a l
ances, so lar system , w eather sta tion , and  the conten ts of 
the library. As a resu lt, little fieldw ork could  be done in 
the follow ing year, a lthough  we did investigate the  fire’s 
dam age to  the island (20 or m ore coconu t trees were 
lost) and the im pact of recent com plete flooding (which 
caused substan tia l coastal erosion). Two o ther po in ts of 
in terest w ere the im pact on the reef after being subjected 
to  sto rm y seas w ith  waves up to  6 m  and  to  an extensive 
calm  period  w ith  shallow -w ater w arm ing  th a t appeared  
to  p recip ita te  the bleaching and  death  of large num bers 
of corals.

At this juncture, we gave serious consideration to  ter
m inating the CCRE program  at this location— but no t for 
long. Buoyed by the positive spirit of the Bowm an family 
(and some insurance payback) and the talent of a young 
C uban-trained architect, Hedel G ongora, we designed 
a new field laboratory  to  take the place of the old m ain 
house. It was built by local carpenters w ith lum ber from  
pine forest in the west of the country, com plete w ith wet 
lab, dry lab, library, running seaw ater system, w orkshop, 
and kitchen (Figures 10, 11). The facility was rededicated 
as the Carrie Bow M arine Field Station in August 1999, 
w ith m ore than  100 visitors in attendance to celebrate the 
occasion, including local fishermen, cooks, the M inister 
of Environm ent, the U.S. am bassador to  Belize, scientists, 
and representatives of all m ajor conservation societies. 
Over the next tw o years, we added one cottage for liv
ing quarters and rebuilt the one spared by the fire. W ith 
generous donations from  a num ber of U.S. com panies and 
individuals, we replaced and im proved m ost laboratory  
equipm ent and instrum entation , and Tom O pishinski in 
stalled a new  m eteorological-oceanographic m onitoring 
station enhanced by COASTM AP softw are (donated by 
the University of Rhode Island). By the beginning of 2000, 
CCRE was back on its feet, functioning as a year-round 
scientific program .

Resurgence a nd  Biocomplexity

W ith  a renovated  field sta tion , C C R E ’s scientific m o 
m entum  to o k  off once again, w ith  new  scientific o p p o r
tun ities as well as challenges. N early  80 scientific staff 
resum ed field research d isrup ted  by the fire or in itia ted  
new  pro jects. A num ber centered  on the sad effects of en
v ironm enta l stress or d eg rada tion  on delicate bu t essen
tia l reef-building corals. To aid in  the understand ing  of 
possible coral revival, Ken Sebens (then a t the U niversity 
of M ary land) and  colleagues evaluated  the benefit of w a 
ter cu rren ts for the g row th  of the  reef-build ing shallow - 
w ater coral Agaricia, w hich has been adversely affected 
by extended calm  periods during  hurricanes (Sebens et 
ah, 2003). A parallel ecophysiological study found dif
ferent to lerances to  elevated tem pera tu re  am ong species 
of Agaricia  and  speculated th a t their abundance may 
therefore vary w ith  environm ental d isturbance (R obbart 
et ah, 2004). H owever, corals th a t have survived such 
events m ay have their recovery im peded by the grazing 
of parro tfish , w hich are otherw ise considered beneficial 
to  the health  of reefs (R otjan et ah, 2006). A ccording to 
a series of investigations on p redato rs and com petito rs of 
reef and  m angrove sponges, these aggressors help defense 
m echanism s in sponges evolve (W ulff, 2005). In ano ther 
sponge study, we concluded th a t encrusting  excavating 
sponges have a com petitive edge over reef corals w eak
ened by elevated tem peratures: the sponges can under
m ine the w eakened o pponen t as well as displace its liv
ing tissue (Rützler, 2002). Assessm ents by R ich A ronson 
(D auphin  Island Sea Tab, A labam a), w ith  co llabora to rs, 
show ed alarm ing recent changes in the com position  of 
reef-building coral species as a resu lt of stress and  dis
ease (A ronson et ah, 2002 , 2005), w hile Jo h n  Pandolfi 
(then, Paleobiology) identified trends responsible for the 
decline of coral-reef ecosystem s w orldw ide (Pandolfi et 
ah, 2003). A discovery w ith  harm ful im plications for 
hum an  consum ption  of seafood (ciguatera poisoning) 
w as the increase in toxic dinoflagellate algal bloom s in 
ou r area (Faust and Tester, 2004), a phenom enon  a ttr ib 
uted  to  increased n u trien t levels in  lagoon w aters, earlier 
considered a po ten tia l th rea t (M orton  and  Faust, 1997). 
O n  a m ore positive no te, studies by Ana S ignorovitch 
(then a g radua te  studen t at Yale U niversity) applying 
innovative m olecular m ethods to  the enigm atic Tricho
p la x  in the one-species phylum  Placozoa found consid
erable genetic diversity there as well as signs of sexual 
rep ro d u ctio n  (Signorovitch et ah, 2005). Using a new  
ap p ro ach  to  sponge system atics from  the cytochrom e 
oxidase subun it 1 gene tree, Sandra D u ran  (postdoctoral
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FIGURE 10. New Carrie Bow Marine Field Station (2000) and Biocomplexity Program. Top row: left, aerial view of Carrie Bow Cay look
ing north (see details on map, Figure 11); right upper, the island with laboratory and living facilities as seen from the barrier reef (open-ocean 
side) and, image immediately below, view from the dock (lagoon side). Center row: left, flow-through seawater system photographed from the 
storage tank above; center, dock-mounted oceanographic sensors; right, view of upper-level dry lab. Bottom row: Starting the Twin Cays Bio
complexity Program on mangrove nutrient cycle: left, Ilka Feller with experimental enclosure in a tidal mudflat surrounded by black mangrove; 
right, subtidal bacterial mat with decaying mangrove leaves, an early stage in the cycle.
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fellow  w ith  Valerie Paul a t SMS, Ft. Pierce) uncovered 
im p o rtan t in fo rm ation  on rD N A  phylogenies and  an  in 
teresting  case of ecological spéciation  w herein  p o p u la 
tions from  reefs and  m angroves in close vicinity were 
genetically m ore d istan t th an  those from  sim ilar hab ita ts 
separated  by thousands of k ilom eters (D uran  and  R ü tz
ler, 2006; E rpenbeck et al., 2007).

O ne b reak th ro u g h  during this period  was the five- 
year m ultid iscip linary  “M angrove B iocom plexity Study 
a t Twin Cays: M icrob ial and  N u trien t C o n tro ls ,” funded 
by the N a tio n a l Science F oundation  and  headed by Ilka 
Feller, w ith  nine co llab o ra to rs  from  outside institu tions 
(see Figure 10). Several im p o rtan t co n tribu tions to  an 
understand ing  of n u trien t p rod u ctio n , cycling, lim ita 
tion , effects on organism s, and  re la ted  ecophysiologi- 
cal phenom ena have already  been published  (Feller et 
ah, 2002 , 2007; Lovelock et ah, 2006; C heesem an and 
Lovelock, 2004), bu t m any m ore are expected in the near 
fu tu re  now  th a t the fieldw ork phase of the B iocom plex
ity P rogram  has com e to a conclusion. O ne surprising 
discovery, in  a com plem entary  p ro jec t by CCRE p o s t
doc to ra l fellow  Amy E rickson, w as th a t the in tertida l 
tree crab  A ratus, long th o u g h t to  be a m angrove leaf 
eater, actually  prefers an  anim al diet if given a choice 
(Erickson et ah , 2008). A nother im p o rtan t finding, by 
a group  from  the U niversity  of V ienna, re la ted  to  the 
m icroenv ironm ent of sessile ciliates grow ing  on m an 
grove peat banks and  associated  w ith  chem oau to troph ic  
bacteria  coating  the ir surface. By analyzing m o tion  be
hav io r of the ciliate and  m easuring m icroelectrodes in 
situ, scientists could  show  th a t the hydrogen sulfide re 
quired  by the sym bionts seeped in to  the b o undary  layer 
betw een the pea t surface and  oxygenated w ater colum n 
(Vopel et ah , 2002).

C O N C LU SIO N  A N D  O U TLO O K

In 1972 a group of enthusiastic, like-m inded young 
scientists em barked on a com prehensive, long-term  field 
investigation of unprecedented dimensions for the M u 
seum of N atu ra l History. The team  was unified in its belief 
th a t organism s had  to be studied in their natu ral settings 
for a clear understanding of their features and role in their 
com m unity (Figures 12, 13). Only then could a preserved 
m useum  collection aid in docum enting the building blocks 
of an ecosystem. This approach was particularly  true for 
coral reefs, w hich were all but inaccessible to  scientists 
until scuba diving allowed in situ observations and experi
m ental study. Similarly, it was essential to  probe and sam 

ple substrata to  better understand the structure of com 
m unities, present and past. The team  directed its attention  
to  the C aribbean because it is the Am ericas’ tropical sea, 
to  w hich our ow n nation  is connected by weather, ocean 
currents, and m arine resources, as well as by cultural and 
economic exchange.

In the beginning, we were convinced th a t together, 
and w ith the cooperation  of selected specialized collabo
rators, we could pierce m ost of the secrets of a functioning 
coral reef in little m ore than  a decade and generate models 
for predicting future trends. It did no t take long for the re
strictions of space, limits of available talents, and chronic 
shortage of funds to  show  us how  naïve we were. Besides, 
as all scientists know, every resolved problem  opens up 
new  questions. Nevertheless, we can look back on over a 
th ird  of a century of substantial progress, w ith m ore than  
800 research papers in p rin t and m any m ore under way, 
all focused on a particu lar reef ecosystem and covering a 
significant time span. O ur investigators addressed a vast 
array  of subjects: biodiversity, from  m icrobe to m am m al; 
the geological and sedim entological setting and its devel
opm ental history; the physical and chemical factor regime; 
developm ental biology, genetics, food chains, nutrient 
production , and cycling; behavior, com petition, predation, 
and disease; and fisheries and conservation. We produced 
an impressive database th a t a new generation of m otivated 
researchers can build upon w ith the benefit of technical ad 
vancem ents such as m olecular analysis, which should shed 
further light on eutrophication, climate change, and other 
stress factors responsible for the increasing occurrence of 
algal bloom s and devastating invertebrate diseases. These 
topics and m ore will need our full atten tion  to  help guide 
resource m anagem ent and conservation efforts— and, 
above all, to  preserve the aesthetic and economic value of 
the w orld ’s reefs.

O ver the past few years our program  has once again 
come up against a num ber of hurdles. Financial shortages 
in the N atura l H istory  M useum ’s budget have eroded our 
funding, while staff has been reduced and no t replaced, 
leaving our scientific and m anagem ent capabilities some
w hat shaky. However, some of the slack was picked up by 
endow ed funds, and our field station became p a rt o f the 
Sm ithsonian-wide M arine Science N etw ork, joining the 
ranks of our “ big b ro thers,” the Environm ental Research 
Center a t Chesapeake Bay, the M arine Station in Florida, 
and the Tropical Research Institute in Panam a.

It is gratifying to find th a t half the papers in this vol
ume of the Sm ithsonian C ontributions to  M arine Science 
series em anated from  our CCRE program  and the Car
rie Bow M arine Field Station. The scientific advances
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FIGURE 12. Examples of recent projects conducted at Carrie Bow. Top row: left, diver sampling fish larvae in situ, a project on larval rearing 
and molecular identification headed by Carole Baldwin and Lee Weigt; right, Juan Sanchez setting up in situ experiment for study of gorgo- 
nian ecology and growth. Middle row: left, Randi Rotjan recording fish bites on coral (Porites) on the reef shallows (inset below: larval fish 
[Rypticus] reared by the Baldwin team in the Carrie Bow seawater system to develop characteristics used in identification of adults); center, 
colonial ciliates (Zoothammnium ), barely 15 mm tail, with bacterial ectobiont, dwell on mangrove peat and are studied by Joerg O tt’s group; 
right, collaborator Kay Vopel measuring the microclimate surrounding Zoothamnium, primarily the oxygen versus hydrogen sulfide balance. 
Bottom row: left, Klaus Ruetzler recording progress of an excavating encrusting sponge ( Cliona) that competes with temperature-stressed coral 
(Diploria) (center); right, new records of sponge disease are exemplified by this specimen ( Callyspongia).



FIGURE 13. Research in progress and unanticipated new opportunities. Top row: left, Klaus Ruetzler initiated (with Carla Piantoni) a study 
of cryptic and cave-dwelling reef communities in shallow-water (center, upper photo) and deep-water (center, lower photo) habitats with little 
or no light exposure; right, Laurie Penland assists recording cave fauna using a digital HD video camera. Middle row: left, water warming 
during hurricanes killed many shallow-water corals in the Pelican Cays, which became overgrown by sponges ( Chondrilla) that benefit starfish 
( Oreaster) as a source of food, thus starting a new ecological cycle; right, clear-cutting of mangrove and filling in resulting tidal flats with coral 
sand for “land development” started here at Twin Cays in the 1990s and continued at the Pelican Cays. Bottom row: left, Manatee Cay shown 
in 2008; right, this environmental disaster, recently stopped by the government of Belize, offers opportunities to study parameters of recovery 
of stressed and depleted marine and terrestrial communities.
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achieved through CCRE research indicate th a t our deci
sions and actions over the years have blazed a fertile trail 
for the future of our science.
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ABSTRACT. A grand geological experiment with a global reach to its biological impact, 
the formation of the isthmus of Panama between 15 and 3 million years ago split the 
tropical Interamerican Seaway into two and substantially changed the physical oceanog
raphy of each part. That event subjected the now-divided halves of the neotropical m a
rine biota to new environmental conditions that forced each along a different evolution
ary trajectory. For the past 45 years the Smithsonian Tropical Research Institute (STRI) 
marine sciences program has taken full advantage of this event by sponsoring research on 
a great diversity of topics relating to the evolutionary effects of the formation of the isth
mus. That research, which has been supported by multiple laboratories on each coast and 
a series of research vessels, has produced more than 1,800 publications. Here we provide 
an overview of the environmental setting for marine research in Panama and an historical 
perspective to research by STRI’s scientific staff at the different marine facilities.

INTRODUCTION

The unique geological history of Panam a encourages a w ider variety of re
search on tropical m arine organism s than  can be accom plished anywhere else in 
the w orld. The C entral Am erican Isthm us narrow s in Panam a to approxim ately 
70 km , separating oceans th a t have very different oceanographic regimes and 
m arine ecosystems. The form ation of the central Am erican isthm us, starting 
approxim ately 15 m illion years ago (Ma) and finishing in Panam a about 3 M a, 
had  wide ram ifications no t only for the nature of the m odern biological and geo
logical w orld of the Americas but also for the entire global oceanic circulation. 
W ith the com pletion of this process the Gulf Stream strengthened, changing the 
Atlantic circulation. T hat change was soon followed by N orthern  H em isphere 
glaciation, w hich in tu rn  brought about a period of climate change in Africa tha t 
m ay have stim ulated the origins of m odern m an. From  a m ore local perspective, 
the com pletion of the isthm us set in m otion a vast na tu ra l experim ent: single 
populations of m arine anim als and plants were split and isolated in different 
and changing environm ents th a t forced their evolutionary divergence and fun
dam ental changes in their biology.
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The Smithsonian Tropical Research Institute (STRI) 
marine research program  in the Republic of Panama has 
taken full advantage of this globally significant geological 
event. In 1964 STRI established its first laboratories on the 
Pacific and Caribbean coasts within w hat then constituted 
the Panam a Canal Zone. Since that time, marine research at 
STRI has expanded greatly and made m ajor contributions 
to understanding of tropical marine biodiversity: the geo
logical history of the isthmus and the development of envi
ronm ental differences in the Caribbean and eastern Pacific, 
patterns of biodiversity in neotropical marine habitats, coral 
reef development, coral symbioses and diseases, the modes 
and tem po of species form ation and diversification, evolu
tionary change w ithin m any groups of organisms relating to 
environmental differences on the two sides of the isthmus of 
Panam a, and invasions by marine organisms facilitated by 
the Panam a Canal and its shipping activity. To date marine 
research at STRI has resulted in more than 1,800 scientific 
publications; half of these have been produced by staff sci
entists and more than 200 published in high-profile journals 
such as Science, Nature, Proceedings o f  the N ational Acad
em y o f  Sciences o f  the United States o f  America, Proceed
ings o f  the Royal Society, American Naturalist, Evolution, 
Ecology, and A nnual Review  o f  Systematics and Ecology.

In celebration of its role in coral reef research, the 
Sm ithsonian’s 150th anniversary, and the International Year 
of the Reef, STRI hosted the Eighth International Coral 
Reef Symposium in Panam a in 1996. This meeting brought 
1,500 reef scientists and m anagers to Panam a from  around 
the world, resulting in the publication of a two-volume 
proceedings (Lessios and M acintyre, 1997), and an interna
tional traveling exhibit of coral reefs that is now  resident at 
the Bocas del Toro Research Station.

H ere we present an overview of the m arine setting of 
Panam a th a t clearly indicates its potential for research, 
and a historical sum m ary of the diversity of m arine stud
ies conducted at the different STRI m arine facilities. We 
then briefly outline STRI’s m arine education and outreach 
activities. A lthough this review focuses on the research ac
tivities of STRI’s m arine staff scientists, a strong fellow
ship program  and a larger suite of visiting students and 
scientific collaborators have acted as substantial m ultipli
ers of STRI scientists’ activities.

THE COASTAL O C EA N O G R A PH IC  SETTING 
O F THE ISTHM US O F PA N A M A

The emergence of the Isthm us of Panam á likely was 
the m ost crucial event for trop ical m arine ecosystems 
in the last 15 m illion years of e a rth ’s history. In C en

tra l Am erica the m arine environm ent experienced drastic 
changes in the tw o seas form ed by the isthm us. As the 
isthm us approached  closure, the C aribbean  gradually  be
cam e cu t off from  the eastw ard  flow of Pacific w ater and 
becam e warm er, saltier (w estw ard w inds carried  aw ay 
evaporated  m oisture), and m ore o ligotrophic. The C a
ribbean  now  is a relatively stable sea, w ith  small fluctua
tions in tem perature, relatively low  tidal varia tion , and 
a relatively high salinity. Its relatively clear and nutrient- 
p oor w aters (D ’Croz and  R obertson , 1997; D ’Croz et 
ah, 2005; Collin et ah, 2009) are ideal for the g row th  
of coral reefs, and the w ider C aribbean  area ranks th ird  
behind the Indian O cean and  the Indo-W est Pacific in 
term s of num bers of m arine species. A nnual rainfall is 
high on the C aribbean coast of Panam a and follows 
the same basic seasonal p a tte rn  as on the low er-rainfall 
Pacific side of the isthm us (K aufm ann and  Thom pson, 
2005). Relative to  the C aribbean, the Tropical Eastern 
Pacific (TEP) exhibits m uch greater fluctuations in tides 
and tem peratu re  and has substantially  low er salinity as 
a consquence of an area of very high rainfall along the 
In tertrop ical Convergence Z one. The TEP also has m ore 
and m uch larger areas of seasonal upw elling th an  the C a
ribbean. In addition , and  in con trast to  the C aribbean, 
the TEP also experiences strong longer-term  varia tion  
in tem peratu re  and productiv ity  from  the influence of El 
N iño -S o u th ern  O scillation Cycle (ENSO) events (D ’Croz 
and O ’D ea, 2009). Sea w arm ing related  to  EN SO  (which 
occurs a t intervals of four to  nine years) has drastic af
fects on coral reef developm ent in the TEP. The direct 
m arine effects o f EN SO  events in the trop ical and  w arm  
tem perate parts of the eastern  Pacific are stronger than  
anyw here else in the w orld . A lthough coastal biological 
p roductiv ity  is strongly related  to  benthic com m unities in 
the C aribbean, pelagic productiv ity  and  high availability 
of ocean-derived dissolved nu trien ts dom inate the TEP, 
w ith  high variability  in those nu trien t levels producing 
m atching variability  in the abundance of pelagic o rgan 
isms (M iglietta et ah, 2008). In Panam a the nu trien t-rich  
w aters of its Pacific coast support com m ercial fisheries of 
m ajor im portance, fisheries th a t have no co u n te rp art on 
the C aribbean  coast.

The coastal m arine com m unities of Panam a are af
fected no t only by inter-ocean differences in oceanog
raphy  bu t also by m arked  local varia tion  in shoreline 
environm ental conditions along each coast. The Pacific 
shelf of Panam a is w ide and  is divided, by the southw ard- 
projecting Azuero Peninsula, into tw o large areas, the 
(eastern) G ulf of Panam a and the (western) Gulf of 
Chiriqui. The G ulf of Panam a is subject to  strong sea
sonal w ind-driven upwelling, but the G ulf of Chiriqui is
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not (Figure 1; and see D ’Croz and R obertson, 1997). In 
the la tter Gulf, high m ountains block the w ind and p re
vent w ind-induced upwelling (D ’Croz and O ’Dea, 2007). 
In contrast, the C aribbean coast of Panam a is relatively 
straight and has a narrow  continental shelf, except in the 
(western) Bocas del Toro Archipelago. H ydrological con
ditions vary substantially along the C aribbean coast, rang
ing from  the nutrient- and p lankton-poor w aters in the

(eastern) San Bias Archipelago, w here river discharge is 
low  and the influence of open ocean w ater is high (D’Croz 
et ah, 1999), to  the m ore tu rb id  environm ents of the Bocas 
del Toro Archipelago, w here rainfall and river discharge 
are higher as a result of the blockage of w estw ard m ois
ture flow by the highest m ountains in Panam a (D’Croz et 
ah, 2005; Collin et ah, 2009). Thus, Panam a lays claim to 
having “ four oceans,” providing unique opportunities for
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FIGURE 1. Temperature regimes on the Atlantic and Pacific coasts during the seasonal upwelling in the Gulf of Panama.
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understanding how  and why m arine ecosystems vary and 
function as they do.

A  HISTORICAL RESUME OF RESEARCH 
AT STRI M ARINE FACILITIES

M arine research began at STRI in 1961w ith the doc
toral w ork  of STRI D irector (Emeritus) Ira R ubinoff on 
trans-isthm ian sister species of fishes (R ubinoff and R u 
binoff, 1971), w hich led to  STRI’s first m arine publica
tion, based on w ork  done near Punta Galeta (Rubinoff 
and Rubinoff, 1962). Since then the m arine program  has 
undergone exponential g row th in its productivity. STRI 
currently operates tw o land facilities on the C aribbean 
coast of Panam a, Punta Galeta L aboratory  and Bocas del 
Toro Research Station, and tw o on the Pacific coast, N aos 
Island L aboratory  com plex and Rancheria Island field 
station. Between 1977 and 1997 STRI also operated a 
small, highly productive field station in the San Bias islands 
(Figure 2). In addition, STRI has m aintained a series of 
small coastal research vessels th a t greatly expanded the 
geographic reach of its activities well beyond STRI’s land 
facilities and, in fact, far beyond Panam a.

M a r in e  E n v iro n m e n ta l S c ie nce s  P ro g ra m  (MESP) 

M on ito rin g  the Physical Environm ent

In 1974, the Sm ithsonian Institu tion  Tropical En
vironm ental Sciences Program  began m onitoring  physi
cal environm ental variables at G aleta, recording ra in 
fall, w ind speed and direction, solar rad iation , reef flat 
w ater level, and air and w ater tem perature hourly w ith 
au tom ated  equipm ent. Today, such physical data are re
corded m ore frequently, autom atically  sent to  a central 
processing facility via rad io  and in ternet, and  added to  a 
database th a t is available online at h ttp ://striw eb.si.edu/ 
esp/physical_m onitoring/index_phy_m on.htm . O rganiza
tion  of physical data collection from  Galeta has now  been 
com bined w ith th a t from  Barro C olorado Island, Bocas 
del Toro, and several o ther sites, under the m anagem ent 
of Karl K aufm ann. Recording of sea-surface tem perature 
started  at Galeta in 1988, and this m onitoring now  covers 
33 shallow -w ater stations th roughout the coastal w aters 
on both  coasts of Panam a. Published sum m aries of the 
m arine physical data include M eyer et al. (1974), C ubit et 
al. (1988), and K aufm ann and T hom pson (2005). Physical 
environm ental m onitoring was conducted at the San Bias 
station from  1991 until its closure in 1998 and has been in 
progress a t Bocas del Toro since 1999.

M on ito rin g  the B io log ica l Environm ent

The first phase of biological m onitoring consisted of 
w ork done at Galeta th a t was stim ulated by the tw o oil 
spills and form ed p a rt of their resultant studies. At San 
Bias, biological (plankton) m onitoring co-occurred w ith 
the physical m onitoring. At Bocas del Toro, biological 
m onitoring th a t started  in 1999 includes m inor activity 
directed at seagrasses and m angroves in connection w ith 
CARICOM P. The m ajor activity however, has been an ex
panding set o f m onitoring surveys of coral reefs by H ec
to r G uzm an, w hich now  cover reefs scattered along both 
coasts of Panam a (see http://striw eb.si.edu/esp/m esp/reef 
_m onitoring_intro.htm ). This program  developed from  a 
survey of coral reefs in the general vicinity of Galeta m ade 
in 1985 (G uzm an et ah, 1991; and see also G uzm an et ah, 
2008b).

G aleta Po in t  M a r in e  La b o r a to r y

The Galeta Point installation  became a STRI labo ra
tory  in 1964 w hen a m ilitary building constructed in 1942 
on a fringing reef flat was tu rned  over to  STRI, thanks 
to  the efforts of Ira R ubinoff. From  his research on in 
shore fishes in th a t area (R ubinoff and R ubinoff, 1962) 
R ubinoff recognized its value as an easily accessible C arib
bean study site. By 1971 Galeta Point was STRI’s prim ary 
m arine research site, providing access to  a fringing reef 
flat, seagrass beds, and m angroves w ithin a few meters of 
a laboratory  building, w ith housing in nearby Coco Solo. 
Early w ork  em phasized the com parison of reefs on both 
sides of the isthm us (Glynn, 1972) and the geological 
structure and history of the reefs (M acintyre and Glynn,
1976). Fundam ental insights into differences between the 
C aribbean and eastern Pacific at Panam a also were devel
oped by Chuck Birkeland (Birkeland, 1977) w hen, during 
his long-term  residence at Galeta, he analyzed patterns of 
biom ass accum ulation on settling plates deployed on both 
sides of the isthm us.

Perm anent m onitoring of the biota at Galeta Point 
was started  in 1970 by Chuck Birkeland, D avid Meyer, 
and G ordon H endler to  provide baseline data on a tro p i
cal C aribbean reef flat; this was done to  determ ine the ef
fect of the W itw ater oil spill, which occurred in December 
1968 about 5 km  east of Galeta. Because no baseline data 
were available to  determ ine effects of th a t spill on reef 
com m unities, the US Environm ental Protection Agency 
provided funds to set up the study and to  perform  experi
m ents testing susceptibility of corals to  oil. Transects were 
established at both  Galeta Point and Punta Paitilla on the

http://striweb.si.edu/
http://striweb.si.edu/esp/mesp/reef


Q>
+*
3

i/l
C
—

-C
w
b l/l
re «
OJ •—

4-»
V) •  H

O —
CC w
— te
re IL
w

— a;
û. c
O —
hm k.

1- re
S

C
re

•—
c
o
l/l

-C

•—

E
«o

N U M B E R  38  • 7 7



7 8  • S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

Pacific side to  com pare com m unity structure, recruitm ent 
patterns, and the effect of oil on both  com m unities (Birke- 
land et ah, 1973).

In April 1986 a storage tank  rup tu red  at an oil refin
ery abou t 4 km  east of the laboratory, spilling 6 0 ,0 0 0 -
100,000 barrels of oil into the sea. The reef flat, grass 
beds, and m angroves around  the Galeta laboratory  were 
heavily oiled. This time a substantial am ount of baseline 
data was available, thanks to  the original transects set up 
by Birkeland, Meyer, and Hendler, whose m onitoring had 
ended in 1982, and to  the w ider reef surveys in th a t area 
by Ernesto Weil. The M inerals M anagem ent Service of the 
U.S. D epartm ent of the Interior bestow ed a 5 year grant 
to  STRI to study the effects of the second oil spill in tro p i
cal areas (Keller and Jackson, 1993). T hat effort involved 
a considerable expansion of the types of data gathered, 
organism s studied, and habitats m onitored over those in 
the first oil spill study. Subsequent to  the second oil spill 
study the center of STRI research on coral reefs shifted 
first to  San Bias then to  Bocas del Toro. A long-term  study 
(since 1988) of m angrove forest dynamics by Wayne 
Sousa (Sousa, 2007), occasional short-term  projects, and 
physical environm ental m onitoring by MESP (see below) 
have continued at Galeta. The site also supports public 
education and outreach program s organized by Stanley 
H eckadon (see below). To date 315 publications include 
data obtained at Galeta laboratory, and the lab itself has 
produced 288 m arine publications.

Sa n  B ia s  F ield St a t io n

The sparsely populated  San Bias archipelago, in the au 
tonom ous Kuna Yala com arca, consists of several hundred 
sand cays scattered along the relatively sparsely populated 
eastern th ird  of the Caribbean coast of Panam a. The archi
pelago has the richest and m ost extensive developm ent of 
coral reefs and associated fauna (including reef fishes) and 
flora in C aribbean Panam a. M arine research sponsored 
by STRI began in San Bias in 1970, and research activity 
increased greatly in the late 1970s following the gradual 
construction by STRI from  1977 onw ard of a small field 
station th a t provided basic living accom m odations and so 
allowed year-round research.

The San Bias field station, w ith its year-round access 
to  a 15 km 2 area of rich reefs in calm , clear water, was the 
Caribbean base for m any of STRI’s com parative studies of 
the biology of closely related organism s on the A tlantic and 
Pacific sides of the Isthm us of Panam a. Early research by 
STRI staff in San Bias included studies by STRI’s founding 
director, M artin  M oynihan, on the behavior of cephalo-

pods (M oynihan, 1975; M oynihan and Rodaniche, 1982) 
and by Peter Glynn in the 1970s on coral reef developm ent 
(Glynn, 1973). These investigations were followed by o th 
ers on a broad  range of organism s: Ross R obertson on 
the sexual patterns of labroid  fishes, w ith R obert W arner 
(W arner et ah, 1975; R obertson  and  W arner, 1978; W ar
ner and R obertson  1978), and  the recruitm ent dynamics 
and dem ography of reef-fishes (R obertson et ah, 1999,
2005); H aris Lessios on the evolution and biology of 
echinoderm s on the tw o coasts of the isthm us of Panam a 
(Lessios, 1979, 1981, 2005); deputy director Eric Fischer 
on the sexual biology of sim ultaneously herm aphroditic  
groupers (Fischer, 1980, 1981; Fischer and Petersen, 
1987); N ancy K now lton on the biology and  evolution of 
snapping shrim ps and  the reproductive biology, c o ra l-  
algal symbioses, and  evolution of corals (R ow an et ah, 
1997; K now lton et ah, 1977, 1992; K now lton and Weigt, 
1998); Jerem y Jackson on the com parative population and 
reproductive biology and evolutionary history of bryozo
ans on both  sides of the Isthm us of Panam a (O ’Dea and 
Jackson, 2002; Dick et ah, 2003; O ’Dea et ah, 2004); Luis 
D ’Croz on com parative oceanographic conditions on the 
C aribbean and Pacific coasts of Panam a (D’Croz and R ob
ertson, 1997); and H ector G uzm an on coral reef distribu
tion and conservation (Andrefouet and Guzm án, 2005). 
D uring this period STRI also sponsored several an th ro 
pological projects on trad itional Kuna society, acted as a 
conduit for in ternational funding of Kuna m arine m anage
m ent and conservation activities, and provide fellowships 
to Kuna University students.

The San Bias station provided essential support for 
projects on long-term  ecological change on surrounding 
coral reefs. The com bination  of ease of access to  shallow  
reefs, access as good as anywhere in the w orld, and the 
ability to  do m uch w ork  while on snorkel ra ther than  
scuba m eant th a t it was possible to  accum ulate enorm ous 
data sets involving daily or shorter tim e period observa
tions over m onths or years. These kinds of data are all too 
rarely available for tropical m arine systems.

In early 1983 a Caribbean-w ide mass die-off of an 
ecologically key organism  on Caribbean reefs, the black 
sea urchin D iadem a antillarum, began near San Bias and 
spread w ithin the year th roughout the entire G reater C a
ribbean. The year-round presence of biologists conducting 
long term  studies of reef organism s at STRI’s field station 
enabled the docum entation of the start and spread of tha t 
event, w hich produced large, long-term  effects on algal and 
coral grow th on C aribbean coral reefs. H aris Lessios has 
followed the population  and evolutionary consequences 
of th a t event for the urchin since it started (Lessios et ah,
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1984; Lessios, 2005). Y ear-round m onitoring of reef-fish 
populations on reefs around  th a t station over a 20 year 
period contributed  key inform ation to  a m eta-population 
study th a t docum ents a gradual Caribbean-w ide decline 
in the overall abundance of reef fishes since the D iadem a  
dieoff (Paddack et ah, 2009). Long-term  m onitoring of cli
m atic and oceanographic conditions by MESP enabled de
tailed exam ination of linkages between environm ental dy
namics and the dynamics of recruitm ent of pelagic larvae 
of reef-fishes (R obertson et ah, 1999). In addition  regular 
station visitors accum ulated the w orld ’s only long-term  
data sets on gorgonians and sponges. The form er w ork in 
cludes data on a com bination  of population  dynamics and 
genetics of clone structure obtained by H ow ie Lasker and 
M ary-Alice C offroth (Coffroth et ah, 1992; Lasker, 1991; 
Lasker et ah, 1996). The latter w ork  includes data on the 
dynamics of sponge com m unities collected by Janie W ulff 
(Wulff, 1991, 1997).

Over the 20 years of its existence, research supported 
by the San Bias field station produced 363 publications 
on the biology of plants and animals living on the coral 
reefs around  the station, at a peak annual operating cost 
of about U S$100,000. The cheapness of this operation 
provides a startling exam ple of how  effective a small sta
tion  can be for very little expense, so long as the necessary 
tools for field research are supplied: grass huts for living, 
rainw ater for drinking and washing, com m unal kitchens, 
small boats, a scuba compressor, and, above all, field sites 
in calm  clear w ater at the sta tion’s doorstep.

Local political events in this autonom ously governed 
indigenous reserve led to  the closure of the San Bias station 
in 1998. A lthough this closure term inated the activities of 
STRI staff scientists in th a t area for some time, several ex
ternal researchers were able to  m ake private arrangem ents 
to  continue their w ork  there. After the closure of the San 
Bias station the center of STRI’s C aribbean research ef
forts m oved to Bocas del Toro Province, at the opposite 
end of the C aribbean coast of Panam a.

B o c a s  d e l T o r o  R esearch S ta t io n  (BRS)

The Sm ithsonian Institution (SI) has a long history 
of terrestrial and geological research in Bocas del Toro 
Province. In the 1970s and 1980s Charles H andley of the 
N atu ra l H istory  M useum  m ounted a num ber of expedi
tions to  the province to  survey the m am m al and bird fauna 
(Handley, 1993; A nderson and Handley, 2002). This phase 
was followed w ith ground-breaking geological w ork  by 
STRI’s deputy director, A nthony Coates. H e used the rock 
outcrops in the province, w hich contain the m ost complete

record of m arine environm ents of the last 10 m illion years 
in the southern C aribbean, to help clarify events associ
ated w ith the rise of the Isthm us of Panam a (Collins et ah, 
1995; Collins and Coates, 1999; Coates et ah, 2005).

In 1998 STRI purchased 6 hectares (ha) just outside 
the tow n of Bocas del Toro on Isla Colon. A dorm itory 
was built on the site in 2001 and a m odern, well-equipped 
labora to ry  in 2003. The BRS now  houses 28 resident sci
entists and will soon add accom m odation for 16 more. 
BRS can now  host approxim ately 325 scientific visitors 
from  m ore than  30 countries each year: 40%  undergradu
ates, 25%  graduate students, 10% postdoctoral fellows, 
and 25%  researchers. A bout half the postdoctoral fellows 
and researchers are SI scientists. Research at the station 
has resulted in 201 scientific publications in the five years 
since its inauguration in 2003, w ith Rachel Collin as its 
director.

The BRS is now  am ong the preem inent research sta
tions in the C aribbean. It is better equipped and provides 
access to  a larger diversity of habitats than  alm ost any 
other research facility in tha t region. The w ealth  of n a tu 
ral diversity available near BRS com bined w ith technical 
support facilities is reflected in the w ide range of research 
projects th a t are conducted at the station. Significant re
search has focused on the coral bleaching response to stress 
and disease. These studies have show n th a t sugars are one 
of the m ost dam aging com ponents in pollution from  rain 
runoff (Kline et ah, 2006) and th a t coral disease is related 
to  tem perature stress. An SI fellow identified candidate 
genes tha t participate in coral’s bleaching response to  el
evated tem perature (DeSalvo et ah, 2008). Research at the 
labora to ry  also has show n th a t some coral disease and 
death  in the C aribbean results from  a p ro tozoan  infection. 
A nother strong line of research at the BRS is the investi
gation  of the factors th a t lead to  spéciation in the m arine 
environm ent. G roundbreaking w ork  on ham let fishes has 
show n th a t m ate choice based on color pa ttern  m ay drive 
divergence and th a t color patterns m ay evolve via aggres
sive mimicry, a previously undem onstrated  m echanism  of 
diversification (Puebla et ah, 2007, 2008).

The BRS is also a local focus of taxonom ic w ork  and 
studies aimed at docum enting m arine biodiversity tha t 
were published in a special issue of the Caribbean Journal 
o f  Science dedicated to  the m arine environm ent and fauna 
of Bocas del Toro (Collin, 2005a, 2005b). Extensive w ork 
has been done there on the taxonom y of m arine shrimps 
(Anker et ah, 2008a, 2008b, 2008c). Bocas del Toro is a 
global ho tspo t of shrim p diversity and ranks w ithin the 
top  10 sites in the w orld. M ore than  20 new shrim p species 
from  Bocas del Toro have been described in the past five



8 0  • S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

years. N ew  species of other m arine organism s, including 
snails, tunicates, sponges, flatw orm s, and m eiofauna, have 
also been described on the basis of w ork  at the BRS. As 
a result of these taxonom ic and faunal studies, Bocas del 
Toro has the highest recorded tunicate diversity anywhere 
in the C aribbean and the th ird  highest sponge diversity.

O ther long-term  projects based at BRS include stud
ies focused on breeding success at m ajor C aribbean turtle 
nesting beaches, the effects of noise polluction and tour 
boat operations on dolphin vocalization and behavior, ef
fects of anthropogenic substrates, such as docks, on inva
sive tunicate abundance, effect of nu trien t lim itation on 
m angrove forest structure and diversity, emerging sponge 
diseases, and Caribbean-w ide spéciation in M ontastraea  
corals caused by tem poral shifts in spaw ning cycles.

N a o s  Is la n d  Labo r ato ries

N aos is one of a cluster of four islands at the end of a 
2 km  long causeway at the Pacific entrance to  the Panam a 
Canal. STRPs first m arine laboratory  was established there 
in 1964 in an old m ilitary bunker and has since expanded 
to  four buildings, three of them  ex-US N avy buildings re
furbished by STRI. This laboratory  provides ready access 
to  the upper bay of Panam a w ith its extensive m angroves 
and a scattering of inshore islands, plus the coral reefs of 
the Perlas Archipelago, 50 km  away. The laboratory  com 
plex, w ith a flow -through aquarium  system, diving locker, 
small boat support, research vessel, and m olecular labo ra
tories, supports a wide range of research by all the m arine 
scientific staff. O rganism al studies based prim arily at N aos 
cover or have covered the following topics: the Panam a 
Canal as a hub for m arine invasions, rocky in tertidal com 
m unity ecology, physiological ecology, behavioral ecology 
of in tertidal organism s, coral reef developm ent in the TEP, 
m olecular evolution of m arine organism s, life history evo
lution and evolution of m ode of developm ent, and m arine 
zooarchaeology.

Panama as a Hub fo r M a rine  Invasions

Biological invasions are a po ten t force for change 
across the globe. Once established, in troduced species can 
become num erically or functionally dom inant, th rea ten 
ing native biodiversity and altering ecosystem processes. 
The flip side to  the dam age they cause is th a t introduced 
species can provide opportunities for insight as large-scale 
experim ents to  understand ecological and evolutionary 
processes. In m arine and coastal environm ents, shipping 
is a m ajor pathw ay for biological invasions and appears

largely responsible for the recent dram atic increase in 
invasions.

Beginning w ith the studies of H ildebrand (1939) in the 
1930s, followed by several investigations surrounding the 
potential problem s associated w ith the construction of a 
sea-level Canal in C entral America (Rubinoff, 1965, 1968; 
R ubinoff and R ubinoff, 1969), STRI has been central in 
evaluating the role of the Canal as a passageway for shore- 
fishes. Interestingly, despite the C anal’s 100 years of exis
tence and the occurrence of approxim ately 1,500 species 
of m arine and brackish-w ater fishes on the tw o coasts of 
Panam a, only a handful of such species have successfully 
passed through  the Panam a canal and established popu la
tions in the “o th e r” ocean. For exam ple, only 8 species 
of such successful im m igrants are know n in the tropical 
eastern Pacific and only 3 have spread beyond the im m edi
ate confines of the Pacific entrance to  the canal. W hy are 
there so few successful invasions through a short, suitable 
corridor? W hy do some invasions fail and others succeed? 
Panam a and its canal have m uch to  offer studies aimed at 
determ ining success or failure of invasions.

STRI is ideally situated to  study m arine and coastal 
invasions. Panam a is one of the w orld ’s largest hubs for 
shipping. The Canal serves as an aquatic corridor con
necting the Atlantic and Pacific O cean basins, and ports 
on either side serve as hubs for international trade. Since 
its opening in 1914, approxim ately 800,000 ocean-going 
com m ercial vessels have passed through the Canal. To
day, approxim ately 12,000 to 14,000 com m ercial ships 
transit the Canal annually (Ruiz et ah, 2009). M oreover, 
Panam a is initiating a m ajor effort to  expand shipping in 
the Canal by constructing additional locks on the Pacific 
and Atlantic coasts. A lthough the freshw aters of Lake Ga- 
tun , a large lake th a t constitutes the bulk of the canal, 
have strongly lim ited the inter-oceanic invasions of purely 
m arine species, the new  locks being added to  the canal 
have the potential to  increase the salinity of G atun Lake 
and increase such interchange. W ith the N aos and Galeta 
m arine laboratories strategically located at the Pacific and 
Atlantic entrances to  the Canal, STRI is well positioned 
to  continue to  conduct a broad  range of basic research on 
m arine invasions.

In contrast to  the lim ited exchange of fishes across 
the Isthm us, various in troduced invertebrate species have 
been docum ented recently in the Canal, underscoring the 
fact th a t invasions are occurring. Some examples include 
a N o rth  Am erican m ud crab th a t has established a po p u 
la tion  in the Panam a Canal expansion area (Roche and 
Torchin, 2007) and an invasive Japanese clam  tha t reaches 
densities greater than  100 m ~2 in the Canal, as well as an
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invasive snail th a t is know n to host medically im portan t 
trem atode parasites. A lthough there are likely other such 
species, w ith few exceptions (Abele and Kim, 1989) inver
tebrate diversity of the Canal rem ains largely unexplored. 
Recently, STRI and SERC scientists team ed up to  evaluate 
the role of the Canal in biological invasions and determ ine 
how  patterns and processes driving invasions in tropical 
and tem perate regions may differ.

A lthough the potential for invasions in Panam a is likely 
to  be high, w ith the exception of studies on fishes th a t have 
passed through the Canal in the past 40 to  50 years, we 
know  surprisingly little abou t o ther coastal invasions tha t 
have resulted, and m any established invasions probably  
have been overlooked (M iglietta and Lessios, 2009). W ith 
the current expansion of the Panam a Canal, evaluating the 
im portance of the Canal in regional and global invasions 
is arguably an im perative goal for the conservation of our 
coastal resources and an ideal opportun ity  to  illum inate 
our understanding of biological invasions.

Rocky In te rtida l C om m unity Ecology

The rocky intertidal zone of the TEP appears to  be 
largely bare rock, w ith very little macroalgal cover and few 
sessile invertebrates, which are not distributed in clear zones 
according to tidal height or wave exposure. The striking 
contrast between this system and those of tem perate N orth  
America and Europe, which are well vegetated and have 
an abundance of invertebrates in regularly arranged zones, 
drew researchers such as Jane Lubchenco (currently director 
of the NOAA) and Bruce M enge to STRI in the late 1970s to 
seek an explanation. Their field exclusion experiments indi
cated that year-round predation and herbivory by a diverse 
community of highly mobile fishes, crabs, and mollusks 
forces their prey into refugia in cracks and under boulders 
and regulates directly, or indirectly, species interactions such 
that species capable of dom inating space are kept in check 
(Menge and Lubchenco, 1981; M enge et al., 1986).

Physio logical Ecology

The m arine environm ent of the eastern Pacific is m uch 
m ore variable than  th a t of the C aribbean, especially so 
during upwelling and in shallow -w ater and in tertidal h ab 
itats. Tem peratures in tidal pools a t N aos range between 
approxim ately 18°C and m ore than  50°C. Jeffery G raham  
m ade contributions to  basic understanding of how  fishes 
and sea snakes contend w ith this and other physiologi
cal challenges in the TEP (G raham , 1970, 1971) and later 
investigated heat regulation in tunas (G raham , 1975). Ira

R ubinoff, together w ith G raham  and Panam anian cardi
ologist Jorge M otta , perform ed pioneering w ork  on the 
tem perature physiology and diving behavior and respira
to ry  physiology of the neotropics’ only sea snake species 
(G raham  et ah, 1971; R ubinoff et ah, 1986).

Behaviora l Ecology o f In te rtida l An im als

M arine behavioral and estuarine (soft-bottom ) ecol
ogy has been the focus of long-term  research program s by 
John  Christy and his students on the reproductive ecology 
(larval release cycles in relation to  predation  risks; M or
gan and Christy, 1995) and behavior (burrow  ornam ents 
as sexual signals; Christy et ah, 2002) of in tertidal crabs, 
particularly  fiddler crabs. The latter reach their highest 
species diversity in the w orld  on the Pacific coast of Cen
tra l America (Sturm bauer et al., 1996). Christy recently 
com pleted five years of daily observations of the reproduc
tive tim ing of a fiddler crab on Culebra beach, the results 
of w hich dem onstrate th a t these crabs have a rem arkable 
ability to  track, on several time scales, com plex variation 
in environm ental conditions suitable for larval release. Re
search by C hristy’s lab on m echanism s of m ate choice in 
fiddler crabs has show n tha t male courtship signals elicit 
responses in females th a t have been selected by predation, 
no t because the signals lead to  choice of the best male as 
a m ate. This research has provided the best empirical sup
p o rt to date for the “ sensory tra p ” m echanism  of sexual 
signal evolution (Christy, 1995; Backwell et ah, 2000, Kim 
et ah, 2009). Together w ith w ork  by terrestrial biologists 
at STRI, this research has m ade STRI a global center for 
the study of the evolution of sexual signals.

C ora l Reef Developm ent 
in the Tropical Eastern Pacific (TEP)

Following the closure of the isthm us, different com 
ponents of the tropical biota of the TEP reacted in differ
ent ways to  resultant dram atic changes in the local m a
rine environm ent. M ost o f the coral fauna was w iped out 
( — 85%  of the current, depauperate fauna is derived from  
Indo-C entral Pacific im m igrants), p robably  largely by ex
trem e environm ental fluctuations during ENSO events. 
D ocum entation of effects of environm ental changes on 
coral reef developm ent in tha t area has been the focus of 
35 years of studies by Peter Glynn and his collaborators, 
no t only in Panam a but also further afield in the TEP in 
places such as the Galapagos (Glynn et ah, 1979; Glynn 
and W ellington, 1983). STRI research on Panam a’s Pacific 
coral reefs began in the earlier 1970s, w hen, contrary  to
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previous ideas, fully developed coral reefs were found in 
the Gulfs of Panam a and  Chiriqui (Glynn, 1972; Glynn 
et ah, 1972; G lynn and Stew art, 1973). It also became 
evident th a t differences in reef g row th  in those gulfs were 
related to  their different tem perature regimes (Glynn and 
Stew art, 1973). C oral reefs in the G ulf o f Panam a are 
m ainly confined to  the w arm er sides of the Pearl islands 
and grow  at low er rates th an  reefs in the year-round 
w arm th  of the G ulf o f Chiriqui (Glynn and M acintyre,
1977). The la tter reefs grow  at rates com parable to  those 
on the C aribbean coast of Panam a (M acintyre and  Glynn, 
1976), and corals in each gulf differ in their responses to 
tem perature (D ’Croz et ah, 2001; Schloeder and  D ’Croz, 
2004). A m ajor th rust of w ork  on TEP reefs has been to 
understand the effects of ENSO w arm ing events on the 
survival and dynamics of reef ecosystems. O bservations 
linked coral bleaching in Panam a to high-tem perature 
anom alies of the severe 1982-1983 EN SO  (Glynn et 
ah, 1988; G lynn and D ’Croz, 1990; G lynn et ah, 2001). 
Such bleaching led to  region-w ide mass coral m ortality  
during the intense 1982-1983 and 1997-1998 ENSO 
events (Glynn, 1984; Glynn et ah, 2001). M icrocosm  ex
perim ents at STRI confirmed th a t tem perature stress p ro 
duced bleaching and mass m ortality  of corals (Glynn and 
D ’Croz, 1990) and tha t slow-growing massive species are 
m ore resistant than  branching types to  tem perature-induced 
beaching (H uerkam p et ah, 2001). There has been continu
ous m onitoring of reef recovery since the mass coral m or
tality produced by the 1982-1983 ENSO, providing one of 
the longest term  databases of this type in the w orld (Glynn, 
1984, 1990; Glynn and Colgan, 1992; Glynn et ah, 2001). 
M ajor efforts have also been m ade to  investigate the re
productive ecology of corals, relating fecundity, spawning 
activity, and recruitm ent of surviving species to  com m unity 
recovery and reef resilience in Pacific Panam a (Glynn et ah, 
1991, 1994, 1996, 2008; Colley et ah, 2006; M anzello et 
ah, 2008). Bleaching patterns have been related no t only to 
the diversity of zooxanthellae symbionts of corals (Glynn 
et ah, 2001) but also to coral genotypes (D’Croz and M até, 
2004), w ith both factors likely playing an im portan t role 
in adaptive responses by corals to climate change. Research 
on corals in Pacific Panam á additionally involves the ta x 
onom y and biogeography of gorgonian soft corals (Vargas 
et ah, 2008; G uzm an and Breedy, 2008).

M o lecu la r Evolution o f M arine  O rganism s

STRI has played a leading role in developm ent of m o
lecular techniques for studies of m arine organism s, no t 
only in relationship to  trans-isthm ian biology of neo trop i

cal taxa (reviewed by Lessios, 2008) but also in studying 
the global biogeography of pantropical groups. A 30 year 
history of such w ork, the longest in SI, began w ith studies 
of sea urchins by H aris Lessios (Lessios, 1979). T hat w ork, 
although centered at the m olecular laboraties at N aos 
Laboratory, has relied on all o ther STRI m arine facilities 
for collections and m aintenance of live organism s. Since 
th a t start, m olecular evolution studies at STRI have under
gone explosive grow th. Such studies include assessments 
of effects o f the rise of the isthm us on the ecology and biol
ogy of neotropical organism s (Collin, 2003a) and patterns 
and processes involved in the evolutionary divergence of 
such taxa (Know lton and Weigt, 1998; H u rt et ah, 2009). 
M olecular studies also have led to  the delineation of spe
cies boundaries in m arine organism s (K nowlton, 2000) 
and understanding of global historical biogeography of 
pantropical groups (Lessios et ah, 1999, 2001; Collin, 
2003a, 2003b, 2005a; Quenoiville et ah, 2004), invasions 
of the tropical A tlantic by Indo-Pacific taxa around  south
ern Africa (Bowen et ah, 2001; Rocha et ah, 2005a), p a t
terns of dispersal am ong different tropical biogeographic 
regions w ithin the A tlantic (Lessios et ah, 1999; Rocha 
et ah, 2002, 2005b), physiological m echanism s involved 
in species form ation (M cCartney and Lessios, 2002; Zig- 
ler and Lessios, 2004), non-allopatric spéciation w ithin 
biogeographic regions (Rocha et ah, 2005a; Puebla et ah, 
2007, 2008), patterns and processes involved in spéciation 
of corals (Fukami et ah, 2004), and the history of tw o-w ay 
transfers of species across the 4 ,0 0 0 -7 ,0 0 0  km  wide East
ern Pacific Barrier, the w orld ’s w idest stretch of deep open 
ocean (Lessios and R obertson, 2006). M olecular evolu
tion  studies a t STRI have produced 163 m arine-them ed 
publications to  date.

M arine  A rchaeo logy : /Historical ffum an  
Reliance on M arine  Resources in Panama

Zooarchaeology has played an im portan t role in 
STRI’s anthropology program  for the past 40 years (Lin
ares and Ranere, 1980) th rough studies originated by Rich
ard  Cooke of pre-C olum bian usage of m arine resources 
in Panam a, prim arily in Panam a Bay (Cooke, 1981). The 
expanding reference collection of 1,540 skeletons of 340 
species of fishes and other organism s used in this research 
has also enhanced knowledge of the zoogeography of these 
organism s (Cooke and Jiménez, 2008b). This w ork has 
charted  the time course of geographic changes in patterns 
of m arine resource usage in Panam a Bay. By 7 ,000-4 ,500  
bp, hum ans on the shores of th a t bay exploited a wide 
variety of inshore m arine resources, including m ore than
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80 species of m arine fishes (bony fishes, sharks, sawfish, 
sting rays) taken  in a variety of different habitats (beaches, 
m angroves, estuaries, reefs, open w ater) using various 
m ethods (hook-and-line, nets, stationary  w ood-and-stone 
traps) (Cooke, 1992; Cooke and Jiménez, 2004, 2008a; 
Cooke et ah, 2008). O ther m arine resources used include 
sea turtles, dolphins, m anatees, and seabirds. The ritual 
im portance of m arine anim als in pre-C olum bian Panam a 
is underlined by frequent images of sea turtles, fish, and 
m arine invertebrates on pottery  and goldw ork (Linares, 
1977; Cooke, 2004a, 2004b). A lthough currently there 
is no convincing zooarchaeological evidence for overfish
ing in pre-C olum bian times in Panam a, ongoing research 
in the Pearl Islands seems likely to  identify pressures tha t 
p roduced changes to  populations of m ollusks and reef fish 
around  individual islands. Intensive collection of color
ful m arine shells and m arine birds for m aking ornam ents 
likely led to  local im pacts on populations of these taxa.

Rancheria  Island F ield Station

Rancheria Island is situated in the center o f the largest 
and best m anaged m arine reserve in Panam a: the Coiba 
N ational Park  (and W orld H eritage Site) in the G ulf of 
Chiriqui. The park  area has a long history of environ
m ental protection  (Coiba acted as a “ free-range” prison 
island for alm ost 85 years) and hosts the largest area of 
coral reefs and richest [num ber of species] accum ulation 
of corals on the entire continental shore of the TEP. A tiny, 
relatively undeveloped field station  at Rancheria has sup
ported  research on coral reefs in the surrounding area by 
Peter Glynn and his collaborators (see above).

T he Research V essels

Four vessels were operated by STRI between 1970 and 
2008: the 65-foot Tethys (1970-1972), the 45-foot RV 
Stenella (1972-1978), the 63-foot RV Benjam in  (19 7 8 - 
1994), and the 96-foot RV Urraca from  1994 to 2008. 
N one of those vessels was purpose built. The equipping of 
the Urraca, after its purchase, w ith an A-frame and ocean
ographic w inch allowed intensive traw ling and dredging 
activities (to depths of 250 m) and thus greatly extended 
the range of studies th a t could be supported beyond the 
previous emphasis on scuba-based research. These re
search vessels, and particularly  the Urraca, enabled field
w ork  in rem ote locations th a t lacked land bases for m arine 
research and thus vastly extended the geographic reach of 
STRI biologists. The Urraca acted as such a base no t only 
th roughout P anam a’s territorial w aters but also in locali

ties as far afield as C lipperton Island (1,000 km  west of 
Acapulco) in the Pacific (R obertson and Allen, 2008) and 
H onduras in the C aribbean (Guzm an, 1998).

To date, 14 years service by the Urraca has produced 
350 scientific publications. Research supported by the Ur
raca proved vital to  the declaration of tw o large M arine 
Protected Areas (MPAs) on the Pacific coast of Panam a, 
principally th rough the research activities of H . G uzm an 
on coral diversity and conservation (see below). Urraca 
support of collecting along the entire Pacific coast of Pan
am a, as well as Costa Rica, C lipperton and Cocos Islands 
(rem ote oceanic islands in the eastern Pacific), and El Sal
vador was essential for the developm ent of the w orld ’s first 
online inform ation system on a regional shorefish fauna 
(w w w .stri.org/sftep). In addition  the Urraca provided ex
tensive and extended support to  the Panam a Paleontology 
Program  (see below) and for collecting fishes (Berming- 
ham , R obertson), echinoderm s (Lessios), soft corals (Guz
m an), and m ollusks (Collin) for taxonom ic and evolution
ary studies, and hydrologie surveys (D’Croz).

HISTORICAL M ARINE ECOLOGY: 
THE PA N A M A  PALEONTOLOGY PROJECT

STRI is unique in having an institutional m arine p ro 
gram  th a t includes both  biology and geology, as well as 
a series of strong program s in various aspects of tropical 
terrestrial biology. Intellectual cross-fertilizations between 
scientists steeped in terrestrial and m arine systems have 
m aintained STRI as a place know n for creative research.

The striking differences in environm ental conditions 
and ecology from  opposite sides of the Isthm us of Panam a 
today, and their changes over time during Isthm us closure, 
provides m arine paleontologists w ith a “natu ral experi
m en t” w ith w hich to  address, on an evolutionary and eco
logically large scale, the im pact of environm ental change 
and genetic isolation on m arine invertebrate faunas. In 
1986 the Panam a Paleontology Project (PPP) was initiated 
by Jerem y Jackson and A nthony Coates. Their aim  was to 
survey coastal sediments of the isthm ian area to  establish 
if the fossil record were sufficiently com plete to  explore 
the evolutionary responses of m arine com m unities to  the 
gradual emergence of the Isthm us of Panam a.

Stratig raphically  com plete N eogene deposits were 
soon discovered in the Panam a C anal basin and  Bocas 
del Toro, and  excavations w ere subsequently  extended 
to  several o ther richly fossiliferous regions of Panam a 
and  Costa R ica, Venezuela, Ecuador, Jam aica, and  the 
D om inican  R epublic. In add ition , large-scale benthic

http://www.stri.org/sftep
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surveys of m odern  shallow -w ater com m unities across the 
Caribbean and Tropical Eastern Pacific serve as a baseline 
for understanding biotic changes th rough geological time.

The PPP has so far involved m ore than  50 scientists 
from  20 institutions in seven countries and undertaken 
alm ost 40 expeditions to  eight countries. The resultant 
collections com prise thousands of replicated samples and 
m any millions of individual, quantitatively collected fossil 
specimens. The rigorous paleontological fram ew ork of the 
PPP presents evolutionary biologists w ith a unique view 
of 15 million years of life and environm ents in a tropical 
region. Using these samples and fram ew ork, the PPP has 
docum ented the environm ental, lithologie, and biological 
changes in Isthm ian nearshore m arine habitats from  15 
M a to the present day, producing alm ost 200 publications 
to  date (see h ttp ://w w w .fiu.edu/~collinsl/pppcon.htm l).

Placing igneous and  sedim entary rock form ations in 
sequence established a high-resolution stratigraphie sys
tem  th a t was critical to  effectively reconstruct patterns 
of biological change (Coates et ah, 1992, 2005; Collins 
et ah, 1996b; Collins and Coates, 1999). Aligned w ith 
taxonom ic and paleoenvironm ental analyses, these geo
logical studies also perm it reconstructions of land  and 
w ater masses as the isthm us shoaled, providing dates of 
final closure th a t are essential for estim ates of the tim ing 
of divergence of m odern m arine organism s (Collins et ah, 
1995; Coates and O bando , 1996) (Figure 3).

D ata  from  PPP studies have revealed the follow ing, 
(i) Faunal com position of C aribbean and Pacific fossil as
semblages and the tim ing of paleoenvironm ental change 
dem onstrate th a t m ajor cross-isthm ian m arine connec
tions ceased approxim ately 3 M a (Collins et ah, 1995, 
1996a; Coates et ah, 2003, 2005; O ’Dea et ah, 2007a), 
consistent w ith dates from  previous (non-PPP) oceano
graphic studies, (ii) Seasonal upwelling was strong in 
w hat is now  the southw estern C aribbean (SWC) before 
isthm ian closure, and constriction of the form ing isthmus 
led to  a rapid decline in upwelling intensity, resulting in 
a collapse in prim ary productivity from  around  5 to  3 
M a (Collins, 1996). The increasing oligotrophy allowed 
reefal hab itats to  expand in the SWC while reducing the 
am ount of filter-feeding m olluscan habita t, and the cessa
tion  of upwelling also stabilized environm ents to  m odern-

FIGURE 3. Formation of the Isthmus of Panama during the last 20 
million years (Ma = million years ago). Arrows indicate direction of 
principal water flow through the Central American Seaway. (From 
O’Dea et al., 2007b.)

http://www.fiu.edu/~collinsl/pppcon.html
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day conditions (O ’Dea et al., 2007a; Jackson et al., 1999). 
M eanw hile, upwelling continued in w hat is now  the TEP 
to the present day. (iii) A wide assortm ent of m arine taxa 
experienced a m ajor turnover in the now-SW C during the 
last 10 m illion years (Jackson et ah, 1993; Jackson and 
Johnson, 2000; O ’Dea et ah, 2007a; Smith and Jackson, 
2009). O rigination of new  species in all m ajor groups of 
m acroinvertebrates peaked at about 5 -3  M a, coincident 
w ith the form ation of new  hab ita t along the SWC coast 
of the Isthm us, (iv) From  approxim ately 5 -3  M a the SWC 
rem ained connected to  the TEP bu t coastal conditions be
came instable. This transition  period saw m ost SWC fau
nas reach their peaks in diversity (Jackson and Johnson, 
2000; Todd et ah, 2002; Smith and Jackson, 2009). As old 
and new  species coexisted in time, richness of m ost groups 
was around  30%  to 60%  higher than  in the m odern SWC. 
(v) Following isthm us closure and the birth  of the m odern- 
day Caribbean, a w idespread extinction reduced num bers 
of gastropod, bivalve, coral, and bryozoan taxa by 30%  
to 95% . (vi) This massive extinction was strongly selec
tive against nutriphilic taxa, indicating th a t the collapse 
in prim ary productivity was the causal m echanism . H o w 
ever, fine-scale environm ental and com m unity com posi
tion  data reveal th a t extinction in m ost groups lagged well 
behind the shift to  m ore oligotrophic conditions as the

Isthm us closed (O ’Dea et ah, 2007a) (Figure 4). Time lags 
of this scale challenge the conventional w isdom  th a t cause 
and  effect have to  be contem poraneous in m acroevolu
tion. (vii) O ther ecological characteristics of organism s 
also shifted dramatically. Average coral colony and snail 
egg-size increased, larval durations of scallops decreased, 
and  rates of clonality in free-living bryozoans declined 
dram atically. O ngoing field and labora to ry  w ork  aims to 
analyze the fates and trajectories of clades th a t preserve 
m odes of life, life histories, and  feeding strategies in fos
sils w ith in  the rigorous fram ew ork provided by the PPP. 
This approach  will help tease apart the drivers of m acro- 
evolutionary change in the neotropical seas (Jackson and 
Erw in, 2006).

M ARINE EDUCATION A N D  OUTREACH

A t the level of b o th  the in stitu tio n  and  the individual 
scientist, STRI, along w ith  o ther SI bureaus, has becom e 
deeply involved in  tw o global efforts connected w ith  
m arine biodiversity: the Census of M arine  Fife (CO M E) 
and  the C onsortium  for the Barcode of Fife (CBOF). 
The C O M E aims to  provide rap id  and full docum en ta
tio n  of m arine biodiversity, while CBOF provides easy
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m olecular m eans to  confirm  the identities o f a b road  ar
ray  of species in bo th  m arine and  te rrestria l ecosystem s. 
Substan tial con tribu tions of in fo rm ation  on n eo tro p i
cal m arine organism s have been m ade by STRI to  bo th  
those efforts. Recently, the Encyclopedia of Life (EOL) 
began to  m ake use of in fo rm ation  generated  by STRI sci
entists, and STRI also recently  becam e p a rt of the U nited 
States G eological Survey’s C aribbean  tsunam i m o n ito r
ing netw ork .

Educational and outreach program s at STRI include a 
m arine fellowship program  for graduate students (w orld
wide, plus targeted to  Latin America), hosting of K -12  
school groups and teacher training (at Galeta Point M a
rine L aboratory  and Bocas del Toro Research Station), 
conducting public sem inars, responding to  requests for 
inform ation from  Panam anian governm ent entities, and 
supporting graduate student courses. The public m arine 
education program  at STRI consists of a series of activi
ties aim ed at prom oting awareness and conservation of 
m arine environm ents and com m unicating its research to 
the general public. Since 1992 the program  has consisted 
of docent-led educational visits, sem inars for teachers, and 
the developm ent of educational m aterials (posters, new s
papers and supplem ents, exhibits), and curricular m ateri
als for the classroom .

C ulebra Island Education  C enter

The Punta Culebra N atu re  Center (PCNC) of STRI 
lies a t the Pacific entrance to  the Panam a C anal im m e
diately adjacent to  the N aos Laboratory. For nearly a 
century, access to  Culebra was restricted to  U.S. m ilitary 
personnel, a practice th a t p ro tected  C ulebra’s shoreline 
organism s, w hich now  exist in abundances no t seen else
w here in Panam a Bay. The general health  of the intertidal 
and shallow -w ater m arine com m unities at Culebra makes 
the area especially attractive for research. Culebra has 
been a m ajor research site for John  Christy (since 1983), 
M ark  Torchin (since 2004), and  their students.

The PCN C relies on the support of the Sm ithsonian 
Foundation of Panam a and in ternational entities. The aca
demic and public program s at Culebra encourage direct 
experiences w ith organism s in the local habitats and in 
touch pools. Exhibits prom ote environm ental awareness, 
understanding, and conservation, em phasizing m arine sys
tems. Since it opened in 1996, 750,000 people have visited 
PCN C, w ith abou t 25,000 schoolchildren annually taking 
p art in its educational program . The PCN C also fosters re
search on site, w hich allows visitors to  see STRI scientists 
and students “ in ac tion .”

G aleta Po in t  M arine Laboratory

The education and outreach program  at Galeta L abo
ra to ry  was initiated by Stanley H ecakdon in 2000 to  build 
bridges between research at Galeta on coral reefs, seagrass 
beds, and m angrove forests and the schools of Colon and 
w ider Panam a. The program  seeks to  m otivate public 
interest on the im portance of the sciences and the value 
of coastal tropical habitats, currently under severe th reat 
because of a destructive style of economic developm ent. 
Private donors have been vital to  the success of this p ro 
gram , funding the construction  of enhancem ents to  Galeta 
buildings, a 300 m  long m angrove boardw alk , and science 
equipm ent used by the program .

A ttendance in the student education program  climbed 
from  200 from  an orphanage in nearby Colon in 2000 to  a 
current 10,000 per year from  all over Panam a. These p ro 
gram s are hosted by 12 nature guides and 19 volunteers. 
Recently, the first live Internet broadcast was m ade from  
Galeta to elem entary schools in N ew  Jersey. The next step 
will be an online program  to schools in Colon and, even
tually, the rest of Panam a. G aleta’s public outreach p ro 
gram  began in 2003 w ith the support of students from  
M cGill University’s “Panam a Field Semester Studies.” The 
first project was a socioeconomic study of a local fishing 
com munity, w ith fishermen then being trained in nature 
tourism  to provide an alternative source of income. In 
2006 Galeta began the Sm ithsonian Talk of the M onth , 
at w hich STRI researchers share their w ork  w ith the peo
ple of Colon. Teacher training aimed at raising the qual
ity of science education in Colon started  in 2007. To date 
120 local elem entary and high school teachers have been 
trained. Galeta laboratory  also participates in a variety of 
com m unity events: the yearly com m unity beach cleanup; 
scientific and environm ental fairs; and events such as Bio 
Diversity Day, W orld M angrove Day, and E arth  Day.

Bo c a s  del To r o  Research Station

The BRS has had  active public program s, alm ost en
tirely funded by income from  station  fees, since the com 
pletion of the m ain labora to ry  building in 2003. Activi
ties organized by the BRS for the general public include 
bim onthly public seminars given by researchers w orking 
at the station as well as weekly open houses and an annual 
E arth  Day beach clean-up. In addition the Station opens 
its doors to  the public during the annual Feria Am bien
tal weekend, at w hich environm ental non-governm ental 
organizations (NGOs) and governm ental organizations 
from  the region present inform ation to  the public, debate
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local Conservation issues in a round-table form at, and give 
public lectures on their projects. This Feria has proven to 
be highly successful, w ith  representatives form  organiza
tions such as IU CN  (International U nion for C onservation 
of N ature) and The N ature  Conservancy attending from  
Costa Rica and Panam a City.

The BRS also has an active program  w orking w ith lo 
cal schools. School groups visit the station three days a 
week during the school year, and a biodiversity summer 
program  is available for interested children on Isla Colon 
and Bastim entos. M ore than  1,000 children per year par
ticipate in these program s or, in m ore rem ote areas, receive 
visits from  presenters of the public program s. Finally, the 
Station presents an annual teacher training w orkshop, 
w hich offers teachers developm ent credit for learning 
about environm ental issues and conservation.

The BRS is also active in undergraduate and graduate 
teaching. The station  hosts undergraduate courses from  12 
institutions from  the USA, Colom bia, C anada, and Ger
m any and trains graduate students in the advanced T rain
ing in Tropical Taxonom y Program . This program  aims to 
bring taxonom ic experts and experts in training together 
in the field to  provide hands-on training in taxonom y. This 
program  focuses on groups for w hich taxonom ic expertise 
is in im m ediate danger of disappearing. This program , the 
only one of its kind in the N eotropics, has so far trained 
100 students from  30 countries and receives some fund
ing from  the N ational Science Foundation  Pan-Am erican 
Advanced Studies Institutes (NSF PASI) program  as well 
as individual Assembling-the-Tree-of-Tife grants.

The O n line  BRS B ilingua l B iodiversity D atabase

The public face of the Bocas del Toro Research Station 
extends into cyberspace. The Online BRS Bilingual Bio
diversity D atabase, available at http://biogeodb.stri.si.edu 
/bocas_database/?8dang= eng, has resulted from  w ork  at 
the BRS and now  includes 6,000 species and 8,000 photos 
of organism s from  Bocas del Toro province. This website 
is supplem ented by prin ted  identification guides to  local 
organism s (Collin et ah, 2005).

M arine Z o o a rc h a eo lo g y

The zooarchaeology reference collection at STRI is 
frequently used by students and researchers to  identify 
archaeofaunal m aterials. Specimens are often loaned or 
donated  to  outside institutions. Panam anians have strong 
interests in their cultural heritage, and STRI zooarche- 
ologists frequently give public lectures in Panam a on the

history of hum an-an im al interactions in Panam a and the 
relevance of zooarchaeology to  tropical zoogeography 
and biodiversity. STRI’s Bioinformatics office recently 
started  w ork on an online database th a t will provide pho
tographic, geographic, and biom etric inform ation on all 
identified zooarchaeological m aterials and specimens from  
Panam anian sites.

O nline Inform ation  System o n  T ropical Eastern 
Pacific S horefishes

This Shorefishes of the Tropical Eastern Pacific Online 
Inform ation System (w w w .stri.org/sftep) exemplifies the 
Sm ithsonian’s com m itm ent to  carrying inform ation tha t 
its research generates to the w idest possible audience. It 
provides free, public access to  com prehensive inform ation 
on the biology of alm ost 1,300 shorefish species. Systems 
such as these are useful for m anagers, biologists, students, 
and fishers w anting to  identify fishes and obtain  inform a
tion  about their biology. The inform ation th a t systems such 
as this bring together allows com prehensive assessments 
of our level of knowledge about biodiversity (Z apata and 
R obertson, 2006) and regional geographic d istribution of 
th a t diversity (M ora and R obertson, 2005; R obertson and 
Cramer, 2009).

M ARINE CONSERVATION ACTIVITIES

The w ork  th a t STRI biologists, notably  H ector 
G uzm án, have done on organism s as diverse as corals, 
sea cucum bers (G uzm an et ah, 2003), conchs (Tewfik and 
G uzm an, 2003), lobsters, and crabs (G uzm an and Tew
fik, 2004) has been instrum ental in the establishm ent not 
only of m anagem ent regulations for specific organism s 
bu t also of a large m arine reserve on the Pacific coast of 
Panam a: the Pearl Islands Special M anagm ent Area in the 
G ulf of Panam a (Guzm an et ah, 2008a). In addition, ef
forts by Todd Capson and research on corals by H ector 
G uzm an (see G uzm an et ah, 2004) were instrum ental in 
the declaration of Coiba N ational Park (where Rancheria 
Island is situated) as a W orld H eritage Site in 2005. In 
2009 P anam a’s governm ent established the M atum bal Re
serve, a STRI-m anaged m arine reserve th a t protects 34 ha 
of reefs, seagrass beds, and  m angroves im m ediately ad ja
cent to  BRS. This reserve will ensure m aintenance of the 
research poten tia l o f the sta tion  in an area of explosive 
tourism  and developm ental grow th. D uring 2008-2 0 0 9  
STRI (prim arily th rough  the efforts o f Juan  M até) has 
been involved w ith  the recently com pleted developm ent

http://biogeodb.stri.si.edu
http://www.stri.org/sftep
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of a com prehensive zoning and m anagem ent p lan  for 
Coiba Park  and w orkshops aimed at inform ing govern
m ent resource m anagers abou t the utility, m ethods, and 
needs of STRFs m arine research activities.

The online inform ation system on TEP shorefishes 
(see above) provided the prim ary database used in the 
first com prehensive IU CN  Redlist Assessment of an en
tire regional shorefish fauna through w orkshops held in 
Costa Rica (2008) and Panam a (2007). An equivalent in 
form ation system encom passing m ore than  1,500 species 
of G reater Caribbean shorefishes, currently in production, 
will facilitate an equivalent Redlist assessment planned for 
the G reater C aribbean regional shorefish fauna.

M arine conservation activities by STRI staff also have 
a global and historical reach through the w ork  of J. B. C. 
Jackson and colleagues on historical declines of coral reef 
g row th and organism s induced by hum an activities, and 
the depletion of their m arine resources, in the C aribbean 
area and th roughou t the rest of the tropics (Jackson, 1997, 
2001; Jackson et ah, 2001; Pandolfi et ah, 2003, 2005; 
Pandolfi and Jackson, 2006).

BRS has been a m em ber of CA RICO M P (the C arib
bean Coastal M arine Productivity Program ) since 1997, 
contributing  data to  Caribbean-w ide m onitoring of sea- 
grasses, corals, and m angroves (Collin, 2005a; Collin et 
ah, 2009; G uzm an et ah, 2005). BRS also recently became 
p art of a global IU CN  program  to assess the resilience of 
coral reefs w orldw ide. As p a rt o f this program , rap id  as
sessments of the state of coral reefs a t each site are linked 
to  long-term  m onitoring of physical environm ental data to 
predict the local response to  future bleaching stress from  
elevated tem peratures. Since 2000 STRI has also been in 
volved w ith Conservation In ternational, the United N a 
tions Environm ental Program , the In ternational Union 
for the Conservation of N ature , and the governm ents of 
Panam a, Costa Rica, C olom bia, and Ecuador in an effort 
to  develop the Eastern Tropical Pacific Seascape. This 2.1 
m illion km 2 m arine conservation area, in the equatorial 
p art o f the TEP, is based on a cluster of M arine Protected 
Areas, am ong them  the Coiba N ational Park (see also 
G uzm an et ah, 2008a).

2 0 0 8 —A  TIME OF TRANSITION

After 48 years and 1,800 publications the m arine p ro 
gram , which rem ains an integral p art of research at STRI, 
is undergoing rapid  change. The year 2008 m arked the 
end of an era, w ith the retirem ent of Ira R ubinoff and the 
succession of Eldredge Berm ingham  as STRI director. It

also m arked the start of a hiatus in the research vessel p ro 
gram , w ith the retirem ent of the RV Urraca, as its absence 
leaves a significant gap in research capability th a t STRI 
seeks to  rapidly fill. The continuing developm ent of the 
labora to ry  at Bocas del Toro will open up new  opportun i
ties for research. The developm ent of a facility a t R anche
ria Island, and, perhaps, the Pearl Islands w ould greatly 
enhance accessibility of coral reefs and other m arine hab i
tats in the tw o largest nearshore archipelagos in the equa
torial p art of the eastern Pacific, archipelagos tha t to  date 
have experienced relatively low  im pacts from  economic 
developm ent. STRI geologist Carlos Jaram illo  is currently 
taking advantage of a unique event— m ajor excavations 
to  w iden the Panam a C anal—to clarify the history of the 
form ation of the isthm us and thus help shed light on the 
history of changes in the neotropical m arine ecosystems 
and the evolution of their organism s. In future STRI also 
will emphasize the developm ent of tools th a t exploit the 
W orld W ide Web to  enhance the diffustion of knowledge 
derived from  its m arine research, both  th rough its ow n 
Bioinform atics office and through participation  in global 
enterprises such as the Census of M arine Fife, the C onsor
tium  for the Barcode of Fife, and the Encyclopedia of Fife. 
STRI’s m arine program  will play an increasingly im por
tan t role in efforts to  understand the role of the oceans in 
global climate variability, interactions between terrestrial 
and m arine ecosystems, and the response of m arine eco
systems to  climate change and m ore direct hum an-induced 
stresses.
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Protandric Simultaneous Hermaphroditism 
Is a Conserved Trait in (Caridea: 
Lysmatidae): Implications for the Evolution 
of Hermaphroditism in the Genus

J. Antonio Baeza

ABSTRACT. Shrimps from the genus Lysmata are unusual because of their peculiar 
sexual system. Individuals in a population first reproduce as males, to change later in life 
to functional simultaneous hermaphrodites. The evolutionary origin of this sexual sys
tem, called protandric simultaneous hermaphroditism (PSH), is a longstanding question 
overdue for consideration. A previously proposed “historical contingency” hypothesis 
suggested that PSH evolved in the tropics from an ancestral protandric species of Lys
mata that became socially monogamous and symbiotic with sea anemones. The restricted 
probability of encountering mating partners by shrimps because of their association with 
their hosts would have favored PSH. Here, I first provide evidence that PSH is a fixed 
trait within the genus. Second, I examine whether the historical contingency hypothesis 
appropriately explains the origin of PSH in the genus. Using anatomical observations 
and laboratory experiments combined, I demonstrate that two shrimps from the genus 
Lysmata , L. galapagensis and L. boggessi, feature PSH. Study of museum specimens sug
gests that nine other species of Lysmata are protandric simultaneous hermaphrodites. 
The foregoing information indicates that PSH represents a fixed trait in the genus Lys
mata. Ancestral character state reconstruction using Bayesian inference allowed testing 
whether the ancestral Lysmata featured a symbiotic lifestyle and a socially monogamous 
mating system, as proposed by the historical contingency hypothesis. In agreement with 
this hypothesis, analysis indicated that the most common recent ancestor of Lysmata was 
most likely socially monogamous. However, the ancestral lifestyle was equally likely to 
be free-living or symbiotic. Thus, the present study provides partial support for the his
torical contingency hypothesis. Studies on the sexual system and lifestyle of more species 
and development of a more robust phylogeny are needed to reveal the evolutionary origin 
of PSH in the genus Lysmata.

INTRODUCTION

J. Antonio Baeza, Smithsonian Tropical Research 
Institute, Panama, and Smithsonian Marine Sta
tion at Fort Pierce, 701 Seaway Drive, Fort Pierce, 
Florida 34949, USA (baezaa@si.edu). Received 9 
June 2008; accepted 20 April 2009.

In decapod crustaceans, the greatest diversity of sexual systems is found in 
the infraorder Caridea. M ost caridean shrim ps are gonochoric, w ith individuals 
in a population  producing only male or female gametes during their entire life. 
W ell-studied examples include Rhynchocinetes typus (Correa et ah, 2000), H ip
polyte  obliquim anus (Terossi et ah, 2008), Tontonia margarita  (Baeza, 2008a), 
and H ippolyte w illiamsi (Espinoza-Fuenzalida et ah, 2008). The second m ost 
com m on sexual system is protandry. In a t least 31 species of shrim ps, individu
als in a population  reproduce first as males and change to  females later in life

mailto:baezaa@si.edu
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(Bauer, 2000). A lthough several variants of p ro tandry  
have been reported (e.g., p ro tandry  w ith prim ary females 
in Crangon crangon-, Schatte and Saborowski, 2006), no 
study has reported protogyny (changing sex from  female to 
male) am ong shrimps. M ost recently, a particular variant 
of sim ultaneous herm aphroditism , tha t is, adolescent p ro 
tandry  sensu Ghiselin (1974), protandric cosexuality sensu 
Policansky (1982), or protandric sim ultaneous herm aph
roditism  (PSH) sensu Bauer (2000), has been described for 
shrimps from  the genera Lysm ata  (Baeza et ah, 2008) and 
E xhippolysm ata  (Kagwade, 1982; Braga et ah, 2009). It 
m ust be noticed tha t a recently developed m olecular phy- 
logeny for Lysm ata  and other related genera dem onstrated 
tha t the genus Exhippolysm ata  represents a derived group 
of shrimps w ithin the genus Lysm ata  (Baeza et ah, 2009). 
Thus, species of Exhippolysm ata  are treated here as m em 
bers of the genus Lysmata.

In p ro tandric  sim ultaneous herm aphroditic shrimps, 
juveniles consistently m ature as functional male individu
als (also called m ale-phase [MP] shrimps; Bauer and H olt, 
1998) bearing typical caridean male characters (i.e., cou
pling hoods and appendix m asculina on the first and sec
ond pleopods, respectively) (Bauer and H olt, 1998; Baeza, 
2008b; Baeza and Anker, 2008; Baeza et ah, 2008). These 
functional males later a tta in  female sexual function and 
develop into functional sim ultaneous herm aphrodites 
(hereafter, herm aphrodites; but also called female-phase 
[FP] shrimps; Bauer and H olt, 1998). Resem bling females 
of caridean gonochoric species, herm aphrodites m ate as 
females shortly after m olting, spaw n oocytes to  an abdom 
inal cham ber w here fertilization takes place, and brood 
their embryos for relatively long periods of time (e.g., 
10-15 days in Lysm ata wurdemanni-, Baeza, 2006). These 
herm aphrodites retain  testicular tissue, male ducts, and 
gonopores and thus have the ability to  reproduce as both 
male and female (Bauer and H olt, 1998). After becoming 
herm aphrodites, individuals do no t revert to  males (Baeza, 
2007a), and no self-fertilization has been dem onstrated 
(Bauer and H olt, 1998; Baeza, 2008b; Baeza and Anker, 
2008; Baeza et ah, 2008).

So far, the various studies on the sexual biology of 
shrim ps from  the genus Lysm ata  suggest tha t all species 
exhibit PSH. Protandric sim ultaneous herm aphroditism  
is suspected to  be a fixed tra it in the genus. Nonetheless, 
additional inform ation from  m ore species is needed to 
confirm  this notion . In tu rn , other life history traits differ 
w ithin these tw o genera. Shrimps have been reported  to 
inhabit the shallow  subtidal and in tertidal of subtropical 
and tropical rocky and coral reefs around the w orld. Some 
species of Lysm ata  live in groups, others are solitary, while

some species are socially m onogam ous (pair-living; e.g., 
L. grabham i (G ordon, 1935)) (W irtz, 1997). Several spe
cies w ith an inconspicuous coloration dwell freely am ong 
rocks in tem perate zones, while o ther m ore colorful spe
cies inhabit tropical sponges (L. pederseni Rhyne and Tin,
2006) (Rhyne and Tin, 2006). O ther strikingly brilliant 
species clean fishes (L. amboinensis (De M an, 1888)) 
(Timbaugh et ah, 1961). Species from  this genus represent 
ideal candidates to  explore the role of ecological condi
tions in explaining evolutionary innovations in the m arine 
environm ent (see Baeza and Thiel, 2007).

Recent studies have exam ined various aspects of the 
biology of various Lysm ata  and E xhippolysm ata  shrimps 
(Baeza, 2008b; Baeza and Anker, 2008; Baeza et ah, 2008; 
Topez-Greco et ah, 2009). Furtherm ore, shrim ps from  the 
genera Lysm ata  and Exhippolysm ata  are currently being 
used as models in evolutionary biology and behavioral 
ecology because of their peculiar sexual system (Baeza and 
Bauer, 2004; Baeza, 2006, 2007a, 2007b, 2007c). In spite 
of the increasing knowledge regarding the behavior and 
ecology of several species of Lysm ata, the evolutionary 
origins of PSH in the genus rem ain uncertain. A lthough 
recent studies have show n th a t the variety of lifestyles 
of Lysm ata  is greater than  originally recognized (Baeza, 
2008b; Baeza and Anker, 2008; Baeza et ah, 2008), an 
emerging dichotom y in social organization and ecology 
was noted  in initial studies. One group of species (named 
“ C row d” species by Bauer, 2000) was described as inhab
iting w arm  subtropical environm ents, occurring as dense 
aggregations in their refuges, and exhibiting no specialized 
fish-cleaning behavior (i.e., L. californica: Bauer and N ew 
m an, 2004; L. w urdem anni: Baeza, 2006). A second group 
(nam ed “P air” species by Bauer, 2000) was described as 
mostly tropical, occurring at low  densities in the subtidal, 
and dwelling as socially m onogam ous pairs on sea anem o
nes used as spots for fish-cleaning activities (i.e., L. grab
ham i: W irtz, 1997; L. am boinensis: Fiedler, 1998). Based 
on this initial dichotomy, Bauer (2000) proposed th a t PSH 
evolved in the tropics from  an ancestral symbiotic p ro 
tandric species of Lysm ata  th a t became a specialized fish 
cleaner. Restricted m obility of individuals resulting from  
their association w ith the host and, hence, reduced p ro b 
ability of encountering m ating partners w ould have fa
vored PSH (also see Bauer, 2006). U nder such a scenario, 
the “ C row d” w arm  tem perate species th a t do no t exhibit 
specialized cleaning behaviors w ould have evolved from  
tropical species w ith specialized cleaning behaviors and 
m ore com plex m ating systems (Bauer, 2006). A recent 
phylogeny developed for the genus found no support for 
Bauer’s hypothesis because socially m onogam ous species
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presented a m ore derived position than  gregarious species 
(Baeza et ah, 2009). However, no form al testing of Bauer’s 
ideas was conducted. C urrent advances in ancestral char
acter state reconstruction using Bayesian inference (Pagei 
et ah, 2004) m ake it possible to  test w hether the ancestral 
Lysm ata  featured a symbiotic lifestyle and a socially m o
nogam ous m ating system, as proposed by Bauer (2000).

H ere, I provide evidence th a t PSH is a fixed tra it 
w ith in  the genus Lysm ata  (including E xhippolysm ata), 
as suspected by previous studies (see Bauer, 2000; Baeza, 
2008b; Baeza and  Anker, 2008; Baeza et ah, 2008). 
For this purpose, I exam ined the sexual system of tw o 
shrim ps from  the genus, L. galapagensis Schmitt, 1924 
and L. boggessi Rhyne and Lin, 2006 , using an a to m i
cal observations and  lab o ra to ry  experim ents. I also ex
am ined specim ens from  an o th er nine species deposited 
at the N a tio n a l M useum  of N a tu ra l H isto ry  (N M N H ), 
W ashington, D .C . The info rm ation  altogether strongly 
suggests th a t PSH is a conserved tra it w ith in  the genus 
Lysm ata . M y second goal was to  exam ine B auer’s (2000) 
hypothesis regarding the evolution of PSH in Lysm ata. 
I tested w hether the ancestral Lysm ata  was socially m o 
nogam ous (1) and  strictly sym biotic w ith, for exam ple, 
sea anem ones (2), as p roposed  by this author. To accom 
plish this second goal, a review of the literature  on the 
socioecology of Lysm ata  was conducted . N ex t, the life
style of shrim ps was m apped on to  the phylogeny of the 
genus, and the likelihood of specific tra its to  occur a t 
particu la r ancestral nodes in the phylogeny was tested.

M ETHODS

C ollection  a nd  M aintenance o f  S hrimps

Individuals from  the tw o studied species were collected 
between February and August, 2006, a t different localities 
in Panam a and Florida, USA. Individuals from  L. boggessi 
were collected at night during low  tides from  seagrass beds 
a tM ad ela in eK ey  (27°38 '51 .87"N , 82°42 '56 .50"W ), Fort 
De Soto N ational Park, Florida. Specimens from  L. gala
pagensis were collected from  Isias Secas (7°58 '37 .54 ''N , 
82°02 '18 .02 ''W ), G ulf of Chiriqui, Panam a. Im m edi
ately after collection, specimens were transported  to  the 
R/V U rraca and then to  the N aos M arine Laboratories, 
Panam a (L. galapaguensis) or directly to  the Sm ithsonian 
M arine Research Station at Fort Pierce, Florida (L. bog
gessi). Individuals were m aintained in 15-70 L aquaria at 
a w ater tem perature of 22°-33°C  and 3 4 -3 6  pp t salinity 
and were fed every other day w ith shrim p pellets before 
being selected for dissections or experim ents.

D issections

Observations on reproductive anatom y were con
ducted as in Baeza (2008b) in a total of six specimens of 
each species, three presumptive males (3.6-3.8 and 4 .0 -4 .6  
m m  carapace length [CL] in Lysm ata galapagensis and L. 
boggessi, respectively) and three presumptive herm aphro
dites tha t were brooding embryos (4.4-5.1 and 6 .5-5 .6  mm 
CL in Lysm ata galapagensis and L. boggessi, respectively). 
First, the presence or absence of male gonopores on the 
coxae of the fifth pereiopods was recorded for each indi
vidual. Individuals w ith male gonopores (all) had  sperm 
collected from  the ejaculatory ducts using short electric 
shocks th a t results in the ejection of a sperm atophore (as 
noted in Baeza, 2006, 2007c). Each individual was then 
dissected to  ex tract the gonad for exam ination under the 
stereom icroscope. Finally, the first and second pleopods 
were dissected and the presence or absence of appendi
ces internae and m asculinae, respectively, were recorded. 
Specimens were defined as males or herm aphrodites by the 
presence (males) or absence (herm aphrodites) of coupling 
hooks (cincinnuli) and appendices m asculinae on the en- 
dopods of the first and second pleopods, respectively (see 
Baeza, 2007c, 2008b).

Experiments

T hree experim ents, as described in Baeza et al. 
(2008) and  Baeza (2008b), w ere conducted  to  determ ine 
the sexual system of the three species under study. In 
sum m ary, the different experim ents determ ined w hether 
(1) brooding shrim ps (reproducing as females) were capa
ble of mating as males, (2) brooding shrimps were capable of 
self-fertilization, and (3) males were capable of becoming 
herm aphrodites w ith time (see Results). In the first experi
m ent (n = 5), pairs of brooding shrim ps were m aintained 
in 21 L aquaria. In the second experim ent, five brooding 
shrim p were each m aintained alone. In the th ird  experi
m ent (n =  5), pairs of males (small nonbrooding shrimp 
w ith no externally visible female gonads and visible cin
cinnuli and appendices masculinae) were m aintained 
separately in 21 L aquaria for at least 50 days. Individu
als were exam ined daily for hatching of the embryos, the 
presence of exuvia from  m olting, developm ent of m ature 
oocytes in the gonad (visible through the carapace), and 
spaw ning of a new batch of eggs. The developm ent of any 
newly spaw ned embryos was exam ined in detail after four 
days of spawning.

Following the rationale developed by Baeza et al. 
(2008), if in the first experim ent ovigerous shrim ps tha t
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paired together produced norm ally developing broods, 
then it was inferred th a t either the other ovigerous shrimp 
in the aquarium  acted as a male to  insem inate its partner, 
or tha t the shrimp was capable of self-fertilization. If in the 
second experim ent shrimps in isolation failed to success
fully produce and brood developing eggs, then the possibil
ity of self-fertilization was eliminated. If in the th ird  experi
m ent individuals identified as males at the beginning of the 
experim ent developed the ovarian portion  of the ovotestis 
and produced eggs, then I inferred tha t male shrimps m a
ture as herm aphrodites (see Baeza et ah, 2008).

Population  Structure, S ex Ra tio , and  A bundance

Inform ation on the abundance, population  structure, 
and sex ratio  (males to  herm aphrodites) of each species 
was collected from  the field. The carapace length (CL) and 
num ber of shrim ps of each sexual phase and each species 
captured during the different samplings were recorded. 
The sam pling effort (total num ber of hours spent collect
ing shrimps) was calculated for each sam pling event. Rela
tive abundance of shrim ps was estim ated by dividing the 
sample abundance (num ber of shrim ps captured) by the 
sam pling effort.

M useum S pecimens

Specimens from  nine different species of Lysm ata  de
posited at the Collection of C rustaceans, N ational M u 
seum of N atu ra l H istory  (N M N H ; Sm ithsonian Institu 
tion, W ashington, D .C.) were exam ined. Dissection of 
specimens pertaining to  the collection was no t possible be
cause only a few individuals were available from  several of 
the exam ined species and m any of the specimens were p art 
of the type series used to describe the species. Therefore, 
the identification of males and herm aphrodites was m ostly 
based on external m orphological characters (see forego
ing). W hen identifying sexual phases, particular attention 
was given to  the presence of male gonopores at the base 
of the coxae of the fifth pair of pereiopods in brooding 
shrim ps as a likely indicator of sim ultaneous herm aphro
ditism  (see Results).

T esting the H istorical C o n t in g en c y  H ypothesis

To examine w hether the historical contingency hy
pothesis proposed by Bauer (2000) appropriately  explains 
the origins of PSH in shrim ps from  the genus Lysm ata, the 
lifestyle (in term s of the propensity to  develop symbiotic 
partnerships and natu ral group size) was reconstructed

using BayesTraits (Pagei and M eade, 2006; available at 
w w w .evolution.rdg.ac.uk).

A pruned set of sequences (from the 16S m itochondrial 
gene) recently published by Baeza et al. (2009) was used to 
generate a phylogenetic hypothesis for the group on which 
to  reconstruct the evolution of lifestyles in shrimps. The 
sequences pertained to  20 species of Lysm ata  and E xhip
polysm ata  plus 3 other species (M erguia rhizophorae, Elip- 
polyte  williamsi, and H . inermis) used to  ro o t the trees 
during the initial phylogenetic analysis. The set o f aligned 
sequences was first im ported to  BayesPhylogenies (Pagei 
et ah, 2004) to  obtain a Bayesian posterior d istribution 
of phylogenetic trees. M etropolis coup led-M arkov  cha in - 
M onte Carlo analyses were conducted using a GTR + I 
(invariant) +  G (gamma) model of nucleotide substitu
tion. The analysis was run  on tw o different sim ultaneous 
chains. A total of 6 ,000,000 iterations were conducted, 
and sampling was perform ed every 100th tree. The last
1,000 posterior probability trees generated by BayesPhy
logenies were then im ported to BayesTraits. The subm od
ule M ultiState in BayesTraits uses M arkov chain M onte 
Carlo (M CM C) m ethods to  infer values of traits (that 
adopt a finite num ber of discrete states) at ancestral nodes 
of phylogenies. Additionally, this m ethod permits testing 
for particular ancestral characters at specific nodes taking 
phylogenetic uncertainty into account (Pagei et ah, 2004).

The tw o traits here analyzed have three states each. 
For group size, the states were (1) aggregations (includ
ing swarm s), (2) small groups, and (3) pair-living (social 
m onogam y). The three character states used for describ
ing the sym biotic propensity of different shrim p species 
were (1) free-living, (2) facultative associate (with differ
ent m oray eel species, such as L. californica and L. seti
caudata; w ith  sea anem ones, such as L. ankeri), and (3) 
strictly sym biotic w ith either sponges (e.g., L. pederseni) 
or sea anem ones (L. amboinensis, L . grabhami). Inform a
tion  on the lifestyle of each species was obtained by direct 
observation of shrim ps in nature (personal observations), 
from  the literature (see literature review), or from  both 
sources.

D uring the analysis, a reversible-jump M C M C  search 
was used w ith tw o independent chains tha t were run  for 
6 ,000,000 iterations w ith a burn-in of 50,000. I choose 
the prior d istribution of the param eters in the model w ith 
the option H yperprior (see Pagei et ah, 2004), seeding an 
exponential d istribution  from  uniform  on the interval 0.0 
to  30 and a rate deviation of 18. These values were se
lected considering prelim inary runs and were used to  keep 
the acceptance rate at approxim ately 0.3, as recom m ended 
by Pagei et al. (2004). C haracter states a t internal nodes

http://www.evolution.rdg.ac.uk
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were reconstructed using the m ost recent com m on ances
to r m ethod. I tested hypotheses abou t particu lar character 
states at specific nodes w hen com paring the M C M C  run- 
in w hich the node was “ fossilized” (constrained) to  one 
state versus an alternative. The com m and Fossil allows 
testing w hether a particular state is “ significantly” m ore 
likely at a specific node than  an alternative state. For each 
tested character, the same set of conditions (prior d istri
bution, burn-in) as used in the ancestral character state 
reconstructions already described were used. However, the 
M C M C  was run  5 times for each tra it state tested, and 
a to tal of 100,000,000 iterations were conducted. Bayes 
factors were calculated as the difference between the high
est harm onic m ean of the m arginal likelihood from  the 
five M C M C  runs for each state (Pagei et ah, 2004). The 
strength of support for one m odel over another was m ea
sured using the scale from  Kass and Raftery (1995).

RESULTS

D issections

Dissections dem onstrated th a t all shrim ps (brooding 
or nonbrooding) from  the tw o species had  male gonopores 
at the coxae of the fifth pair of pereiopods (Figure 1A). 
Female gonopores at the coxae of the th ird  pair of pe
reiopods were m ore difficult to  reliably observe. From  all 
shrim ps (brooding or nonbrooding), sperm  cells shaped in 
the form  of an inverted um brella were retrieved from  the 
male gonopores by electroshocks (Figure 1A,B). Dissec
tions of the gonads from  small shrim ps no t brooding em 
bryos (presum ptive males) dem onstrated the presence of 
an ovotestes (Figure 1C) w ith an undeveloped anterior fe
male portion  full of im m ature oocytes (lacking coloration) 
(Figure ID ) and a posterior m ale gonad containing sperm 
cells w ith the same m orphology as the sperm  retrieved 
from  the gonopores (see Figure IB). G onads dissected from  
brooding (presum ptive herm aphrodites) shrim ps also had 
ovotestes, but w ith a large ovarian portion  full of m ature 
oocytes and a relatively small posterior testicular portion  
w ith sperm  (Figure IE). In both  brooding and non b ro o d 
ing shrim ps, vas deferentia and oviducts extended later
ally from  the testicular and ovarian portions, respectively 
(Figure 1C,E).

Shrimps brooding embryos invariably lacked cincin- 
nuli and appendices masculinae in the endopod of the first 
and second pereiopods, respectively. In contrast, appendi
ces masculinae bearing relatively long spines and num erous 
cincinnuli were observed in the second and first pleopods, 
respectively, of nonbrooding shrimps (Figure 1F-H ). Some

m inor differences between the tw o species were noticed 
regarding the relative length and num ber of spines borne 
by the appendix  m asculinae; in L. boggessi, the spines 
were m ore num erous and longer than  those of L. gala
pagensis (Figure 1G,H). Overall, all the anatom ical dif
ferences observed between brooding and nonbrooding 
shrim ps indicate th a t the populations of all the Lysm ata  
species studied herein are indeed com posed of males and 
herm aphrodites.

Experiments

W hen tw o b rooding  individuals (presum ed her
m aphrodites) w ere paired , all individuals in the tw o 
species exam ined successfully hatched  their em bryos as 
larvae, m olted , and spaw ned a new  batch  of oocytes 
below  the abdom en. The oocytes rem ained attached  to 
the p leopods and  show ed em bryonic developm ent as em 
bryos (i.e., early blastu lae form ation) after three days. 
This em bryological developm ent suggests the ability of 
the o ther herm aphrodites in the same aquarium  to  re
produce as males or, alternatively, the possibility  of self- 
ing by the herm aphrodites acting as females. However, 
none of the 10 herm aphrodites (5 of each species) m ain 
ta ined  in iso lation from  conspecifics successfully reared  
their em bryos to  larvae. These solitary shrim ps m olted 
and  spaw ned oocytes to  beneath  the abdom en. However, 
the oocytes invariably disappeared from  the pleopods 
w ith in  a few days after spaw ning. O verall, the observa
tions from  these first tw o experim ents strongly suggest 
th a t b rooding  herm aphrodites do no t have the capability  
of self-fertilization. T herefore, b rooding  shrim ps (her
m aphrodites) m ain tained  in pairs indeed acted as males 
and  fertilized eggs w hen their partners m olted  and  rep ro 
duced as females.

In the experim ent conducted to  determ ine w hether 
males m ature as herm aphrodites later in life, all six males 
of L. galapagensis tu rned  into sim ultaneous herm aphro
dites w ithin four m onths. M ales showed signs of ovarian 
m atu ra tion  during interm olt periods. W hen the gonad was 
full of large green (vitellogenic) oocytes, the male shrimps 
m olted into herm aphrodites. M ost probably, these shrimps 
m ated as females shortly after m olting for the first time in 
their lifetime because the spaw ned embryos beneath the 
abdom en were observed developing norm ally several days 
after spawning.

In contrast to  L. galapagensis, all six male shrimps 
from  L. boggessi died of unknow n reasons w ithin the 
first m onth  of the experim ent. However, observations on 
three males of L. boggessi in the m aintenance aquaria
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indicated th a t they tu rn  into herm aphrodites before four 
m onths. This change of sexual phase was accom plished 
after a single m onth , as observed in L galapagensis. Thus, 
it may be concluded th a t L . galapagensis and L . boggessi 
are p ro tandric  sim ultaneous herm aphrodites, incapable of 
self-fertilization.

Population  Structure, S ex Ratio , and  A bundance

A bundances of L. galapagensis and  L. boggessi a t 
the different sam pling locations w ere high and  low, w ith 
a m ean of 2.79 and  0 .317  individuals collected per m in
ute per sam pling period, respectively. In the tw o species, 
popu la tion  was biased to w ard  m ales. The ra tio  of males 
to  to ta l shrim ps collected during the sam pling period  was 
0 .024  and  0 .16 for L. galapagensis and L. boggessi, re 
spectively. The range of body size registered for males 
varied from  1.9 to  3.8 and  from  3.13 to  5.75 m m  CT in 
L. galapagensis and  L. boggessi, respectively. H erm ap h 
rodites ranged in size betw een 4.1 and 5.1 and  5.63 and 
6.5 m m  CT in L. galapagensis and  L. boggessi, respec
tively (Figure 2).

M useum  S pecimens

A variable num ber of specimens from  L. anchisteus, L . 
argentopunctata, L . chica, L . kuekenthali, L . m oorei, L . 
philippinensis, L . rathbunae, L . trisetacea, and L. vittata  
were available a t the N M N H . Small shrim ps in each spe
cies appear to  be males as they have cincinnuli and ap 
pendices m asculinae in the second and  first pleopod, re 
spectively. In tu rn , shrim ps brooding em bryos (the great

FIGURE 1. ( facing page) Lysmata galapagensis and Lysmata bog
gessi: anatomical and morphological differences between males and 
hermaphrodites. A, spermatophore (arrow) retrieved from gono- 
pores of hermaphrodite (L. boggessi); B, sperm from male (L. gala
pagensis); C, ovotestes from male (anterior female and male portions 
on top and bottom, respectively; arrow points at left vas deferentia) 
(L. galapagensis); D, close-up of female gonad portion in male (arrow 
points at immature oocyte) (L. boggessi); E, ovotestes from dissected 
hermaphrodite (anterior female and male portions on the top and 
bottom, respectively; top and bottom arrows point at right oviduct 
and left vas deferentia, respectively) (L. galapagensis); F, endopod of 
first pleopod in male (arrow points at cincinulli) (L. galapagensis); 
G, endopod of second pleopod in male (arrow points at appendix 
masculina) (L. galapagensis); H, endopod of second pleopod in male 
(arrow points at appendix masculina) (L. boggessi).

m ajority  of them  above average size) invariably lacked 
cincinnuli and appendices m asculinae in the endopod of 
the first and second pereiopods, respectively. This last ob 
servation suggests they were herm aphrodites. It was no t 
possible to  detect transitional individuals in these species 
because no dissections were possible and  gonad condi
tion  was no t easily observed. The carapace of form alde
hyde- and alcohol-fixed specimens is no t translucent as it 
is in living or recently preserved specimens. Also, shrim ps 
less th an  3.0 m m  CT were no t sexed because of the risk 
of inflicting dam age. For all species exam ined except L. 
anchisteus, L . argentopunctata, and  L. philippinensis, 
a relatively large sam ple of specimens was available. 
The size-frequency d istribu tion  of the different species 
strongly resem bled th a t o f the tw o species studied above, 
w ith  small shrim ps resem bling males and large shrim ps 
resem bling herm aphrodites (Figure 3). O bservations of 
the coxae of the fifth pair o f pereiopods of the largest 
brooding  shrim ps in each species dem onstrated  the pres
ence of m ale gonopores. O verall, the d istribution  of the 
sexes across size classes and the lim ited observations on 
the external m ale and female anatom y suggest th a t all 
these o ther Lysm ata  shrim ps are p ro tand ric  sim ultaneous 
herm aphrodites.

Literature Review

The literature review of the 41 species of Lysm ata  (in
cluding E xhippolysm ata) described to  date revealed tha t 
the geographic and bathym etric d istribution, coloration, 
and hab ita t of these species are relatively well know n. 
Shrimps from  the genus Lysm ata  occur in tropical, sub
tropical, and tem perate w aters around  the w orld  and can 
be found am ong rocks or fossilized coral, live coral, sea- 
grass blades, on m uddy and shell bottom s, or associated 
w ith sponges or sea anem ones in the in tertidal or subtidal 
to  360 m  depth. M ost species have an inconspicuous color
ation (red striped, translucent reddish w ith reddish flagella 
on both  pairs of antenna). O nly 4 species are reported  as 
featuring a striking color pa ttern  (contrasting body colors, 
bright white flagella on both  antenna). This dichotom y in 
co loration was previously noticed by Bauer (2000). Lys
m ata splendida, one of the 4 species w ith a brilliant color
ation, m ost probably  is a cleaner shrim p. However, n o th 
ing is know n about its reaction to  fish and its propensity 
to  clean them . Similarly, inform ation regarding the degree 
o f specialization of the cleaning behavior is unknow n for 
m ost of the species (Table 1).

In fo rm ation  on the socioecology and  sexual system 
is, in  general, poorly  know n. In fo rm ation  on lifestyle
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□  Male □  Transitional Hermaphrodite

L. galapagensis

L. boggessi

Size (CL, mm)

FIGURE 2. Lysmata galapagensis and L. boggessi population struc
ture (n = 178 and 22 shrimps, respectively, from L. galapagensis and 
L. boggessi; CL = carapace length).

(socioecological a ttributes) is available only for 18 of the 
41 described species. O f these, 7 species live in crow ds 
(aggregations), 7 species live in small groups, 3 species 
live in pairs (i.e., they are socially m onogam ous), and 1 
species is reported  as living in extrem ely large aggrega
tions (in sw arm s; E xhippo lysm ata  oplophoroides). D em 
o nstra tion  of PSH using a com bination  of experim ental, 
m orphological, and  anatom ical findings and  popu la tion  
structure  is available for 12 species. A strong indication 
of PSH exists for ano ther 10 species. A lthough the in 
fo rm ation  is incom plete (PSH has been repo rted  for a 
to ta l of 22 species, or 54%  of the described species), this 
review  clearly dem onstrates th a t the lifestyle and socio
ecology of shrim ps from  this genus are m ore com plex 
th an  originally th ough t and  fu rther confirm s the idea 
th a t PSH is a fixed tra it in the genus Lysm ata  (including 
E xhippo lysm ata  ).

T esting the H istorical C o n t in g en c y  H ypothesis

The 50%  m ajority-rule consensus tree obtained dur
ing the initial phylogenetic analysis confirms the existence 
of the three natu ral clades (tropical-Am erican, cosm opoli
tan , and cleaner) noticed previously by Baeza et al. (2009). 
However, one im portan t difference between the present 
consensus tree and th a t previously published is th a t L. 
olavoi is no t supported  as the m ost basal species w ithin 
the genus. This difference between trees m ight (1) be an ef
fect o f the different set o f species used for the phylogenetic 
analysis or (2) perhaps have occurred because the differ
ent softw are program s used for phylogenetic inference 
function w ith different algorithm s. O n the other hand, the 
m onophyly of Lysm ata  is well supported in this new  tree, 
w ith a 100%  posterior probability  (Figure 4; Baeza et ah, 
2009: fig. 1).

The lifestyle of shrim ps m apped  on to  the consensus 
tree ind icated  th a t the m ost recent com m on ancestor of 
the species perta in ing  to  the neo trop ica l and  cosm opoli
tan  clades was gregarious. In co n trast, the  ancestor of 
the species com prising  the cleaner clade m ost p robab ly  
w as socially m onogam ous (see Figure 4). O n average, 
the node of the m ost com m on recent ancestor of all L ys
m ata  species is reconstructed  to  be in state 2 (social m o 
nogam y) w ith  80%  of certainty. The degree of certa in ty  
varied  from  tree to  tree bu t was generally high, as ind i
cated  by the low  stan d ard  deviation  of this value (SD 
=  0 .03, calcu lated  from  2 ,000 ,000  ite ra tions using 1 of
1,000 random ly  sam pled poste rio r p robab ility  d is trib u 
tion  trees a t each ite ra tion ). The largest harm onic log- 
likelihood ob ta ined  from  five independent runs w hen the 
node was fossilized to  sta te  0 and  2 was -2 2 .3 0 9 5 0 7  
and  -2 0 .8 6 5 2 3 7 , respectively. The alm ost three log-unit 
im provem ent in likelihood (Bayes factor =  2 .89) of the 
m odel w hen the node w as fossilized to  state 2 represents 
evidence th a t the ancestral lifestyle of Lysm ata was so
cial m onogam y.

W ith  regard  to  the propensity  for developing sym bi
otic in terrelationsh ips, the reconstructions suggest th a t 
the ancestor of the neotrop ica l and  cosm opolitan  clades 
m ost p robab ly  had  a free-living lifestyle and did no t de
velop any sym biotic p a rtnersh ip  w ith  o ther m acro inver
teb ra tes. It should  be no ticed  th a t the degree of certa in ty  
of these tw o inferences is relatively low, as ind icated  by 
the large s tan d ard  deviations of the d istribu tion  of the 
charac ter (see Figure 4). Also, the reconstructions ind i
cate th a t, w ith  a p robab ility  of 0 .46  ±  0 .20  or 0.41 ± 
0 .18 , either facultative partnersh ips or strict sym biosis,
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□  Male Hermaphrodite

L. trisetac

CO
Q -

E

CO

CD

L. chi

L. moo

L. vitta

12

0

L. rathbun

L. kuekenth

12

Size (CL, mm)
FIGURE 3. Lysmata spp. Population structure of selected species from the National Museum of Natural His
tory (n = 71, 56,22, 31, 70, and 57 shrimps from L. trisetacea, L. moorei, L. cfoaz, L. rathbunae, L. vittata, 
and L. kuekenthali, respectively).

respectively, w as the ancestral state of the genus Lys- 
m ata. The im provem ent in the likelihood of the m odel 
(Bayes facto r = 1.51) w hen the node w as fossilized to  
state 2 (strict symbiosis) w as low  com pared  to  w hen the 
node w as fossilized to  state 0 (free-living). Therefore, 
there is no evidence indicating  th a t sym biosis is signifi

cantly  m ore likely th an  a free-living lifestyle in the an 
cestral Lysm ata.

Overall, the present ancestral character state recon
struction provides partial support for Bauer’s (2000) hy
pothesis abou t the evolution of PSH in shrim ps from  the 
genus Lysmata.
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DISCU SSIO N

The present study suggests th a t the sexual system in 
shrim ps from  the genus Lysm ata  (including E xhippolys
mata) represents a fixed tra it. A natom ical observations, 
behavioral experim ents, and field samples dem onstrated 
th a t the 2 species studied here are p ro tandric  sim ultane
ous herm aphrodites, as reported  for all o ther Lysm ata  spe
cies (Table 1). Size-frequency distributions and additional 
but lim ited anatom ical observations of m useum  specimens 
further suggest th a t at least 9 o ther species are protandric 
sim ultaneous herm aphrodites. Including the inform ation 
generated in the present study, PSH has been reported  for 
a to tal of 22 species, or 54%  of the 41 species described 
w orldw ide.

The well-conserved sexual system in Lysm ata  con
trasts w ith tha t reported  for o ther genera from  the closely 
related family H ippolytidae. For instance, tw o different 
genera of H ippolytidae shrimps, Thor  and H ippolyte, are 
know n to contain  both  gonochoric and strict sequentially 
herm aphroditic species (Espinosa-Fuenzalida et ah, 2008, 
and references therein). The reasons for PSH to be fixed 
in Lysm ata  are no t clear, especially w hen considering 
the diversity of environm ents inhabited by these species 
(see Table 1). D ifferent habitats w ith varying degrees of 
structural complexity, seasonality, and predation  regimes 
should favor different sexual systems. For instance, the 
ra ther heterogeneous environm ent (i.e., seagrass beds, sea
weed m eadows) in which the gregarious L. boggessi and 
L. w urdem anni occur is expected to  favor sequential her
m aphroditism  over PSH. In these com plex environm ents, 
male m ating success m ost likely decreases w ith increasing 
body size because small body size is expected to  increase 
searching ability and, ultimately, male m ating success 
w hen encounter rate am ong conspecifics is high (Baeza 
and Thiel, 2007). This small-male advantage together 
w ith the w ell-reported exponential relationship between 
fecundity and body size in female shrim ps is expected to 
favor strict p ro tandry  over sim ultaneous herm aphroditism  
in these species (Charnov, 1982).

O n the o ther hand, herm aphroditic  shrim ps are know n 
to experience brooding constraints (e.g., L. wurdemanni-, 
Baeza, 2007c), a condition th a t theoretically favors sim ul
taneous herm aphroditism  (see Charnov, 1982, and refer
ences therein). Similarly, in socially m onogam ous Lysm ata  
(e.g., L. grabhami-, W irtz, 1997), infrequent encounter 
rates am ong conspecifics should be favoring strict sim ulta
neous herm aphroditism  over PSH. It should pay (in term  
of fitness) for each individual in a pair to  reproduce both 
as male and female as soon as possible during their life

tim e because this strategy increases reproductive success 
th rough bo th  sperm  donation  to  the partner and female 
reproduction. Thus, an early male phase in these socially 
m onogam ous species should no t be adaptive. O n the other 
hand, differing costs between the sex functions m ight ex
plain the existence of an early male phase before the si
m ultaneously herm aphroditic phase in these m onogam ous 
species. The relatively large energetic and tem poral costs 
of producing ova m ight delay m atu ration  of the female 
function, resulting in a functional adolescent male phase 
previous to  the sim ultaneously herm aphroditic phase (see 
Baeza, 2006). A dditional studies in gregarious and socially 
m onogam ous cleaner shrim p species should im prove our 
understanding about the conditions favoring PSH under a 
social m onogam ous m ating system in Lysm ata.

The literature review conducted herein indicates tha t 
the diversity of lifestyles in the genus is greater than  p re
viously recognized. Initial studies reported  a d istribution 
for the genus restricted to  tropical-subtropical w aters. 
The present review suggests th a t shrim ps also inhabit cold 
tem perate environm ents. Lysm ata porteri is reported  from  
southern  Chile, and L. m orelandi inhabits N ew  Zealand 
(see Table 1). Because E xhippolysm ata  spp. represents a 
derived group of Lysm ata, the deep w ater environm ent 
represents another environm ent colonized by the species 
in this group (see Baeza et ah, 2009). Also, the dichotom y 
in social organization (“ C row d” versus “P air” species) 
noted in initial studies (Bauer, 2000) is no t supported. In 
addition  to  tropical pair-living and tem perate gregarious 
species, the present review indicates other species forming 
swarms (extremely large aggregations) in temperate deep 
w ater soft-bottom  environments (i.e., E. oplophoroides) or 
living in small groups in the tropical or subtropical intertidal 
that might or not associate w ith sea anemones (L. ankeri-, 
Table 1). The possibility of an adaptive rad iation  in this 
group of shrim ps is currently being explored. The ra ther 
unusual sex allocation pattern  of this shrim ps m ight repre
sent the key innovation allowing species in these tw o gen
era to  colonize and persist in environm ents w here species 
w ith conventional sexual systems m ight fail.

The ancestral character state reconstruction analysis 
conducted in this study provides partial support for Bau
er’s (2000) hypothesis about the evolution of PSH in Lys
mata. The analysis suggested th a t the ancestral Lysm ata  
shrim p lived as socially m onogam ous pairs either faculta
tively associated to  o ther m acroinvertebrates or featuring 
a strictly symbiotic lifestyle (with sea anem ones, for exam 
ple). The free-living condition of several species pertaining 
to  the cosm opolitan and neotropical clades is likely to  be 
derived according to the present analysis. PSH m ight have
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evolved in the tropics from  an ancestral pro tandric  species 
of Lysm ata  th a t became a specialized fish cleaner, as sug
gested by Bauer (2000). Restricted m obility of individuals 
resulting from  their association w ith the host, and, hence, 
the reduced probability  of encountering m ating partners, 
w ould have favored PSH (Bauer, 2000) (see foregoing for 
further details abou t this hypothesis). Nonetheless, the in 
ferences abou t ancestral character states from  the present 
analysis need to  be considered w ith caution. Indeed, the 
present analysis did no t support an ancestral symbiotic 
condition as significantly m ore likely than  a free-living 
condition. Also, several internal nodes in the phylogenetic 
tree were no t well supported by the Bayesian analysis of 
phylogenetic inference (see Baeza et ah, 2009). This low  
support for internal nodes, together w ith the breadth  of 
the posterior distributions of the character inferred for 
these nodes, means th a t o ther alternative routes to  the 
evolution and m aintenance of this peculiar sexual system 
in Lysm ata  cannot be ruled out.

A m ong alternative historical scenarios (to th a t p ro 
posed by Bauer, 2000), PSH m ight well have evolved 
from  a strict sim ultaneous herm aphrod ite  or even from  
a strict gonochoric free-living ancestor inhabiting  tro p i
cal environm ents. The evolution of PSH from  an ances
tra l strictly sim ultaneous herm aphrod itic  cond ition  has 
been reported  previously for the w orm  O phryotrocha  d i
adem a, one of the few other m arine invertebrates in w hich 
PSH has been dem onstrated  (D ahlgren et ah, 2001). A ct
ing together w ith the conditions favoring sim ultaneous 
herm aphroditism  (i.e., low  abundance), sex-dependent 
energetic costs m ight have favored an early m atu ra tion  
of the m ale reproductive function com pared to  th a t of 
the female function in the ancestral free-living shrim p (re
gardless of its sexual system), ultim ately resulting in the 
evolution of PSH as we observe it today in Lysm ata  (and 
E xhippolysm ata). Similarly, brooding constrain ts experi
enced by herm aphroditic  shrim ps m ight have favored the 
re ten tion  of the male function later in life. If the space 
for brooding em bryos in the abdom en becomes saturated , 
allocation of energy to  sperm  production  is expected to 
m axim ize fitness. This argum ent is sim ilar to  th a t o f Ghis- 
elin (1987) to  explain apparen t protogynous sim ultane
ous herm aphroditism  in chitons. In some species of poly- 
p lacophorans, individuals b rood  eggs along the side of 
the body. Early in life, they reproduce strictly as females 
until they reach a size at w hich the space in w hich they 
b rood  is saturated . At th a t point, the same individuals 
start producing sperm  while they are brooding. Brooding 
constrain ts have been previously reported  for a t least one

species of Lysm ata (L. wurdemanni-, Baeza, 2006). N ew  
studies are needed to  confirm  w hether b rood  constraints 
are com m on in the genus.

In the scenarios depicted here, we should  expect 
th a t, in a phylogeny of the group , “ tro p ica l-lo w  ab u n 
dan ce” species w ould  have a m ore basal position  th an  
the “P a ir” and  “ C ro w d ” species (“P a ir” and  “ C ro w d ” 
sensu Bauer, 2000). The ra th e r com plex m ating  system 
(social m onogam y) and  specialized fish-cleaning behav
ior of the “P a ir” species m ost p robab ly  evolved from  
“ tro p ica l- lo w  ab u n d an ce” species w ith o u t com plex 
cleaning behavior and  w ith  ra th e r simple m ating  systems 
(i.e., w ith o u t long-lasting associations betw een m ating 
p artners), as appears to  be the case for m ost shrim ps 
from  the closely rela ted  fam ily H ippo ly tidae . The un re
solved position  of the d ifferent n a tu ra l clades w ith  re 
spect to  each o ther in the cu rren t phylogeny (see also 
Baeza et ah, 2009) constra in  testing this last hypothesis 
against B auer’s (2000) ideas. F u ture  studies a ttem p t
ing to  resolve the n a tu ra l re la tionsh ips am ong species 
of Lysm ata , E xh ippo lysm a ta , and  o ther re la ted  taxa  to 
gether w ith  the detailed  exam ination  of the ir sexual sys
tem  should  allow  explain ing the origin of sim ultaneous 
h erm aphrod itism  in shrim ps from  the genus Lysm ata.

East, it is w o rth  m ention ing  one of the m ain  assum p
tions of the p resen t analysis. PSH was trea ted  as a sin
gular innovation  only orig inating  in the genus Lysm ata  
(w hich contains E xhippo lysm ata), as initially  suggested 
by Bauer (2000). To the best of my know ledge, shrim ps 
from  the genus M erguia, apparen tly  the sister group 
to  L ysm ata , seem to have a gonochoric  sexual system. 
H ow ever, this observation  needs experim ental confirm a
tion . M ost im portan tly , fu ture studies need to  test for 
the existence of p ro tan d ric  sim ultaneous h e rm ap h ro d it
ism  in m em bers from  o ther closely rela ted  genera (i.e., 
M im ocaris, P arahippolyte, M erguia, M erhippolyte). 
These studies m ight reveal th a t PSH is no t a singularity. 
Indeed, PSH has independently  evolved in the past at 
least four o ther tim es outside the C aridea. In add ition  to  
Lysm ata  shrim ps, PSH has been confirm ed in  the  po ly 
chaete w orm  O phryo trocha  diadem a  (Prem oli and  Sella, 
1995), the land  snail A chatina  fulica  (Tom iyam a, 1996), 
the tun icate  Pyura chilensis (M anriquez and  C astilla, 
2005), and  the sym biotic barnacle  C helonibia patula  
(C risp, 1983). If sim ultaneous herm aphrod itism  turns 
ou t no t to  be a singularity  in shrim ps from  the families 
H ippo ly tidae  and  Lysm atidae, then  it should  be possible 
to  explore the environm ental conditions th a t favor this 
unique sexual system  in shrim ps.
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Reconciling Genetic Lineages with Species 
in Western Atlantic Coryp 
(Teleostei: Gobiidae)

Carole C. Baldwin, Lee
Smith, and Julie H. Mounts

ABSTRACT. Species identification of western Atlantic Coryphopterus can be problem
atic because some of the species are morphologically similar, there is confusing m orpho
logical variation within some species, no taxonomic key includes all currently recognized 
species, and the validity of some species is questionable. The most recently published keys 
do not include Coryphopterus tortugae or C. venezuelae, the validity of which as dis
tinct from C. glaucofraenum  has been questioned. Neighbor-joining trees derived from 
mitochondrial cytochrome c oxidase I (COI) sequences (DNA barcoding) were used to 
determine the number of genetically distinct lineages of Coryphopterus from collections 
made off Belize, Curacao, and Florida. Additional specimens for genetic and m orpho
logical analysis were obtained from Panama, Venezuela, and the Bahamas. Subsequent 
comparative analysis of preserved voucher specimens from which DNA was extracted 
and digital color photographs of those specimens taken before preservation yielded, in 
most cases, sufficient morphological information to separate the genetic lineages. Species 
identification of the lineages was then determined based on review of original and sub
sequent descriptions of Coryphopterus species and examination of museum specimens, 
including some type material. M any museum specimens are misidentified. Twelve species 
of Coryphopterus are herein recognized in the western Atlantic and Caribbean: C. alloi
des, C. dicrus, C. eidolon, C. glaucofraenum, C. hyalinus, C. kuna, C. lipernes, C. per
sonatus, C. punctipectophorus, C. thrix, C. tortugae, and C. venezuelae. Coryphopterus 
bol Victor, 2008 is a synonym of C. venezuelae (Cervigón, 1966). Although genetically 
distinct, C. glaucofraenum  and some specimens of C. venezuelae are extremely similar 
and cannot be separated on the basis of morphology 100% of the time. Comments on 
the identification of each Coryphopterus species and a revised key to western Atlantic 
species are provided.

INTRODUCTION

Carole C. Baldwin, Lee A. Weigt, David G. Smith, 
and Julie H. Mounts, National Museum o f Natural 
History, Smithsonian Institution, P.O. Box 37012, 
Washington, D.C. 20013-7012, USA. Correspond
ing author: C. Balduin (balduinc@si.edu). Received 
13 May 2008; accepted 20 April 2009.

To provide specific identifications of larvae of C aribbean reef fishes at Car
rie Bow Cay, Belize, a small coral-fringed island on the Belizean Barrier Reef 
(16°48 .5 'N , 88°05 'W ), we have been m atching larvae to  adults th rough D N A  
barcoding (m itochondrial cytochrom e c oxidase I [COI] sequences). In addition 
to  greatly increasing our success rate of identifying larvae, D N A  barcoding is 
also providing a m ethod of checking existing species-level classifications by re
vealing the num bers of distinct genetic lineages w ithin genera.

mailto:balduinc@si.edu
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A ttem pts to  identify  Belizean C oryphopterus  spe
cies using the m ost recently  published keys (Böhlke and 
R obins, 1960, 1962; Böhlke and  C haplin , 1968; M urdy, 
2002) proved  p rob lem atic  for certa in  species. N one of 
those keys includes C. tortugae  (Jordan) or C. venezue
lae C ervigón, presum ably  because the validity  of bo th  
species as d istinct from  C. glaucofraenum  Gili has been 
questioned  (e.g., Böhlke and  R obins, 1960; Cervigón, 
1966; T hacker and  Cole, 2002). Longley and H ilde
b ran d  (1941) and  Böhlke and  R obins (1960) consid 
ered C. tortugae  (Jordan; type locality, D ry Tortugas, 
F lorida) a synonym  of C. glaucofraenum  Gili. G arzón- 
Ferreira and  Acero (1990) redescribed C. tortugae  as 
distinct based on new  collections from  the C olom bian 
C aribbean . T hacker and  Cole (2002) acknow ledged the 
la tte r w ork  bu t did n o t recognize C. tortugae  in their 
phylogenetic analysis of C oryphopterus  species. V ictor 
(2008) recognized C. tortugae  as d istinct from  C. g lau
cofraenum  and  identified w hat he considered a cryptic 
new  species w ith in  G arzón-Ferreira and A cero’s (1990) 
C. tortugae , w hich he nam ed C oryphopterus bol. Cer
vigón (1994) elevated C. venezuelae  from  a subspecies 
of C. glaucofraenum  to  a distinct species, bu t it w as no t 
included in M u rd y ’s (2002) key or T hacker and  C ole’s 
(2002) and V ictor’s (2008) m olecular phylogenies of C ory
phopterus  species.

A nother p roblem  w ith  identification  of w estern  C a
ribbean  C oryphopterus  is th a t sta ted  d istribu tions of 
m any species are conflicting, and  som e do no t include 
the w estern  C aribbean . Greenfield and  Johnson  (1999) 
identified nine species of C oryphopterus  from  Belize (all 
of the 12 recognized herein except for C. venezuelae, C. 
punctipectophorus, and the recently  described C. kuna  
(Victor, 2007)). M urdy  (2002) listed only C. alloides, 
C. dicrus, C. g laucofraenum , C. hyalinus, C. lipernes, 
and C. personatus  as having ranges th a t include C entral 
Am erica, w estern  C aribbean , or C aribbean . A search 
for reef-associated  species in Belize in  FishBase (w w w  
.fishbase.org) re tu rned  only C. alloides, C. e idolon, C. 
glaucofraenum , and  C. personatus.

The purposes of this paper are to  assess the num ber 
of valid Coryphopterus species know n from  the western 
A tlantic and to  provide com m ents on the identification 
of, and a revised key to, those species based on results 
of D N A  barcoding, subsequent exam ination of voucher 
specimens and color photographs of them , exam ination 
of m useum  specimens, and reference to  original and other 
descriptions of the species. A neotype for C. glaucofrae
num  is designated because the location of G ill’s (1863) 
holotype is unknow n.

M ETHODS

D epending on the locality, fish specimens were col
lected using the fish anesthetic quinaldine sulfate or ro- 
tenone. Specimens were m easured to  the nearest 0.5 mm, 
pho tographed  w ith a Fujifilm FinePix 3 digital cam era 
to  record color patterns, sam pled for genetic analysis, 
and  then preserved as vouchers. Tissue sam pling for m o
lecular w ork  involved rem oving a muscle biopsy, eye, or 
caudal body p o rtion  (depending on size) and storage in 
sa tu ra ted  salt buffer (Seutin et ah, 1990). Genom ic D N A  
was extracted  from  up to  approxim ately  20 mg m inced 
preserved tissue via an au tom ated  phenokchloroform  
extraction  on the A utogenprep965 (Autogen, H olliston, 
M A) using the m ouse tail tissue p ro tocol w ith  a final 
elution volum e of 50 pX. For polym erase chain reaction 
(PCR), 1 pX of this genomic D N A  is used in a 10 pT  reac
tion  w ith 0.5 U Bioline (BioTine USA, Boston, MA) Taq 
polym erase, 0.4 pT  50 m M  M gC h, 1 pT  lOX buffer, 0.5 
p.T 10 m M  deoxyribonucleotide triphosphate (dNTP), 
and 0.3 pT  10 p.M each prim er FISH-BCT (5'-TCAA- 
CYAATCAYAAAGATATYGGCAC) and FISH-BCH (5 '- 
TAAACTT C A G GGT GAC C AAAAAAT C A). The therm al 
cycler program  for PCR was 1 cycle of 5 m in at 95°C; 35 
cycles of 30 s at 95°C, 30 s a t 52°C, and 45 s at 72°C; 
1 cycle of 5 m in at 72°C; and a hold at 10°C. The PCR 
products were purified w ith Exosap-IT  (USB, Cleveland, 
O H ) using 2 p.T 0.2X  enzyme and incubated for 30 min 
at 37°C. The reaction was then inactivated for 20 m in at 
80°C. Sequencing reactions were perform ed using 1 p.T of 
this purified PCR product in a 10 p.T reaction containing
0.5 p.T primer, 1.75 p.T BigDye buffer, and 0.5 p.T BigDye 
(ABI, Foster City, CA) and run  in the therm al cycler for 
30 cycles of 30 s at 95°C, 30 s a t 50°C, 4 m in at 60°C, 
and then held at 10°C. These sequencing reactions were 
purified using M illipore Sephadex plates (M A H V N -4550; 
M illipore, Billerica, MA) per m anufacturer’s instructions 
and stored dry until analyzed. Sequencing reactions were 
analyzed on an ABI 3730X T autom ated D N A  sequencer, 
and sequence trace files were exported into Sequencher 4 .7  
(GeneCodes, Ann Arbor, M I). Using the Sequencher p ro 
gram , ends were trim m ed from  the raw  sequences until 
the first and last 10 bases contained fewer than  5 base 
calls w ith  a confidence score (phred score) low er than  30. 
After trim m ing, forw ard  and reverse sequences for each 
specimen were assem bled, each assem bled contig was 
exam ined and  edited by hand, and each sequence was 
checked for stop codons. Finally the consensus sequence 
from  each contig was aligned and exported  in a nexus for
m at. N eighbor-joining trees (Saitou and  Nei, 1987) and
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distance m atrices were generated using Paup*4.1 (Swof- 
ford, 2002) on an analysis of Kimura 2-param eter (K2P) 
distances (Kimura, 1980).

MATERIAL

The C oryphopterus  m ateria l exam ined is listed in the 
A ppendix  (Table A .l) . This tab le  includes the voucher 
specim ens represen ted  in the neighbor-jo ining tree (Fig
ure 1), as well as non-voucher specim ens collected as 
p a rt o f this or o ther projects. M ost specim ens exam 
ined genetically for this chap ter are juveniles or adults, 
except those of C. kuna-, th a t species is represen ted  in 
our sam ples only by larvae. For m ost specim ens a n a 
lyzed genetically, a digital co lor p h o to g rap h  of the speci
m en taken  before dissection and  p reservation  is housed 
at the Sm ithsonian In stitu tion . C ytochrom e c oxidase I 
(COI) sequences for specim ens analyzed genetically are 
deposited  in G enBank (accession num bers G Q 3 6 7 3 0 6 - 
G Q 367475). Genetic in fo rm ation  for several specimens 
collected in the Baham as was n o t available in tim e for 
inclusion in the neighbor-jo ining tree, bu t identifications 
of those specim ens based on th a t in fo rm ation  are d is
cussed in the text.

RESULTS

Twelve d istinct genetic lineages of C oryphopterus  
are presen t in our m ateria l (see Figure 1). O ne of those 
lineages, a single specim en identified as C. alloides from  
C uracao  is under add itional investigation  and  is n o t d is
cussed fu rther here. Tissue sam ples of C. p unctip ec to p h 
orus w ere no t available for genetic analysis. The o ther 
lineages, from  to p  to  b o tto m  in Figure 1, are C. lipernes, 
C. hyalinus, C. personatus, C. tortugae, C. glaucofrae
num , C. venezuelae, C. dicrus, C. thrix, C. eidolon, C. al
loides, and  C. kuna . C om m ents on the identification  of 
each lineage, as well as C. punctipectophorus, are p ro 
vided below. The C O I sequence of C oryphopterus bol 
Victor, 2008 (PR S IO 0869, fig. 1 [SIO =  Scripps Institu 
tion  of Oceanography]) is p art o f the  C. venezuelae clade, 
and the synonym y of th a t species is discussed below. 
In tra- and  interspecific differences in  percent sequence 
divergence for C O I for all species are provided  in Table 
1. We have no t p lo tted  d is tribu tion  m aps of C oryphop
terus species because our sam ples are from  a lim ited 
num ber of locations, and  h istorical confusion  ab o u t the 
identification of some species precluded  our relying on

geographic in fo rm ation  based on m useum  catalogues. 
Based on extensive recent collecting th ro u g h o u t the 
C aribbean , Ross R obertson  (Sm ithsonian Tropical R e
search Institu te , personal com m unication , 8 June 2009) 
and  Jam es Van Tassell are provid ing  d is tribu tion  m aps of 
C oryphopterus  species in their Shorefishes o f  the Greater 
Caribbean  CD, expected to  be released in 2009.

Coryphopterus lipernes B ö h lk e  a n d  R o b in s , 
1 9 6 2

FIGURE 2

O u r specimens of C. lipernes from  Belize and  C ura
cao form  a close genetic clade. Identification of C. liper
nes presents no problems: It is distinguished from  all Cory
phopterus  species except C. hyalinus and  C. personatus 
by the presence of black pigm ent surrounding  the anus; 
from  C. hyalinus by the presence of a single (vs. tw o) an 
terio r in tero rb ita l pore; and from  C. personatus by color 
p a tte rn  (see Figure 2). We did no t m ake fin-ray counts for 
C. lipernes, but according to  Böhlke and Robins (1962), 
C. lipernes also differs from  C. personatus in having 10 
(vs. 11) second dorsal- and anal-fin elements. M urdy 
(2002) distinguished C. lipernes and  C. personatus  from  
C. hyalinus  by the presence of tw o pores betw een the eyes 
(vs. three), bu t as no ted  by Böhlke and Robins (1962), 
there is one anterior in tero rb ita l pore in C. lipernes and 
C. personatus and tw o in C. hyalinus.

Coryphopterus hyalinus B ö h lk e  a n d  R o b in s , 
1 9 6 2

FIGURE 2

The validity of C. hyalinus as distinct from  C. per
sonatus has been questioned (e.g., Smith et ah, 2003), but 
the tw o are genetically distinct (see Figure 1, Table 1). 
O f the C oryphopterus  gobies w ith  a black ring of pig
m ent around  the anus (C. hyalinus, C. personatus, and 
C. lipernes), C. hyalinus is the only one w ith  tw o anterior 
in tero rb ita l pores (Böhlke and Robins, 1962; Böhlke and 
C haplin, 1968). Because head pores can be difficult to  see 
in fresh m aterial (considerably easier to  see in preserved 
specimens), separation  of C. hyalinus  and C. personatus 
in the field can be difficult. We have observed no con
sistent differences in pigm entation  in fresh or preserved 
specimens of the tw o species, bu t we often collect C. hya
linus in deeper w ater than  C. personatus.
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Coryphopterus personatus  ( J o rd a n  
a n d  T h o m p s o n , 1 9 0 5 )

FIGURE 2

Identification of C. personatus  also presents no p ro b 
lems using published keys. It can be distinguished from  
C. hyalinus  by the presence of a single in tero rb ita l pore 
and from  C. lipernes by p igm ent p a tte rn  (see Figure 2). 
A ccording to  Böhlke and  R obins (1962), C. personatus 
also can be separated  from  C. lipernes by having 11 (vs. 
10) to ta l elem ents in the second dorsal and anal fins.

Coryphopterus tortugae ( J o r d a n ,  1 9 0 4 )

FIGURE 3

Longley and H ildebrand  (1941) and  Böhlke and 
R obins (1960) considered C. tortugae  (Jordan: type lo 
cality, D ry Tortugas, Florida) to  be a synonym  of C. glau
cofraenum  Gili. G arzón-Ferreira and  Acero (1990) rede
scribed C. tortugae  as d istinct based on new  collections 
from  the C olom bian C aribbean. V ictor (2008) concurred 
w ith  G arzón-Ferreira and  A cero’s (1990) recognition of 
C. tortugae  bu t no ted  th a t their Santa M arta  specimens 
constitu te  a d istinct species, w hich he described as C. bol. 
As no ted  below  (see “ Synonym y of C oryphopterus b o l”), 
C. bo l appears to  be a synonym  of C. venezuelae.

We had  initially identified all specimens of the C. tor
tugae, C. glaucofraenum , and C. venezuelae clades as C. 
glaucofraenum  using published keys (Böhlke and Robins, 
1960; Böhlke and Chaplin, 1968; M urdy, 2002). H o w 
ever, those specimens separate into three well-defined lin
eages based on CO I sequences. Specimens in one of those 
lineages are usually paler than  those of the o ther tw o and 
alm ost always have a central bar of basicaudal pigm ent 
(vs. usually tw o spots or a dum bbell- or C-shaped m ark 
ing), characters described by G arzón-Ferreira and Acero 
(1990) as diagnostic for C. tortugae. Böhlke and Robins 
(1960), w ho considered C. tortugae  to  be a pallid form  of 
C. glaucofraenum , noted tha t the pigm ent m arkings along 
the side of the body are round  (upper row) or vertically 
elongate (lower row ) versus X -shaped as in C. glauco
fraenum , usually a consistent feature in our specimens of

FIGURE 1. (facing page) Neighbor-joining tree derived from cyto
chrome c oxidase I sequences showing genetically distinct lineages 
of western Atlantic Coryphopterus.

C. tortugae. The pigm ent spots in the lower row  of m ark 
ings along the side of the body in C. tortugae  are usually 
vertically elongate (crescents or some p art of an X), but 
they are rarely distinct X -shaped m arkings. If some of the 
anterior m arkings do resemble X ’s (Figure 3D), the height 
of each X  is considerably smaller than  the height of the X ’s 
in C. glaucofraenum  and, w hen present, in C. venezuelae 
(half or less of eye diam eter in C. tortugae, approxim ately 
three-quarters of or equal to  eye diam eter in the o ther two 
species). The pigm ent spots in the lower row  also are not 
rounded, as they are in pale specimens of C. venezuelae.

We have no t found the basicaudal pigm ent to  be a 
reliable character for separating C. tortugae  from  C. glau
cofraenum  and C. venezuelae, as all three species may 
have a central bar of pigm ent; however, C. tortugae  does 
no t have tw o distinct spots in any of our m aterial, so if 
tha t feature is present in a specimen, it is no t C. tortugae. 
Coryphopterus tortugae  shares w ith C. glaucofraenum  
and C. venezuelae the presence of a distinct dark  blotch 
or triangle behind the eye above the opercle and w ith C. 
glaucofraenum  the absence of a pigm ent spot on the lower 
po rtion  of the pectoral-fin base. G arzón-Ferreira and Ace
ro ’s (1990) redescription of C. tortugae  did no t m ention 
the absence of this spot, presum ably because the Santa 
M arta  specimens included in their description do have the 
spot and appear to  be C. venezuelae (see “Synonymy of 
C oryphopterus b o l,” below). O ur investigations indicate 
th a t the absence of this pigm ent spot on the pectoral-fin 
base, along w ith the presence of vertically elongate versus 
round  pigm ent spots in the low er row  of m arkings on the 
body, is significant in separating  C. tortugae  from  pale 
specim ens of C. venezuelae. E xam ination of photographs 
o f the holotype of Ctenogobius tortugae (SU 8363) con
firms th a t there is no pigm ent on the low er portion  of the 
pectoral-fin base.

Coryphopterus tortugae is m ost easily separated from  
all other Coryphopterus by the following com bination of 
characters: a dark  blotch or triangle of pigm ent above the 
opercle is present; large X-shape m arkings on the side of 
the body and a spot on the low er pectoral-fin base are 
absent; at least some of the pigm ent m arkings in the lower 
row  along the side of the body are vertically elongate or 
crescent shaped; and the overall coloring is pale.

Coryphopterus glaucofraenum  G ili, 1 8 6 4

FIGURE 4

The location of the single type specim en upon w hich 
Gili described C. glaucofraenum  is unknow n (Eschmeyer, 
2008). Böhlke and  R obins (1960 :108-109) described
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FIGURE 2. Coryphopterus lipernes: A, Curacao, 20 mm SL, DNA 8326, USNM 394896; B, Curacao, 21 mm SL, DNA 
8051, USNM 394895. Coryphopterus hyalinus: C, Curacao, 20 mm SL, DNA 8044, USNM 394890; D, Curacao, 17 
mm SL, DNA 8265, USNM 294889. Coryphopterus personatus: E, Curacao, 21 mm SL, DNA 8045, USNM 294897; 
F, Belize, 15 mm SL, DNA 7163, USNM 394742.
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FIGURE 3. Coryphopterus tortugae-. A, Belize, 25 mm SL, DNA 7333, USNM 394744; B, Belize, 34 mm SL, DNA 5237, USNM 
394743; C, Belize, 36 mm SL, DNA 7107, USNM 394733; D, Belize, 40 mm SL, DNA 4530, USNM 394730; E, Belize, 40 mm SL, 
DNA 4530, USNM 394730, preserved; F, Venezuela, 37 mm SL, DNA 7736 4, AMNH 247340, alcohol preserved.
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tw o form s of C. g laucofraenum : “ [D ]ark inshore form  
(typ ica lglaucofraenum )” a n d ” [P]allid w hite-sand fo rm .” 
Specimens in our genetic clade identified as C. glauco
fraenum  m atch  the Böhlke and  R obins (1960) “ typical 
glaucofraenum , ” an identification supported  by the fact 
th a t the pallid  form  is now  recognized as C. tortugae. 
Below (see “D esignation of N eotype for C oryphopterus  
g lauco fraenum ”) we select a neotype for C. glaucofrae
n um  Gili.

In our m aterial, adult C. glaucofraenum  can always 
be separated from  C. tortugae  by having at least some 
large, well-form ed X -shaped m arkings along the side of 
the body. It can alm ost always be separated from  C. ven
ezuelae by lacking a prom inent dark  m arking on the lower 
portion  of the pectoral-fin base and sometimes by having 
10 to ta l anal-fin elements. Rarely, C. glaucofraenum  has a 
dark  pectoral-fin base th a t includes pigm ent on the lower 
portion  (Figure 4G), and C. venezuelae  may have 9-11  
anal-fin elements, 10 being the typical count in our m ate
rial (Table 2). Coryphopterus glaucofraenum  usually can 
be separated from  both  C. tortugae  and C. venezuelae  by 
the shape of the pigm ent m arking above the opercle: a 
tw o-peaked blotch in C. glaucofraenum , and a triangular 
or rounded blotch in C. tortugae  and C. venezuelae.

If a specim en has a tw o-peaked  b lo tch  of p igm ent 
above the opercle, has at least som e large (height a p 
p rox im ately  th ree-quarters  of o r equal to  d iam eter of 
eye) X -shaped  m arkings along the side of the body, has
10 anal-fin elem ents, and  lacks pigm ent on the low er 
p o rtio n  of the pectoral-fin  base, it is unquestionably  
C. g laucofraenum .

Coryphopterus venezuelae  (C e rv ig ó n , 1 9 6 6 )

FIGURE 5

The m ost recent keys to  w estern A tlantic C ory
phopterus  (Böhlke and  R obins, 1960, 1962; Böhlke and 
Chaplin , 1968; M urdy  2002) do no t include C. venezue
lae, originally described as a subspecies of C. glaucofrae
num  by Cervigón (1966), bu t recognized as a separate 
species by Cervigón (1994) and know n at the time only 
from  Venezuela. In the C oryphopterus  m aterial from  the 
northeast coast of Venezuela th a t we exam ined are speci
mens tha t are clearly C. venezuelae based on C ervigón’s 
(1966, 1994) descriptions: m ost notably  the presence of
11 second dorsal- and anal-fin elements, a dark  blotch of 
pigm ent on the low er portion  of the pectoral-fin base, and 
tw o dark  spots on the base of the caudal fin (e.g., Figure 
5D herein). However, those Venezuelan specimens are p art

of a clade based on CO I analysis (see Figure 1) th a t in 
cludes specimens from Venezuela, Curacao, Panam a, Belize, 
Puerto Rico, and the Baham as (the last no t show n on the 
tree) th a t usually have 10 second dorsal- and anal-fin ele
m ents and various patterns of pigm ent on the base of the 
caudal fin, including a central bar, tw o spots joined by a 
bar, and a C-shaped blotch (Figure 5A -C ,E). The Venezue
lan specimens on the tree (Figure 1), including tw o tha t 
have 10 second dorsal- and anal-fin elements (VEN 7733 
1 and VEN JV12), cluster w ithin the C. venezuelae clade, 
but the genetic distance between the Venezuelan specimens 
and other m em bers of the clade is only 0.41%  to 0 .85% . 
This distance is extrem ely small relative to  the genetic 
distance betw een the C. venezuelae  clade and  o ther spe
cies on the tree (9 .5 1 % -2 0 .8 6 % ; see Table 1), suggest
ing th a t the individuals in this clade represen t a single 
species. C orro b o ra tin g  the identification of the clade as 
C ervigón’s C. venezuelae  is the presence in all individu
als in the clade of a dark  spot on the low er portion  of the 
pectoral-fin base. Am ong western A tlantic Coryphopterus, 
only C. punctipectophorus  and C. dicrus have a prom i
nent pigm ent spot on the lower portion  of the pectoral-fin 
base: C. punctipectophorus  is no t know n from  the C arib
bean, and it differs m orphologically from  C. venezuelae 
in, am ong other features, lacking a dark  blotch of pigm ent 
behind the eye above the opercle; in C. dicrus, there is also 
a prom inent spot of equal size on the dorsal po rtion  of the 
pectoral base tha t is lacking in C. venezuelae (which m ay 
have a slash of p igm ent bu t never a well-defined dorsal 
spot equal in size and intensity to  the lower spot); C. d i
crus also lacks the dark  pigm ent behind the eye above 
the opercle and  lacks a pelvic frenum  (both  presen t in 
C. venezuelae).

O ur data thus suggest th a t C. venezuelae is a m uch 
m ore w idespread species than  previously recognized, and 
fin-ray counts alone are no t sufficient in diagnosing the 
species. Cervigón (1994) believed th a t the presence of 10 
second dorsal- and anal-fin elements in C. glaucofraenum  
distinguished it from  C. venezuelae. In his m aterial of the 
latter, all specimens had  11 second dorsal-fin elements and 
m ost had  11 anal-fin elements (two had  10). M ost of our 
specimens of C. glaucofraenum  have 10 second dorsal- 
and anal-fin elements, but tw o specimens have 11 second 
dorsal-fin elements, and tw o have 9 anal-fin elements (see 
Table 2). Both 10 and 11 second dorsal- and anal-fin ele
m ents are com m on in specimens in our C. venezuelae clade 
(Table 3), although we found 11 in both  fins only in some 
o f our m aterial from  Venezuela. It is significant th a t one 
o f the C. venezuelae specimens from  Venezuela th a t has 
10 elements in both  fins was caught in the same sample as
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A

FIGURE 4. Coryphopterus glaucofraenum : A, Belize, 44 mm SL, DNA 6367; B, Belize, 25 mm SL, DNA 7352, 
USNM 394354; C, Belize, 35 mm SL, DNA 7351, USNM 394353, preserved; D, Venezuela, 31 mm SL, DNA 7744 
2, AM NH 247339, alcohol preserved; E, Venezuela, 27 mm SL, DNA 7744 3, AM NH 247339, alcohol preserved; 
F, Panama, 34 mm SL, DNA 7712 2, AM NH 247335, alcohol preserved; G, Panama, 37 mm SL, DNA 7701 1, 
AM NH 247334, alcohol preserved.
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several w ith 11 in bo th  fins. There is thus m ore variability 
in num bers of second dorsal- and anal-fin elements than  
Cervigón indicated, and those fin-ray counts are of value 
in separating C. glaucofraenum  and C. venezuelae only 
w hen 11 elements are present in bo th  fins— a condition we 
have no t observed in C. glaucofraenum , w hich m ay have 
11 second dorsal-fin elements but no m ore than  10 anal- 
fin elements (see Table 2).

If a specimen has a dark  blotch or triangle of pigm ent 
above the opercle, 11 second dorsal-fin and  11 anal-fin 
elements, and a prom inent pigm ent spot on the low er po r
tion  of the pectoral-fin base, it is C. venezuelae.

If a specim en has those features and  has 10 second 
dorsal- and  anal-fin elem ents, it is usually C. venezuelae  
bu t could  be C. g lauco fraenum : as no ted  under “Cor
yphop terus g lauco fraenum ,” rarely  specim ens of th a t 
species m ay have pigm ent on the ventral p o rtio n  of the 
pectoral-fin  base. The shape of the pigm ent m ark ing  
above the opercle (w ith tw o peaks in C. glaucofraenum , 
a single trian g u la r or ro u n d ed  b lo tch  in C. venezuelae-, 
see “ C oryphopterus g lauco fraenum ”) w ill frequently  re 
solve the species identification.

There are tw o distinct form s of C. venezuelae  in 
term s of body pigm ent: one has a t least some large X- 
shaped m arkings in the ventral row  of m arkings sim ilar 
to  those of C. glaucofraenum  (Figure 5B,D,E); the o ther 
is a m uch paler form , and the ventral p igm ent m ark 
ings along the side of the body are usually fairly small, 
som ew hat circular blotches (Figure 5A,C). Both form s, 
including the palest specimens, have a pigm ent spot on the 
lower pectoral-fin base, bu t this spo t m ay be com posed 
prim arily  of yellow chrom atophores versus m elanophores 
in pale specim ens. The less-pigm ented form  is m ost easily 
confused w ith  C. tortugae, bu t some of the p igm ent spots 
in the ventral ro w  of C. venezuelae  are usually m ore cir
cular th an  the vertically elongate ones of C. tortugae. A d
ditionally, none of our specimens of C. tortugae  has a 
spot of pigm ent (yellow or black) on the ventral portion  
of the pectoral-fin base. A lthough unusually  divergent 
intraspecifically in patterns of p igm entation  (see Figure 
5) relative to , for exam ple, the very sim ilar pa tte rns be
tw een species such as C. personatus  and  C. hyalinus, the 
tw o form s of C. venezuelae  form  a tigh t genetic clade 
(intraspecific varia tion , 0 .53% ; see Figure 1, Table 1). 
The d ifferent pigm ent p a tte rn s do n o t co rrespond  to  d if
ferent fin-ray counts, as we have observed 10 and  11 
second dorsal- and  anal-fin elem ents in  b o th  form s. For 
exam ple, no te  the sim ilar pa tte rns of p igm enta tion  in a 
specim en of C. venezuelae  from  Venezuela (Figure 5D) 
th a t has 11 second dorsal- and  anal-fin elem ents and 
a specim en of C. venezuelae  from  Panam a (Figure 5E)

TABLE 2. Frequency distributions of numbers of second dorsal- 
fin and anal-fin elements in two species of Coryphopterus.

No. of second No. of
dorsal-fin elements anal-fin elements

Species 10 11 9 10 11

C. glaucofraenum 22 2 2 20
C. venezuelae 20 13 1 22 11

th a t has 10 second dorsal- and  anal-fin elem ents. Fur
therm ore, the differences are no t a ttribu tab le  to  sexual 
dim orphism  or geography, bu t they could reflect differ
ences in local h ab ita t. Some specimens of C. venezuelae  
collected in m angrove areas tend  to  be dark , and  those 
collected in reef areas pale, although we note th a t a dark  
form  was collected on a reef off Panam a (Figure 5E).

There is some correlation  w ith  size: the pale form  
of C. venezuelae  is m ore com m on am ong small speci
m ens (< 3 0  m m  standard  length [ST]), and the form  w ith 
prom inen t X -shaped m arkings is m ore com m on am ong 
larger specimens (> 4 0  m m  ST). A dults of the pale form  
of C. venezuelae  (e.g., Figure 5A) look rem arkably  sim i
lar to  juveniles (e.g., see Figure 7C). There is also a trend  
tow ard  increasing depth of the head and an terior body in 
larger specimens. Similar differences in body shape and 
pigm ent w ith  increasing size are evident in C. glaucofrae
num  (com pare the juvenile in Figure 7B w ith adults in 
Figure 4). Possibly in C. venezuelae, g row th  is no t always 
accom panied by a transfo rm ation  in pigm ent and body 
depth, and adults retain  m ore of the juvenile features. 
M ore investigation is needed to  determ ine the re lation
ships in C. venezuelae  am ong pigm ent pa ttern , body 
shape, size, m aturity, and  local hab ita t. Cervigón (1966, 
1994) did no t illustrate any of his type specimens of C. 
venezuelae, bu t we obtained digital photographs of tw o 
of his paratypes (M O B R -P-0867 [M useo O ceanológico 
H erm ano Benigno R om án, Venezuela]; one is show n in 
Figure 6). The holotype is no t in good condition (J. C. 
Capelo, M O BR, personal com m unication, 4 July 2008). 
The pigm ent of the paratypes m ost closely resembles th a t 
in Figure 5D herein: a triangular to  rounded  m ark  above 
the opercle, a roughly circular dark  spot on the ventral 
pectoral-fin base, and  tw o basicaudal spots joined by 
a light dusky bar. There is some evidence of X -shaped 
m arkings on the side of the body, bu t the body pigm ent is 
m ostly faded. Cervigón (1966, 1994) did no t m ention X- 
shaped m arkings in his descriptions; rather, he no ted  tha t 
there are three longitudinal row s of dark  spots.
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FIGURE 5. Coryphopterus venezuelae: A, Curacao, 29 mm SL, DNA 8260, USNM 394740; B, Venezuela, 54.4 mm SL, 
no DNA, Photo No. 1907 VT-05-530, photo by J. V. Tassell and D. R. Robertson; C, Belize, 35 mm SL, DNA 7248, 
USNM 394736; D, Venezuela, 50 mm SL, DNA JV15, AM NH 247345, alcohol preserved; E, Panama, 42.5 mm SL, 
DNA 7725-1, AM NH 247341, alcohol preserved.
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S y n o n y m y  o f  Coryphopterus bol

V ictor (2008) described Coryphopterus bol as a spe
cies tha t heretofore had  been m asquerading under C. tor
tugae (e.g., G arzón-Ferreira and Acero 1990:107, fig. 1A, 
Santa M arta  specimens). We believe th a t V ictor (2008) 
was correct in recognizing th a t the Santa M arta  specimens 
are no t C. tortugae, but our investigation indicates tha t 
they are C. venezuelae. The CO I sequence th a t Victor 
(2008) provided for the new  species (from  the holotype 
from  Puerto Rico) places it solidly w ith our C. venezuelae 
clade (PR SIO 0869, fig. 1). The average genetic distance 
between C. bol and individuals of C. venezuelae  is 0.38%  
(range, 0 .00% —0.85%  ) and, for com parison, the aver
age genetic distance between the holotype of C. bol and 
the next m ost closely related clade (C. tortugae) is m ore 
than  20-fold greater, or 8.47%  (range, 8 .10% —9.21 %). 
D iagnostic features of V ictor’s (2008:4) C. bol include
10 second dorsal- and anal-fin elements; 19 pectoral-fin 
rays; pelvic fins fully joined and w ith a distinct frenum; a 
prom inent, dark, upw ard-pointed  triangular m arking on 
the stripe behind the eye; a discrete blotch of small mela- 
nophores on the low er th ird  of the pectoral fin base; and a 
basicaudal m arking tha t resembles a thick “ C .” The com 
bination of the triangular m arking on the stripe behind 
the eye above the opercle, the pigm ent blotch on the lower 
portion  of the pectoral-fin base, and 10 second dorsal- and 
anal-fin elements m atches m ost of our C. venezuelae speci
mens. V ictor (2008) distinguished his new  species from  C. 
venezuelae based on the presence of 11 second dorsal- and 
anal-fin elements in C. venezuelae, but, as noted above 
(also see Table 2), specimens m atching Cervigón’s C. ven
ezuelae based on the pre-pectoral pigm ent m ay have 10 or
11 second dorsal- and anal-fin elements.

C oryphopterus bol also m atches C. venezuelae  in 
num ber of pectoral-fin rays (19 in C. bol, 6 1% of speci
mens w ith  19 in C ervigón’s [1994] C. venezuelae  m a
terial), pelvic-fin m orphology, and o ther pigm ent. For 
exam ple, the basicaudal m ark  in C. venezuelae  m ay be 
C-shaped, bu t it ranges in our m ateria l from  tw o sepa
rate  spots to  a central bar of pigm ent (some exam ples 
are show n in Figure 5). The basicaudal p igm ent is also 
som ew hat variable in the type m ateria l o f C. bol (Victor, 
2008:fig. 1). Two of the type specimens of C. bo l m ost 
closely resem ble the pale form  of C. venezuelae-, th a t is, 
the form  w ith  round  spots on a relatively slender body 
(holotype and  a 32.1-m m  SL paratype). Two paratypes 
(24.5 and  29 m m  SL) are darker and  have at least some 
X -shaped m arkings. N one of V ic to r’s type m ateria l is 
larger th an  32 m m  SL, and, as no ted  under C. venezue-

TABLE 3. Frequency distributions of the combinations of second 
dorsal-fin and anal-fin elements in Coryphopterus venezuelae by 
country.

N o. of second dorsal-fin elements /  anal-fin elements

Country 10/9 10/10 10/11 11/10 11/11

Belize ___ 2 ___ ___ ___

Curacao 1 11 1 1 —

Panama — 6 1 — —

Venezuela — 2 1 9
Puerto Rico — Ia — — —

a Holotype of Coryphopterus bol.

lae, above, m ost of our dark , deeper-bodied specimens of 
C. venezuelae  are > 4 0  m m  SL.

In summary, one cannot distinguish C. bol and C. ven
ezuelae on the basis of num bers of second dorsal- and 
anal-fin elements because there is m ore variation  in those 
counts than  previously reported. One m ight argue tha t 
specimens from  Venezuela th a t have 11 elements in both 
the second dorsal and anal fins and heavy pigm ent w ith 
X-shape m arkings are C. venezuelae and th a t everything 
else in our C. venezuelae clade is C. bol. However, some 
specimens w ith those features, except w ith 10 elements in 
the second dorsal and anal fins, were taken in the same 
station off Venezuela as those w ith 11 elements (A M N H  
247345 [American M useum  of N atu ra l H istory]), so 
w ould  one identify the form er as C. venezuelae or C. bol? 
Species identification of specimens w ith 11/10 or 10/11 
second dorsal-/anal-fin elements also w ould be nebulous, 
as w ould species identification of dark  forms w ith 10/10 
bu t otherwise virtually identical to  those w ith 11/11 (e.g., 
Figure 5D,E). V ariation in CO I am ong all specimens in the 
C. venezuelae clade is well w ithin typical intraspecific lev
els for the genus. However, even if CO I is m asking recent 
divergence w ithin the clade, there is a diagnostic m orpho
logical feature for the clade: a conspicuous spot or blotch 
of pigm ent on the lower pectoral-fin base; in com bination 
w ith  a triangu la r or c ircu lar b lo tch  of pigm ent behind the 
eye above the opercle, this character is unique to  C. ven
ezuelae. The m ore com m on presence of 11 second dor
sal- and  anal-fin elem ents in  som e V enezuelan specim ens 
m ay best be in terp re ted  as regional varia tion . K now n 
curren tly  from  Belize, Panam a, C uracao , Venezuela, the 
B aham as, the U.S. V irgin Islands, Puerto  R ico, Saba, and 
Brazil, C. venezuelae  appears to  be a w idespread  species. 
It is m isidentified in  the U SN M  (U.S. N a tio n a l M useum ;
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FIGURE 6. Paratype of Coryphopterus venezuelae, MOBR-P-0867, 42 mm SL (length estimated from 
mler included with original photograph; this is likely Cervigón’s 41.2 mm SL paratype).
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i.e., N a tio n a l M useum  of N a tu ra l H istory, Sm ithsonian 
In stitu tion )— and likely o ther m useum  collections— as 
C. g laucofraenum  or C. tortugae.

K ey  N o te s  f o r  C. tortugae, C. glaucofraenum, 
a n d  C. venezuelae

Juveniles (Figure 7), and occasionally adults, of C. tor
tugae, C. glaucofraenum, and C. venezuelae may lack the 
black m arking or triangle above the opercle, or it is no t as 
dark  as other pigm ent in the stripe posterior to  the eye. As 
we have used this feature in the “Revised Key to  W estern 
Atlantic C oryphopterus” (see below) to  separate C. tor
tugae, C. glaucofraenum, and C. venezuelae from  other 
species, absence of this feature in specimens of any of those 
species could present identification problem s. If there are 
well-defined X ’s of pigm ent along the sides of the body (C. 
glaucofraenum  and some C. venezuelae) or the basicaudal 
pigm ent comprises tw o spots or a dum bbell-shaped m ark
ing (most C. glaucofraenum  and some C. venezuelae), users 
of the key should follow the option in the couplet th a t indi
cates the dark  m arking is present above the opercle (4b). If 
a specimen lacks the dark  pigm ent spot above the opercle, 
has 11 second dorsal- and anal-fin rays, and has a prom i
nent dark blotch on the lower portion  of the pectoral-fin 
base, it can only be C. venezuelae. Coryphopterus puncti
pectophorus  is similar in lacking the pigm ent spot above 
the opercle and having 11 second dorsal-fin elements, but 
it has 10 anal-fin elements (Springer, 1960). Furtherm ore, 
geography will currently separate those tw o species: C. 
venezuelae occurs in the C aribbean, and C. punctipectoph
orus is know n only from  the Gulf of M exico and off the 
southeastern USA.

Coryphopterus dicrus B ö h lk e  a n d  R o b in s , 1 9 6 0

FIGURE 8

Num erous features, in com bination, separate C. dicrus 
from  other western Atlantic Coryphopterus, including the 
following: no black ring of pigm ent around anus; no dis
tinct dark spot behind eye above opercle; anal-fin elements 
10; pelvic frenum absent; pectoral-fin base w ith tw o prom i
nent dark spots of equal intensity, one above the other; and 
sides of body freckled w ith scattered large and smaller pig
m ent blotches. The last tw o characters are the quickest way 
to make the identification. The only other species tha t usu
ally have pigment dorsally and  ventrally on the pectoral-fin 
base are C. venezuelae and C. thrix, but the dorsal pigment 
on the pectoral-fin base in C. venezuelae, when present, is a

slash versus a spot, and the dorsal pigment on the pectoral- 
fin base in C. thrix is usually much more pronounced than 
the ventral marking. Additionally, both species have a pelvic 
frenum, which is lacking in C. dicrus.

Coryphopterus thrix  B ö h lk e  a n d  R o b in s , 1 9 6 0

FIGURE 8

Coryphopterus thrix  is the only w estern A tlantic spe
cies of Coryphopterus th a t lacks black pigm ent around  the 
anus and  has the second dorsal-fin spine elongated into a 
filament. If the spine is broken, however, the species is still 
identifiable by the com bination of features presented in 
the key, m ost notably the absence of a distinctive pigm ent 
blotch above the opercle, presence of a conspicuous dark 
blotch on the dorsal portion  of the pectoral-fin base, and 
presence of a pelvic frenum.

Coryphopterus alloides B ö h lk e  a n d  R o b in s , 
1 9 6 0

FIGURE 9

Distinguishing features of C. alloides include having a 
low  anal-fin count (8-9 total elements), a dark blotch of pig
m ent on the lower portion of the mem brane between the 
second and third dorsal spines, and the pelvic fins almost 
completely separate. Only C. kuna, am ong the Coryphop
terus species lacking a black ring of pigment around the 
anus, has as few as 9 anal-fin elements, but that species has 9 
second dorsal-fin elements and 15 pectoral rays (vs. usually 
10 and 16-17, respectively, in C. alloides). Coryphopterus 
kuna  may have a stripe and distal flag of pigment on the first 
dorsal fin, but it never has the pigment blotch on the lower 
portion of the first dorsal fin characteristic of C. alloides. 
The living color pattern of C. alloides is also distinctive: the 
head and anterior portion of the body bear a considerable 
am ount of orange pigment, whereas the posterior portion 
of the body is yellow. An apparently cryptic species related 
to  but genetically distinct from  C. alloides and know n only 
from  Curacao is currently under investigation.

K ey  N o te

In some preserved specimens of C. alloides, there are 
m elanophores above the opercle th a t may lead the user 
of the key to  select “4b. D istinct black blotch or triangle 
behind eye above opercle . . . ” However, this pigm ent is 
never as consolidated and prom inent in C. alloides as in
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FIGURE 7. Coryphopterus juveniles: A, C. tortugae, Belize, 20 mm SL, DNA 7693, USNM 394800; B, C. glaucofraenum, 
Belize, 17 mm SL, DNA 7769, USNM 394793; C, Coryphopterus venezuelae, Belize, 17 mm SL, DNA 7728, USNM 394881, 
D, Coryphopterus thrix, Curacao, 16 mm SL, DNA 8261, USNM 394760; E, Coryphopterus dicrus, Belize, 13 mm SL, DNA 
6110, USNM 394779. F, Coryphopterus eidolon, Belize, 18 mm SL, DNA 6223, USNM 394788.
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FIGURE 8. Coryphopterus dicrus: A, Florida, 38 mm SL, DNA 7348, USNM 394345; B, Curacao, 30 mm SL, DNA 8135, 
USNM 394747; C, Belize, 13 mm SL, DNA 6110, USNM 394779. Coryphopterus thrix: D, Belize, 23.5 mm SL, DNA 7816, 
USNM 394914; E, Curacao, 23 mm SL, DNA 8426, USNM 394761; F, Venezuela, AMNH 244983, 26 mm SL, alcohol pre
served, no DNA.
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FIGURE 9. Coryphopterus alloides: A, Belize, 24 mm SL, DNA 7233, USNM 394754; B, Belize, 19 mm SL, DNA 7264, USNM 
394755; C, Belize, 24 mm SL, preserved, DNA 7233, USNM 394754. C. eidolon: D, Curacao, 38 mm SL, DNA 8050, USNM 
394885; E, Belize, 34 mm SL, DNA 7109, USNM 394752; F, Belize, 33 mm SL, preserved, DNA 5070, USNM 394750.
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C. tortugae, C. glaucofraenum , and C. venezuelae-, fur
therm ore, C. alloides lacks a pelvic frenum , a conspicuous 
feature in the o ther three species.

Coryphopterus eidolon B ö h lk e  a n d  R o b in s , 
1 9 6 0

FIGURE 9

Pigment, except for basicaudal and scattered small 
body m elanophores, is yellow, w hich disappears during 
preservation, typically rendering this a very pale goby. In 
life there is a yellow stripe behind the eye bordered by 
small m elanophores th a t rem ain in preserved specimens af
ter the color fades. There are no dark  m arkings above the 
opercle, on the pectoral-fin base, or on the first dorsal fin. 
The absence of distinctive m arkings (other than  the basi
caudal m ark) is the easiest way to  recognize C. eidolon, a 
very abundant species in m any of our samples, particularly 
from  Belize and Curacao.

Coryphopterus kuna  V ic to r, 2 0 0 7

FIGURE 10

Baldwin and Smith (2003) described Coryphopterus B 
larvae from  Belize as likely belonging to an unidentified 
species based on the low  second dorsal- and anal-fin counts 
(9 in both fins) and low  pectoral-fin count (15). Victor 
(2007) described C. kuna, w hich has the low  fin-ray counts 
of the Coryphopterus B larvae, as a new species from  off 
Panam a. Incorporation of the COI sequence published in 
the original description of C. kuna  into our analysis re
vealed tha t Coryphopterus B larvae are C. kuna. This spe
cies is distinctive in typically having 9 second dorsal- and 
anal-fin elements, as well as a low  pectoral-ray count of 15 
(found elsewhere only in C. personatus and C. hyalinus). 
A pparently a small fish—the adult male holotype is 17.1 
m m  ST— C. kuna  has little dark  pigment: num erous small

spots on the pelvic fin of the holotype, a few scattered small 
spots on the sides of the body, no m arkings on the pectoral- 
fin base, and no basicaudal spot. It lacks a pelvic frenum.

Coryphopterus punctipectophorus S p r in g e r ,  
1 9 6 0

FIGURE 10

Coryphopterus punctipectophorus is similar to C. tor
tugae, C. glaucofraenum , and C. venezuelae in having 
three rows of pigm ent spots along the side of the body, but 
it differs from  those species in lacking a dark  blotch or tri
angle behind the head above the opercle. It is m ost similar 
to  C. venezuelae in having a prom inent dark  spot on the 
low er portion  of the pectoral-fin base, and juvenile (and 
occasionally adult) specimens of C. venezuelae th a t lack 
the pigm ent blotch above the opercle will typically key to 
C. punctipectophorus based on the ventral pigm ent spot 
on the pectoral-fin base. Tike C. venezuelae, C. puncti
pectophorus was originally described as having 11 second 
dorsal-fin elements, but as noted above (see C. venezue
lae), the form er has 10 or 11 second dorsal elements. The 
“ dusky light buff” pigm ent spots along the dorsal contour 
and “coral p in k ” spots along the sides of the body in fresh 
m aterial o f C. punctipectophorus (Springer, 1960:240; see 
Figure 10B,E herein) apparently  fade in preserved m aterial 
(see Figure 10D). The know n distribution of C. puncti
pectophorus  includes both  coasts of Florida, the G ulf of 
M exico (including the southern Gulf where it meets the Ca
ribbean), and South Carolina. It apparently inhabits deeper 
w ater than  some Coryphopterus species: the type material 
was collected at 62 and 120 feet. It has not been reported 
from  the Caribbean. We have no t collected C. punctipec
tophorus, and fresh m aterial of the species was no t avail
able for inclusion in our genetic analysis. Thacker and 
Cole’s (2002) C. punctipectophorus from  Belize (GenBank 
Accession N o. AF391396) is C. dicrus, based on incorpora
tion of their COI sequence into our data set.

REVISED KEY TO  THE WESTERN ATLANTIC SPECIES OF CORYPHOPTERUS

la . Black ring of pigment surrounding anus..................................................................... ..........................................................................2
lb . Black ring around anus ab sen t................................................................................................................................................................4
2a. One interorbital pore anteriorly ................................................................................... ..........................................................................3
2b. Two interorbital pores an terio rly ................................................................................................................Coryphopterus hyalinus
3a. Second dorsal and anal fins each typically with 11 total elements; head with some orange pigment in life; body trans-

lucent, with several squares or rectangles of pale orange pigment internally; preserved specimens lacking conspicuous
postorbital stripes of melanophores but with “m ask” of pigment around eye ...........................Coryphopterus personatus

(continued on p. 130)
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REVISED KEY T O  THE WESTERN ATLANTIC SPECIES OF CORYPHOPTERUS (continued)

3b. Second dorsal and anal fins typically with 10 total elements; head and body predominantly yellow in life; a dusky inter
nal stripe along posterior section of vertebral column; preserved specimens with postorbital stripes of melanophores and
scattered spots over entire b o d y .................................................................................................................. Coryphopterus lipernes

4a. No distinct black blotch behind eye above opercle in adults; pigment above opercle, if present, no larger or darker than
other markings behind eye; pelvic frenum present or absent (see “Key N ote” for C. alloides in tex t).................................. 5

4b. Distinct black blotch or triangle behind eye above opercle in adults, blotch usually larger and darker than other pig
m ent in stripe behind eye; pelvic frenum present (see “Key Notes for C. tortugae, C. glaucofraenum, and C. venezue
lae'’ in te x t)  10

5a. Anal-fin elements 8-9 (usually 9), pectoral-fin rays 15-17, pelvic frenum absen t....................................................................... 6
5b. Anal-fin elements 10-11, pectoral-fin rays 17-20, pelvic frenum present or a b s e n t ...................................................................7
6a. Second dorsal and anal fins each with 9 elements; pectoral-fin rays 15; pelvic fins fully joined; first dorsal fin with stripe

of black pigment; in life, head and body with orange spots and blotches and sometimes with flag of dark pigment on
ls t-3 rd  dorsal sp in es Coryphopterus kuna

6b. Second dorsal fin with 10 elements, anal fin with 9 (rarely 8); pectoral-fin rays 16-17; pelvic fins almost completely sepa
rate; black blotch or bar between 2nd and 3rd dorsal spines; head and anterior body mottled orange in freshly caught
specimens, posterior body mottled y e llo w ............................................................................................... Coryphopterus alloides

7a. Pectoral-fin base w ith two prom inent dark spots of equal intensity, one dorsally and one neutrally; upper spot usu
ally w ith swath of m elanophores extending posteriorly onto pectoral-fin rays; sides of body freckled w ith scattered 
large and smaller blotches of m elanophores (blotches associated w ith coral, tan, yellow pigm ent in life); pelvic
frenum  a b s e n t ..................................................................................................................................................C oryphopterus dicrus

7b. Pectoral-fin base not with two prominent dark spots (or, if two spots present, upper spot more intense); sides of body
with few dark markings (with few to many yellow spots in life) or with three rows of light markings (coral pink/orange
in life); pelvic frenum presen t................................................................................................................................................................... 8

8a. Pectoral-fin base w ithout prominent dark markings but sometimes with a few to many scattered melanophores; sides of
body with few if any dark markings (with yellow spots in life) except for basicaudal spo t............Coryphopterus eidolon

8b. Pectoral-fin base with prominent markings; sides of body with or w ithout numerous dark m a rk in g s ................................. 9
9a. Pectoral-fin base with distinct pigment spot dorsally, spot usually dark above, diffuse below, often with dots trailing

ventrally; ventral dots coalescing into a separate spot in some specimens (ventral spot, if present, less intense than dorsal
spot); second dorsal-fin elements 9-10; second dorsal spine filam entous................................................Coryphopterus thrix

9b. Pectoral-fin base with prominent dark spot or blotch only on ventral portion; second dorsal-fin elements 11; second
dorsal spine not filamentous........................................................................................................ Coryphopterus punctipectophorus

10a. Body usually pale, pigment primarily comprising three rows of markings on side of body; lower row comprising small, 
mostly vertically elongate markings, some of which may be crescent shaped or some part of an X-shape but rarely well- 
defined X’s; if X-shaped markings present, their height is considerably shorter than eye diameter; pigment marking above
opercle usually a triangle, and basicaudal pigment usually a central b a r .........................................Coryphopterus tortugae

10b. Body heavily pigmented or pale but w ithout vertically elongate or crescent-shaped markings in ventral row  of pigment
on side of body; height of X-shaped markings, if present, three-quarters of or equal to diameter of eye; pigment marking 
above opercle triangular, rounded, or with two peaks; basicaudal pigment comprising two separate spots, two spots con
nected by a line of pigment and resembling a dumbbell, a central bar, or a C-shaped m arking............................................11

l i a .  Pigment on pectoral-fin base variable but always w ith dark spot or rectangular-shaped blotch ventrally (may be 
associated with bright yellow pigment in life); one or two additional bars, blotches, or concentrations of pigment 
sometimes present dorsally; three rows of dark m arkings on side of body, some in lower row  large, X-shaped m ark
ings in heavily pigmented specimens, small, circular blotches in paler specimens; pigment m arking above the opercle
triangular or r o u n d ................................................................................................................................ Coryphopterus venezuelae

l i b .  Pectoral-fin base rarely with prominent dark marking ventrally, although melanophores may form one to three light to 
moderate concentrations on base; body with three rows of dark markings, most of those in the lower row large, distinc
tive X-shaped markings; pigment marking above opercle usually with two well-defined p e a k s .............................................
................................................................................................................................................................... Coryphopterus glaucofraenum
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FIGURE 10. A, Coryphopterus kuna, San Andres, Colombian Caribbean (photo by Keri Wilk, ReefNet Inc.); B, Co- 
ryphopterus punctipectophorus, Holbox Island, Mexico (photo by Hilario Itriago); C, Coryphopterus kuna, Panama, 
17.1 mm SL, holotype, SIO-07-5, preserved, DNA GB EF55021 (reproduced from B. Victor, 2007, fig. 1A, Zootaxa 
1526:53); D, Coryphopterus punctipectophorus, South Carolina, 28 mm SL, USNM 315530, preserved, no DNA; E, 
Coryphopterus punctipectophorus, Florida, Gulf of Mexico, 42 mm SL, holotype, ANSP 90103, preserved, no DNA.
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FIGURE 11. Coryphopterus glaucofraenum, neotype, USNM 393907, Belize, 44 mm SL, DNA 6367: A, 
fresh; B, preserved.

D e s ig n a tio n  o f  N e o ty p e  fo r  
Coryphopterus glaucofraenum

FIGURE 11

Eschmeyer (2008) noted the need for designating a 
neotype for C oryphopterus glaucofraenum  Gili, because 
the w hereabouts of the holotype are unknow n. H e also 
noted  th a t four M C Z  specimens assum ed to  be syntypes do 
no t constitute type m aterial because G ill’s (1863) descrip
tion  was clearly based on a single specimen. Because of the 
historical confusion regarding the validity of C. tortugae 
and C. venezuelae as distinct from  C. glaucofraenum , and 
because the three species can be difficult to  separate, we 
have elected to designate a neotype for C. glaucofraenum  
from  w hich we have successfully obtained a CO I sequence 
th a t places the specimen in the C. glaucofraenum  clade. 
We hereby m ake the following type designation:

N e o ty p e

Coryphopterus glaucofraenum  Gili, USNM  393907, 
44 m m  SL, D N A  6367, Twin Cays, Belize, m angrove 
edge on in terior channel, 0 -6  ft. (GenBank accession no. 
G Q 367355.)

SU M M ARY A N D  FUTURE W O R K

Cytochrom e c oxidase I sequences (DNA barcoding) 
were useful in determ ining the num ber of distinct genetic 
lineages w ithin C aribbean Coryphopterus. We used the 
neighbor-joining tree (see Figure 1) derived from  those se
quences to  assemble voucher specimens (and color pho to 
graphs of them  taken before preservation) into clades and 
then com pared the m orphology of specimens am ong those 
clades. Assigning clades to  species was relatively easy based
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on review of original literature and exam ination of some 
type specimens (or photographs of them). Resolving the 
identities of m any Caribbean Coryphopterus in the absence 
of the D N A  data w ould have been extremely difficult.

We are continuing to  expand our geographic coverage 
of C oryphopterus  sam pling and will continue sequencing 
COI, and ultim ately other genes, from  specimens from  a 
diversity of locations. The precise geographic distributions 
of m ost western A tlantic Coryphopterus are no t know n, 
and our genetic analyses have revealed the presence of one 
or m ore additional cryptic species. Additionally, the exis
tence of tw o m orphological forms w ithin the genetic clade 
identified as C. venezuelae w arran ts further investigation. 
Ultimately, our m ulti-locus data set will enable us to  re
analyze phylogenetic relationships am ong Coryphopterus 
species, from  w hich we can investigate patterns of spécia
tion  and m orphological divergence. Finally, testing of the 
species identifications of Coryphopterus larvae proposed 
by Baldwin and Smith (2003) based on m orphology is cur
rently in progress based on CO I sequences of larvae col
lected as part of this study.
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A PPEN D IX

TABLE A.I. Coryphopterus material. A number in the DNA column indicates that the specimen was analyzed for cytochrome c oxidase 
1. An asterisk beside this number indicates the entry appears in the neighbor-joining tree in Figure 1; because of space constraints, not 
all specimens for which DNA was successfully sequenced are included in Figure 1. Extracting DNA was not attempted on formalin-fixed 
specimens. If the specimen was not sampled for DNA, “no DNA” is recorded in this column; BZE, Belize; FLA, Florida; CUR, Curacao; 
BAH, Bahamas; PAN, Panama; VEN, Venezuela.

Species DNA Standard 
length (mm)

Specimen 
voucher a

Photo voucher 
at N M N H

C. lipernes BZE 4067* _ No voucher No
BZE 4082* 23 No voucher No
BZE 4083* 21 No voucher No
BZE 7729* 18 USNM 394796 Yes
CUR 8051* 21 USNM 394895 Yes
CUR 8326* 20 USNM 394896 Yes
CUR 8327* 17 USNM 394894 Yes

C. hyalinus BZE 4511* 15 No voucher No
BZE 4512* 15 No voucher No
BZE 5066* 13 No voucher Yes
BZE 6221* 13.5 USNM 394795 Yes
BZE 6222* 14.5 USNM 394794 Yes
BZE 7760* 7 No voucher Yes
CUR 8044* 20 USNM 394890 Yes
CUR 8046* 19.5 USNM 394891 Yes
CUR 8264* 19 USNM 394893 Yes
CUR 8265* 17 USNM 394889 Yes
CUR 8266* 16.5 USNM 394892 Yes

C. personatus BZE 4014* — No voucher No
BZE 4079* 19 No voucher Yes
BZE 4307* 24 USNM 394756 Yes
BZE 4308* 21 USNM 394757 Yes
BZE 4309* 18 USNM 394758 Yes
BZE 5067* 19 USNM 394913 Yes
BZE 7163* 15 USNM 394742 Yes
CUR 8045* 19.5 USNM 394897 Yes
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Species DNA Standard 
length (mm)

Specimen 
voucher a

Photo voucher 
at NMNH

C. tortugae

C. glaucofraenum

BAH 8263 23 USNM 394904 Yes
BAH 8264* 22 USNM 394905 Yes
PAN 7712-1* 22 AMNH 247346 No
PAN 7712-5* 22 AMNH 247346 No
BZE 4016* 28 No voucher Yes
BZE 4530* 40 USNM 394730 Yes
BZE 5237* 34 USNM 394743 Yes
BZE 5238* 30 USNM 394731 Yes
BZE 7106* 20 USNM 394732 Yes
BZE 7107* 36 USNM 394733 Yes
BZE 7333* 25 USNM 394744 Yes
BZE 7677* 31 USNM 394801 Yes
BZE 7690 37 USNM 394878 Yes
BZE 7691* 29 USNM 394802 Yes
BZE 7692* 36 USNM 394879 Yes
BZE 7693* 20 USNM 394800 Yes
BZE 7708* 33 USNM 394877 Yes
BZE 7709* 29 USNM 394798 Yes
BZE 7734* 26 USNM 394799 Yes
BZE (no DNA) 40 USNM 329834 No
BZE (no DNA) 33 USNM 334838 No
CUR CG25* — No voucher No
CUR CG26* — No voucher No
PAN 7725-6* 36 AMNH 247347 No
VEN (no DNA) 45 USNM 194103 No
VEN 7736-1* 33 AMNH 247340 No
VEN 7736-4* 37 AMNH 247340 No
VEN 7736-6* 46 AMNH 247340 No
Bermuda (no DNA) 9 (15-31) USNM 330023 No
FLA (no DNA, photo 

of holotype)
— SU 08363 No

BZE 6037* 35 USNM 394347 Yes
BZE 6367* 44 USNM 393907 Yes
BZE 7343* 6 No voucher Yes
BZE 7351* 35 USNM 394353 Yes
BZE 7352* 25 USNM 394354 Yes
BZE 7353* 17.5 USNM 394355 Yes
BZE 7733* 25 USNM 394748 Yes
BZE 7768* 22 USNM 394792 Yes
BZE 7769* 17 USNM 394793 Yes
BZE 7796* 8.5 No voucher Yes
BZE 7798* 8.5 No voucher Yes
FLA 7341 49 USNM 394348 Yes
FLA 7342 42 USNM 394349 Yes
FLA 7343* 35 USNM 394350 Yes
FLA 7344 36 USNM 394351 Yes
FLA 7345 30 USNM 394352 Yes
FLA 7674 49 USNM 394356 Yes
FLA 7675 44 USNM 394357 Yes
FLA 7676 38 USNM 394358 Yes
FLA 7677 32 USNM 394729 Yes
PAN 7701-1* 39 AMNH 247334 No
PAN 7701-2* 40.5 AMNH 247334 No
PAN 7701-3* 32 AMNH 247334 No
PAN 7701-4* 26.5 AMNH 247334 No
PAN 7701-5* 33 AMNH 247334 No
PAN 7712-2* 35 AMNH 247335 No

continued
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TABLE A.I. continued

Species DNA Standard 
length (mm

Specimen 
voucher a

Photo voucher 
at NMNH

C. venezuelae

VEN 7729-1* 31 AMNH 247336 No
VEN 7729-2* 30 AMNH 247336 No
VEN 7729-3* 31 AMNH 247336 No
VEN 7736-2* 37.5 AMNH 247337 No
VEN 7738-1* 38 AMNH 247338 No
VEN 7738-2* 36 AMNH 247338 No
VEN 7738-3* 39 AMNH 247338 No
VEN 7744-2* 32 AMNH 247339 No
VEN 7744-3* 27 AMNH 247339 No
VEN 7744-4* 28.5 AMNH 247339 No
Bahamas (no DNA) 31 USNM 386863 No
Bahamas (no DNA) 2(30-32) USNM 386955 No
Bermuda (no DNA) 4 (27-35) USNM 178908 No
Bermuda (no DNA) 2 (45^46) USNM 178555 No
BZE 5099* 16 USNM 394735 Yes
BZE 5319* 8.5 No voucher Yes
BZE 7248* 35 USNM 394736 Yes
BZE 7362* 7.5 No voucher Yes
BZE 7704* 20 USNM 394880 Yes
BZE 7728* 17 USNM 394881 Yes
BZE 7797* 8.5 No voucher Yes
CUR 8052* 30.5 USNM 394737 Yes
CUR 8053* 30 USNM 394764 Yes
CUR 8054* 26.5 USNM 39475 Yes
CUR 8055 28 USNM 394766 Yes
CUR 8208* 31.5 USNM 394738 Yes
CUR 8259* 29 USNM 394739 Yes
CUR 8260* 29 USNM 394740 Yes
CUR 8427* 35 USNM 394741 Yes
BAH 8048* 43 USNM 394908 Yes
BAH 8049* 42 USNM 394906 Yes
BAH 8262* 39 USNM 394909 Yes
PAN 7725-1* 42.5 AMNH 247341 No
PAN 7725-2* 38 AMNH 247341 No
PAN 7725-3* 33 AMNH 247341 No
PAN 7725-4* 39 AMNH 247341 No
PAN 7725-5* 42.5 AMNH 247341 No
VEN 6670-3* 41 AMNH 247342 No
VEN 6670-4* 45 AMNH 247342 No
VEN 7733-1* 29 AMNH 247343 No
VENJV07* 20 AMNH 247344 No
VENJV08* 29.5 AMNH 247344 No
VENJV09* 36 AMNH 247345 No
VENJV10* 29 AMNH 247345 No
VEN JV11 * 29 AMNH 247345 No
VENJV12* 52 AMNH 247345 No
VENJV13* 50 AMNH 247345 No
VENJV14* 50 AMNH 247345 No
VENJV15* 50 AMNH 247345 No
VENJV16* 29 AMNH 247345 No
VEN (no DNA; photo -42 MOBR-P-0867 No

of paratype)
Puerto Rico; holotype 26.8 SIO 0869 No

of C. bol* (DNA 
from Victor, 2008)

Saba (no DNA) 15 USNM 387726 No
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Species DNA Standard 
length (mm)

Specimen 
voucher a

Photo voucher 
at NMNH

Brazil 4 (2-39) USNM 357709 No
C. dicrus BZE 421 3 22 USNM 394337 Yes

BZE 5239* 27 USNM 394763 Yes
BZE 6274* 25 USNM 394774 Yes
BZE 6110* 13 USNM 394779 Yes
BZE 7238 29 USNM 294338 Yes
BZE 7266 24 USNM 294339 Yes
BZE 7354* 22 USNM 394745 Yes
BZE 7410 27 USNM 394746 Yes
BZE 7700* 19 USNM 394778 Yes
BZE 7701* 17 USNM 394776 Yes
BZE 7707* 21 USNM 394777 Yes
BZE 7745* 23 USNM 394780 Yes
BZE 7818* 22 USNM 394775 Yes
FLA 7346* 43 USNM 394343 Yes
FLA 7347* 41 USNM 394344 Yes
FLA 7348* 38 USNM 394345 Yes
FLA 7680 39 USNM 394340 Yes
FLA 7681 42 USNM 394341 Yes
FLA 7682 44 USNM 394342 Yes
CUR 8135* 30 USNM 394747 Yes
BAH 8134* 43 USNM 394900 Yes
BAH 8135* 38 USNM 394898 Yes
BAH 8232 36 USNM 394899 Yes
VEN 7736-3* 35 AMNH 247332 No
VENJV01* 33 AMNH 247333 No
VENJV02* 35 AMNH 247333 No
VENJV03* 36 AMNH 247333 No
VENJV04* 20.5 AMNH 247333 No
VENJV05* 21 AMNH 247333 No
VENJV06* 20 AMNH 247333 No
Saba (no DNA) 4 (25-28) USNM 388525 No
Tobago (no DNA) 35 USNM 318808 No
Tobago (no DNA) 3 (23-25) USNM 318818 No
Dominica (no DNA) 11 (13-27) USNM 325165 No

C. thrix BZE 6111 * 15 USNM 394797 Yes
BZE 7265* 10 USNM 394734 Yes
BZE 7267* 30 USNM 394759 Yes
BZE 7816* 23 USNM 394914 Yes
BZE 7817* 22 USNM 394915 Yes
BZE (no DNA) 3 (20-28.5) USNM 328240 No
CUR 8261* 16 USNM 394760 Yes
CUR 8426* 23 USNM 394761 Yes
Venezuela (no DNA) 26 AMNH 244983 No
Navassa (no DNA) 31 USNM 359403 No
Tobago (no DNA) 32 USNM 318811 No
Tobago (no DNA) 2 (23-24) USNM 317133 No

C. eidolon BZE 4017* 31 USNM 394749 Yes
BZE 4080* 20 USNM Yes
BZE 4081* 29 No voucher No
BZE 4089* - No voucher No
BZE 5070* 33 USNM 394750 Yes
BZE 5099 16 No voucher Yes
BZE 6223* 18 USNM 394788 Yes
BZE 6224* 24 USNM 394789 Yes
BZE 6246* 25 USNM 394787 Yes
BZE 6268* 23.5 USNM 394790 Yes
BZE 6302* 33 USNM 394751 Yes
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TABLE A.I. continued

Species DNA Standard Specimen Photo voucher
length (mm) voucher a at NMNH

BZE 7108 21 USNM 394785 Yes
BZE 7109* 34 USNM 394752 Yes
BZE 7152 19 USNM 394346 Yes
BZE 7232* 31 USNM 394762 Yes
BZE 7350* 36 USNM 394753 Yes
BZE 7671* 28 USNM 394786 Yes
BZE 7672 24 USNM 394784 Yes
BZE 7673* 22 USNM 394781 Yes
BZE 7702 31 USNM 394783 Yes
BZE 7703* 26 USNM 394782 Yes
BZE 7726 24 USNM 394912 Yes
BZE 7727 17 USNM 394911 Yes
BZE 7735 23 USNM 394791 Yes
CUR 8047 37 USNM 394886 Yes
CUR 8048* 39 USNM 394884 Yes
CUR 8049 33 USNM 394883 Yes
CUR 8050* 38 USNM 394885 Yes
CUR 8262* 24 USNM 394887 Yes
CUR 8263 33 USNM 394888 Yes
BAH 8046* 41 USNM 394903 Yes
BAH 8047* 37 USNM 394902 Yes
Navassa (no DNA) 3 (32-33) USNM 360458 No

C. alloides BZE 7233* 24 USNM 394754 Yes
BZE 7264* 19 USNM 394755 Yes
BZE 7761* 12 USNM 394910 Yes
BZE (no DNA) 21 USNM 267843 No
CUR 8325* 18 USNM 394882 Yes

C. kuna BZE 4586* 6 No voucher No
BZE 5134* 7.5 No voucher Yes
BZE 6049* 7 No voucher Yes
BZE 6387* 7.5 No voucher Yes
PAN; holotype* DNA 17.1 SIO-07-5 No

from GenBank
C. punctipectophorus FLA; paratype 28 USNM 179307 No

(no DNA)
South Carolina 28 USNM 315530 No

(no DNA)

a USNM = U.S. National Museum (National Museum of Natural History), Smithsonian Institution; AMNH = American Museum of Natural History; MOBR = Museo
Oceanológico Hermano Benigno Román, Venezuela; SIO = Scripps Institution of Oceanography.
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ABSTRACT. With representatives of more than 10,000 species from diverse clades scat
tered throughout the w orld’s oceans, Cnidaria is a moderately diverse phylum of Meta- 
zoa. As such, various taxa within Cnidaria have been the subjects of recent phylogenetic 
analyses. Because of its diversity, it has not yet been possible to conduct any extensive 
phylum-level phylogenetic analyses. In addition, new information suggests that the large 
group of parasites known as Myxozoa is part of Cnidaria. The present contribution sum
marizes recent findings to create a picture of a current working hypothesis of cnidarian 
phylogeny. This summary, which treats the relationships among taxa down to the ap
proximate level of order, likely provides a suboptimal estimation of cnidarian phylogeny 
as compared to a detailed phylogenetic analysis of data sampled densely from all the 
Cnidaria component clades. Nevertheless, it should provide points of comparison for 
upcoming efforts to more comprehensively assess cnidarian phylogeny. Even at the basic 
level of order, many taxa are thought to be polyphyletic. Understandably, current clas
sifications are not fully reflective of recent phylogenetic advances.

INTRODUCTION

Early in the h istory  of M etazoa, the nem atocyst evolved. This capsu lar or
ganelle encloses venom  and  a tightly  coiled, hollow, dart-like th read  th a t is dis
charged at incredibly rap id  accelerations of up to  5 m illion g  (N üchter et al.,
2006). This explosive discharge can be achieved because of extrem e osm otic 
pressures (H olstein and  Tardent, 1984; Weber, 1989) w ith in  the highly stable 
nem atocyst w all, the m olecular structure  and function  of w hich are becom 
ing ever clearer (e.g., M eier et ah, 2007). Cnida is the m ore general term  for 
this organelle, the nem atocyst being just one type. H owever, it is reasonably  
clear, based on the d istribu tion  across cn idarian  tax a , th a t the ancestral form  
of the cnida was as a nem atocyst (M arques and  Collins, 2004). The lineage in 
w hich the nem atocyst o rig inated  gave rise to  the m oderately  diverse phylum  
C nidaria, m ost likely during the E diacaran  period (Peterson and  Butterfield, 
2005; C artw righ t and  Collins, 2007). Since this tim e, cnidarians have evolved 
an enorm ous variety  of form s and  a great diversity of life h istory  strategies. 
R epresentative cnidarians build  reefs, fish the depths, and  parasitize o ther spe
cies. E x tan t valid species num ber a b it m ore th an  11,000 (Daly et ah, 2007),

mailto:collinsa@si.edu
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or m ore th an  13,000 w hen roughly 2 ,200  m yxozoan spe
cies (Lom and  D yková, 2006) are included (see fo llow 
ing), and  can be found living in all m arine environm ents. 
M any m yxozoans infect freshw ater tax a , bu t just a small 
num ber of o ther cn idarian  species live in freshw ater 
(Jankow ski et ah, 2008).

Daly et al. (2007), in honor of the 300 th  anniversary 
of the b irth  of L innaeus, recently provided a sum m ary 
of phylogenetic know ledge abou t currently  recognized 
cn idarian  taxa  (exclusive of M yxozoa) typically ranked 
at ordinal and family levels in curren t classifications. I 
aim  to provide a sum m ary of recent insights into cnidar
ian phylogeny focusing on relationships am ong the dif
ferent cnidarian  orders. N o phylum-level analyses of the 
evolutionary relationships am ong these taxa  have been 
carried out, although attem pts have been m ade to  assess 
phylogenetic hypotheses for large subclades of Cnidaria; 
i.e., A nthozoa (Berntson et ah, 1999; W on et ah, 2001), 
H exacorallia (Daly et ah, 2003; Brugler and France, 
2007), O ctocorallia (Bertnson et ah, 2001; M cFadden et 
ah, 2006); M edusozoa (Collins, 2002; M arques and C ol
lins, 2004; Collins et al., 2006a; Van Iten et ah, 2006), 
and M yxozoa (Kent et ah, 2001; Fiala, 2006). In add i
tion , several recent studies have assessed the phylogenetic 
affinities of taxa th a t have been problem atic (Collins et 
al., 2006b; Van Iten et ah, 2006; D yková et al., 2007; 
Jim énez-G uri et al., 2007). The approach  taken  here is 
to  cobble together results from  these various analyses to 
provide a reasonable picture of our present understand 
ing of cnidarian  relationships (Figure 1). Representative 
cnidarians are illustrated  in Figures 2 and 3.

As it concentrates on recent insights, the present p a 
per does no t provide a thorough  review of the history 
of ideas abou t relationships am ong cn idarian  orders, nor 
does it a ttem pt to  sum m arize w hat recent phylogenetic 
results tell us abou t cn idarian  character evolution. For 
th a t type of inform ation , one should consult the studies 
referenced herein. The w orking hypothesis of cnidarian 
relationships (see Figure 1), as well as the sum m ary p ro 
vided by D aly et al. (2007), should provide points of com 
parison for phylum -w ide analyses of cn idarian  phylogeny, 
w hich will soon be attem pted  by researchers engaged in 
the cn idarian  tree of life project (h ttp ://C nidT oL .com ). 
Because it is a representation  of a hypothetical history 
of C nidaria, every node in Figure 1 is uncertain  and is 
subject to  change in light of new  inform ation. In a couple 
of instances, question m arks are inserted on the w orking 
hypothesis to  indicate relationships th a t are particularly  
tentative at present.

A  W O R K IN G  HYPOTHESIS 
OF CNIDARIAN PHYLOGENY

C nidaria is one of the earliest diverging clades w ithin 
M etazoa, and  surprisingly its precise position  w ithin the 
early diverging anim al lineages— Porifera, Placozoa, Bi- 
lateria, C tenophora, and  C nidaria— has rem ained elusive 
(Collins et ah, 2005b; D unn et ah, 2008). T hat said, it 
has become ever clearer th a t C nidaria is m ore closely re
lated  to  Bilateria th an  is C tenophora, a finding based on 
a synthetic consideration of m orphology (Salvini-Plawen, 
1978), later supported by 18S rD N A d ata  (W ainright et ah, 
1993; Collins, 1998), and m ost recently confirm ed by a 
large analysis of m any sequences of data from  expressed 
gene transcrip ts (derived from  large-scale sequencing of 
messenger RNA; know n as expressed sequence tags, or 
ESTs) (D unn et ah, 2008; although note th a t the analy
ses published therein suggest th a t C tenophora is the ear
liest diverging ex tan t m etazoan lineage, w hich is either 
a radical new  finding or an indication  of bias in the re
sults). R ibosom al data , both  18S (e.g., Collins, 1998) 
and com bined 18S and 28S (M edina et ah, 2001; C art
w right and  Collins, 2007), strongly suggest th a t Cnidaria 
forms a clade w ith Bilateria and the little-know n phylum  
Placozoa, and  th a t C nidaria m ay be the sister group of 
either taxon  or bo th  together. M ore recently, phylogenetic 
analyses using entire genomes (unfortunately  w ithou t any 
representatives of C tenophora) found Placozoa to  be the 
sister group of a clade com posed of C nidaria plus Bila
teria (Srivastava et ah, 2008).

M yxozoa is an interesting group of parasites tha t very 
well m ay be part of C nidaria. A lthough some early w ork 
ers suggested th a t they are cnidarians, based on the simi
larity between nem atocysts and m yxozoan polar capsules 
(Weill, 1938), they were m ainly considered as protists 
th roughou t the tw entieth  century. In 1995, an analysis of 
18S and m orphological data suggesting tha t m yxozoans 
were derived from  w ithin Cnidaria was published (Siddall 
et ah, 1995). However, this conclusion was doubted by 
m any because the 18S gene of m yxozoans appears to  have 
evolved very quickly relative to  tha t of m ost o ther metazo- 
ans, and different analyses involving different sets of taxa 
came to  conflicting conclusions about the precise position 
of M yxozoa w ithin M etazoa (Smothers et ah, 1994; Sid
dall et ah, 1995; H anelt et ah, 1996; Siddall and W hiting, 
1999; Kim et ah, 1999; Zrzavÿ and H ypsa, 2003). This 
uncerta in ty  was claim ed to  have been resolved w hen it 
w as discovered th a t an unusual w orm -shaped  anim al 
know n as B uddenbrockia  was a m yxozoan  (O kam ura

http://CnidToL.com
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FIGURE 2. Representative cnidarians: Anthozoa, Staurozoa, and Polypodiozoa. A, Octocorallia, Holaxonia, Plaxaura from St. John, U.S. 
Virgin Islands; B, Octocorallia, Alcyonacea (part of the unnamed clade including Holaxonia), Dendronephthya from Shirahama, Japan; C, 
Octocorallia, Alcyonacea, Briareum from St. John, U.S. Virgin Islands; D, Hexacorallia, Scleractinia, Acropora from St. John, U.S. Virgin 
Islands; E, Hexacorallia, Actiniaria, Thalassianthus from Shirahama, Japan; F, Hexacorallia, Zoanthidea, Palythoa from St. John, U.S. Vir
gin Islands; G, Staurozoa, Eleutherocarpida, Haliclystus from Hokkaido, Japan; H, Staurozoa, Cleistocarpida, Manania from Hokkaido, 
Japan. I, Polypodiozoa, Polypodium  (photographed by N. Evans).

et al., 2002; O kam ura and Canning, 2003). O kam ura and 
colleagues show ed th a t the m orphology and D N A  of Bud- 
denbrockia  firmly placed it w ithin M yxozoa. However, 
they also argued th a t the presence of four muscles located 
between the endoderm  and ectoderm  of Buddenbrockia  
indicated th a t it, and by extension M yxozoa as a whole,

was a close relative of nem atodes and firmly derived from  
w ithin Bilateria. M ost recently, this hypothesis was falsi
fied by analyses of EST data taken from  Buddenbrockia  
and o ther m etazoans indicating th a t M yxozoa is p art of 
Cnidaria (Jiménez-Guri et al., 2007), as suggested by ear
lier w orkers (Weill, 1938; Siddall et ah, 1995).
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FIGURE 3. Representative cnidarians: Hydrozoa, Cubozoa, Scyphozoa, and Myxozoa. A, Hydroidolina, Leptothecata, Lytocarpia from Shi
rahama, Japan; B, Hydroidolina, other Capitata, Cladonema from Hokkaido, Japan; C, Trachylina, Actinulida, Halammohydra from Bocas 
del Toro, Panama (still taken from video by J. Norenburg); D, Trachylina, Limnomedusae, Gonionemus from Hokkaido, Japan; E, Cubozoa, 
Carybdeida, Carybdea from Bocas del Toro, Panama; F, Cubozoa, Chirodropida, Chironex from Southern Japan (photographed in Enoshima 
Aquarium); G, Scyphozoa, Semaeostomeae, Chrysaora from Bocas del Toro, Panama; H, Scyphozoa, Rhizostomeae, Cassiopea from St. John, 
U.S. Virgin Islands; I, Myxozoa, Myxosporea, Bivalvulida, actinospore stage of Myxobolus (photographed by A. Nawrocki and N. Evans).

N ot surprisingly, given the type of data analyzed, taxon 
sampling for the EST analysis was rather limited, w ith just 
tw o anthozoans, tw o hydrozoans, and one scyphozoan 
included. The m yxozoan was shown to fall as the earliest 
diverging lineage in a clade including the two hydrozoans 
and the scyphozoan (Jiménez-Guri et al., 2007). In contrast, 
even m ore recent analyses of rD N A  data w ith excellent 
taxon sampling resulted in best trees in which M yxozoa was 
the sister group of Bilateria, a result thought to be biased by 
long-branch attraction (Evans et ah, 2008). Figure 1 shows

M yxozoa as the sister lineage of M edusozoa, as indicated by 
the EST results, but the branch also includes a question m ark 
because of the small num ber of taxa included in the analysis 
by Jiménez-Guri et al. (2007). Knowing whether myxozoans 
possess linear or the typical circular m itochondrial genomes 
could help place M yxozoa w ithin Cnidaria, as this is a m a
jor distinction between Anthozoa and M edusozoa (Bridge 
et ah, 1992, 1995; see following).

The inclusion of M yxozoa’s 2,200 species (Lom and 
D yková, 2006) w ithin Cnidaria increases the richness of
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the phylum  significantly. As parasites w ith com plex life 
cycles involving m ultiple hosts, the diversity of Cnidaria 
is substantially enriched as well. In recent years, re la tion
ships w ithin M yxozoa have m ainly been addressed using 
18S rD N A  data. These data give a strong signal th a t spe
cies parasitic of freshw ater bryozoans in the class M alaco- 
sporea ( =  order M alacovalvulida) form  a small clade (just 
three species are know n) th a t is sister to  the rem aining 
m yxozoans classified in the class M yxosporea (Canning 
et ah, 2000; Kent et ah, 2001). Recent classifications of 
M yxosporea break the class into tw o orders, Bivalvulida 
and M ultivalvulida. W hile neither taxon  as traditionally  
recognized is m onophyletic, including one aberran t bi- 
valvulidid m em ber in M ultivalvulida renders Bivalvulida 
paraphyletic and M ultivalvulida m onophyletic (as show n 
in Figure 1; Kent et ah, 2001; W hipps et ah, 2004; Fiala, 
2006; Lom and D yková, 2006). The great m ajority  of 
m yxosporeans appear to fall into tw o large clades, one 
dom inated by species inhabiting freshw ater hosts, and 
the o ther including M ultivalvulida and other species tha t 
prim arily infect marine hosts (Kent et ah, 2001; Holzer et 
al., 2004). Examples of reversals in freshw ater and m arine 
habits continue to  accum ulate, and a th ird  smaller clade 
has been identified (Fiala, 2006). Considerable diversity of 
M yxozoa rem ains to  be sam pled, but existing studies ind i
cate th a t m any m yxozoan taxa, even genera, are polyphy- 
letic. C ontinued efforts to  identify m orphological features 
reflecting shared ancestry, w hich could be used to  im prove 
the existing classification, are necessary (Fiala, 2006).

In analyses of Cnidaria (exclusive of M yxozoa), it has 
generally become accepted tha t Anthozoa is the sister clade 
of M edusozoa, a hypothesis tha t is buttressed by m orphol
ogy (Salvini-Plawen, 1978; Bridge et ah, 1995), m itochon
drial genome structure (Bridge et ah, 1992), and rD N A  
sequences (e.g., Berntson et ah, 1999; Kim et ah, 1999; 
M edina et ah, 2001; W on et ah, 2001; Collins, 2002). One 
recent exception is a study by Kayal and Lavrov (2008) 
based on com plete m itochondrial genome sequences, which 
found M edusozoa (just tw o representatives) derived from  
w ithin A nthozoa as the sister group of three sam pled rep
resentatives of O ctocorallia. A lthough certainly w orthy of 
consideration and future testing, lim itations in taxon  sam 
pling in the Kayal and Lavrov (2008) analysis cast some 
doub t on the veracity of this finding. Similar arrangem ents 
were also presented in early rD N A  analyses th a t similarly 
suffered from  poor taxon  sampling, as show n by pioneer
ing w ork of Bridge et al. (1995). As indicated in Figure 1, 
A nthozoa is hypothesized to  consist of tw o w ell-supported 
sister clades w ith diverse representatives, O ctocorallia and 
H exacorallia. A nthozoa is usually considered to be a class

w ithin the phylum  (e.g., Daly et ah, 2007), but m aking it 
a subphylum , w ith H exacorallia and O ctocorallia as its 
classes, w ould go some way tow ard  balancing the classifi
cation of A nthozoa w ith th a t of M edusozoa.

The phylogeny of O ctocorallia has posed some of the 
m ost troublesom e questions in recent cnidarian systemat- 
ics because of a relatively dram atic incongruence between 
trad itional taxonom y and m olecular-based hypotheses of 
relationships (Berntson et ah, 2001). Nevertheless, consis
tent progress has been made; m any of the alliances first 
suggested by the rD N A  analyses of Berntson et al. (2001) 
have been confirmed, and some m orphological synapo- 
m orphies of recently recognized clades have been identified 
(M cFadden et ah, 2006). It has been prem ature, given the 
great diversity of O ctocorallia rem aining to  be sam pled, to 
erect a new classification for the group, but some patterns 
are emerging. There appear to  be tw o m ajor clades and a 
m inor clade or grade th a t branched early in the history of 
O ctocorallia (M cFadden et ah, 2006). O ne of the three 
octocoral orders, Alcyonacea (soft corals and sea fans), 
w hich is by far the m ost diverse and least distinctive, is 
clearly paraphyletic. The o ther tw o orders, Pennatulacea 
(sea pens) and H elioporacea (blue corals), are m onophy
letic, and each appears to  be independently descended 
from  a paraphyletic Calcoxonia (one group of sea fans), a 
suborder of Alcyonacea (M cFadden et ah, 2006). A nother 
group of sea fans know n as H olaxonia all appear in one of 
the m ajor clades, along w ith o ther alcyonaceans, bu t there 
is no strong evidence for holaxonian  monophyly.

In contrast to  O ctocorallia, the overall picture of the 
phylogeny of H exacorallia has been relatively clear. O f the 
six hexacorallian orders, several lines of evidence indicate 
tha t C eriantharia (tube anemones) is the earliest diverging 
lineage (Berntson et ah, 2001; W on et ah, 2001; Daly et 
ah, 2002, 2003; Brugler and France, 2007). Similarly, this 
same set of studies all concur in finding a close relationship 
between Scleractinia (stony corals) and Corallim orpharia. 
However, there has been some confusion about w hether 
C orallim orpharia m ight be derived from  w ithin Sclerac
tinia, th a t is, one version of the “naked coral hypothe
sis,” w hich posits th a t one or m ore hexacorallian groups 
w ithout skeletons are derived from  stony coral ancestors. 
A bundant evidence refutes the idea tha t Actiniaria (true 
anemones) or Z onanthidea are derived from  scleractinian 
ancestors (Berntson et ah, 2001; W on et ah, 2001; Daly 
et ah, 2002, 2003; Brugler and France, 2007), but several 
analyses of m itochondrial genes, including whole m ito
chondrial genomes, have found corallim orpharians to be 
derived from  w ithin Scleractinia (France et ah, 1996; R o
m ano and Cairns, 2000; M edina et ah, 2006). In contrast,
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however, better taxon  sam pling of m itochondrial genomes 
(Brugler and France, 2007) and analyses of other genes 
w ith better taxon  sam pling (Fukami et ah, 2008) favor 
the hypothesis tha t C orallim orpharia and Scleractinia are 
m onophyletic  sister groups. N o  clear p icture of the re 
la tionsh ips betw een this clade, A ctin iaria , A n tipatharia  
(black corals), and  Z oan th id ea  has em erged from  recent 
w ork , as different da ta  sets or analytical approaches 
have yielded conflicting results (Berntson et ah, 2001; 
W on et ah, 2001; D aly et ah, 2002 , 2003; Brugler and 
France, 2007).

In present classifications, M edusozoa is usually p re
sented as including four classes: Cubozoa, H ydrozoa, 
Scyphozoa, and Staurozoa. As m entioned earlier, a recent 
analysis of EST data suggested th a t M yxozoa is derived 
from  w ithin C nidaria, as the sister group of the three me- 
dusozoans included in the analysis (Jiménez-Guri et al., 
2007). A nother taxon, Polypodiozoa, w hich is sometimes 
considered a class because of the unusual nature of the par
asitic species w ithin its single genus, Polypodium  (Raikova, 
1988), has also recently been hypothesized to  fall w ithin 
M edusozoa, m ost likely as a close relative of H ydrozoa 
(Evans et ah, 2008). Thus, M edusozoa may have as m any 
as six classes representing rather distinct, evolutionarily 
independent lineages. Evidence for the m onophyly of M e
dusozoa, albeit w ith the exclusion of M yxozoa and Poly- 
podoizoa, comes from  rD N A  data (Collins, 1998, 2002; 
M edina et ah, 2001; Collins et ah, 2006a) and observa
tions of m orphology (Werner, 1973; Salvini-Plawen, 1978; 
Schuchert, 1993; Bridge et ah, 1995).

A ttem pts to  incorporate data from  M yxozoa and 
Polypodiozoa in analyses of cnidarian phylogeny have 
been com plicated by the relatively rap id  rate of m olecular 
evolution in these tw o taxa. In m any analyses of rD N A , 
representatives of these tw o groups appear to be artifi
cially attracted  to  bilaterian exam plars and end up form 
ing sister group relationships w ith Bilateria (Siddall et ah, 
1995; Kim et ah, 1999; Zrzavÿ and H ypsa, 2003). In a 
recent study of 18S and 28S data, dense taxon  sam pling 
of m edusozoans appears to  have overcome some of this 
long-branch a ttraction  problem , at least so far as Polypo
diozoa is concerned (Evans et ah, 2008). A lthough the o p 
tim al trees of Evans et al. (2008) had M yxozoa branching 
as the sister group of Bilateria, perhaps because the 28S 
m arker was only partially sam pled for the m yxozoans, 
Polypodiozoa consistently fell w ithin M edusozoa, as one 
w ould expect based on its m orphology (Raikova, 1980, 
1994). Unfortunately, however, the exact position of Poly
podiozoa w ithin M edusozoa was show n to be dependent 
upon m ethod of analysis and the inclusion or exclusion of

m yxozoan representatives (Evans et ah, 2008), prom pting 
the question m ark  show n in Figure 1.

Am ong the taxa m ore traditionally  considered as part 
o f M edusozoa, Staurozoa (or Staurom edusae) m ay pos
sibly be the earliest diverging lineage, a result obtained 
th rough the analysis of both  m olecular and m orphologi
cal data (Collins, 2002; D aw son, 2004; Collins and Daly, 
2005; Collins et al., 2006a; Van Iten et ah, 2006). As ben- 
thic, so-called stalked m edusae, the finding th a t Staurozoa 
m ight branch early in the history of M edusozoa was of 
some interest because it very clearly im plied th a t the pe
lagic m edusa stage was a feature derived w ithin this clade. 
However, Collins et al. (2006a) noted  th a t some m ethod
ological choices in their phylogenetic analyses im pacted 
the position of Staurozoa. Further, although no t specifi
cally addressed, the position of Staurozoa was no t stable 
in the analyses of Evans et al. (2008). Thus far, no strong 
evidence has been published suggesting th a t Staurozoa 
is no t an early diverging lineage of M edusozoa. W ithin 
Staurozoa, there are tw o m ain taxa, Cleistocarpida and 
E leutherocarpida, neither of w hich appears to  be m ono
phyletic despite the fact th a t taxon  sam pling was relatively 
limited (Collins and Daly, 2005).

A nother small class of M edusozoa is Cubozoa (box 
jellyfishes). A lthough 18S data provide no clear signal 
about the precise position of Cubozoa w ithin Cnidaria 
(Collins, 2002; Evans et ah, 2008), 28S data strongly sug
gest th a t Cubozoa is the sister group of Scyphozoa (true 
jellyfishes), together form ing the clade Acraspeda (Col
lins et ah, 2006a; Evans et ah, 2008). Both 18S and 28S 
strongly support cubozoan m onophyly, as well as tha t 
of its tw o m ain subtaxa, Carydeida and C hirodropida 
(Collins, 2002; Collins et ah, 2006a). Similarly, there is 
relatively strong and stable evidence concerning the evo
lu tionary relationships am ong the scyphozoan orders 
Coronatae, Rhizostom eae, and Semaeostomeae, although 
it should be noted  th a t taxon  sam pling has been sparse. 
The earliest diverging lineage is C oronatae, and R hizosto
meae is a w ell-supported clade th a t is derived from  w ithin 
Semaeostomeae (Collins, 2002; Collins et ah, 2006a).

The largest and m ost diverse class w ithin M edusozoa 
is H ydrozoa. As indicated in Figure 1, an ancient diver
gence w ithin H ydrozoa divides the group into tw o clades, 
Trachylina and H ydroidolina (Collins, 2002; M arques and 
Collins, 2004; Collins et ah, 2006a). Each clade has been 
the subject of recent papers aimed at bringing increased 
taxon  and genetic m arker sam pling to  bear on the evo
lu tionary relationships am ong their respective com ponent 
groups (C artw right et ah, 2008; Collins et ah, 2008). As 
Figure 1 shows, relationships among the m ajor lineages of
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H ydroidolina are uncertain (Collins et al., 2006a; C art
w right et ah, 2008). In term s of taxonom y, the clade in 
cludes Leptothecata (thecate hydroids and leptom edusae) 
and Siphonophora (colonial siphonophores including the 
Portuguese m an o’ war), two groups w ith ample evidence 
for m onophyly (Collins, 2002; Collins et ah, 2006a; C art
wright et ah, 2008). Hydroidolina also includes the large and 
diverse taxon Anthoathecata (athecate hydroids and antho
medusae), which is typically subdivided into Capitata and 
Filifera. There is no evidence supporting the monophyly of 
Capitata, Filfera, or Anthoathecata (Collins, 2002; Collins et 
ah, 2006a; Cartwright et ah, 2008). Despite the difficulty in 
w orking out the relationships among hydroidolinan clades, 
some advances have been made in identifying large clades 
that had not been previously recognized. For instance, Capi
tata appears to be composed of tw o well-supported clades, 
one dubbed Aplanulata (includes the well-known model 
organisms of Hydra) in reference to the group’s lack of a 
ciliated planula stage (Collins et ah, 2005a, 2006a) and the 
other consisting of all the other capitate groups (Cartwright 
et ah, 2008). The name Capitata has recently been applied 
to this m ore restrictive clade (Cartwright et ah, 2008). Simi
larly, within Filifera, a previously unrecognized alliance of 
species that bear gonophores, but not on their hydranth 
bodies, has been given the name Gonoproxim a. There is no 
support for the monophyly of the remaining filiferans.

Trachylina is com posed of four orders: A ctinulida, 
Lim nom edusae, N arcom edusae, and Trachym edusae. The 
m onophyly of N arcom edusae seems to  be relatively cer
tain  (Collins, 2002; Collins et ah, 2006a, 2006b, 2008), 
whereas the m onophyly of Actinulida has yet to  be tested 
because just a single representative has been included in 
any phylogenetic analysis (Collins et ah, 2008). Trachy
m edusae, a group of pelagic species th a t lack polyp stages, 
appears to  be polyphyletic. O ne family (Geryonidae) has a 
close relationship w ith a subgroup of L im nom edusae (Col
lins et ah, 2006a, 2008), whereas another (R hopalonem a
tidae) m ay have given rise to  the interstitial Actinulida 
(Collins et ah, 2008). Lim nom edusae appears to  represent 
a grade at the base of Trachylina (Collins, 2002; Collins et 
ah, 2006a, 2006b, 2008). As w ith m any cnidarian groups, 
the classification of Trachylina requires refinem ent to  bet
ter reflect our phylogenetic knowledge.

C O N C LU SIO N  A N D  CLASSIFICATION

The w orking  hypothesis of cn idarian  phylogeny 
presen ted  here (see Figure 1), as do all o thers, requires 
con tinued  testing and  refinem ent. M any  of the studies

behind it have lim ita tions, especially in tax o n  sam pling, 
and  the orig inal papers should  be consulted  for m ore 
detailed  assessm ents of strengths and  w eaknesses of the 
analyses th a t they repo rt. As the w ork ing  hypothesis 
results from  no single analysis and  was instead  p u t to 
gether from  num erous sources, som e of m y biases, in 
the form  of judgm ents, have had  an  im pact on the final 
form  of the w ork ing  hypothesis. This effect is certain ly  a 
w eakness in such an exercise and  dem onstrates w hy it is 
less preferable th an  an  analysis th a t relies on data sam 
pled from  diverse representatives across C nidaria . W hen 
such an analysis is conducted , the w ork ing  hypothesis 
p resen ted  here m ay provide a helpful reference p o in t for 
com parison .

Figure 1 m akes it clear th a t the cu rren t classifica
tio n  of C nidaria , even a t the  basic level of order, has 
n o t kep t up w ith  phylogenetic advances. A new  classi
fication using tax a  hypothesized to  be m onophyletic  is 
n o t feasible un til m ore th o ro u g h  and  ro b u st phyloge
netic analyses are conducted . C onflicting results from  
different phylogenetic studies create one h indrance to  
advances in classification, bu t this is n o t really  new, as 
d ifferent taxonom ists  have always offered d ifferent clas
sifications to  reflect their changing perceptions of taxa . 
M ore detrim ental to  progress in classification is the lack 
of com pleteness in existing phylogenetic analyses. W ith 
m olecular da ta , individuals are sam pled, and  assess
m ents of the phyletic status (m onophyletic, paraphyletic , 
or polyphyletic) of larger tax a  are n o t very strong  until 
large num bers of com ponen t species are included in an 
analysis. M oreover, the relevant m orphological features 
th a t distinguish  any particu la r clade (especially if no t 
co rrespond ing  to  a trad itio n a l taxon) are no t easily d is
cerned w ith o u t th o ro u g h  sam pling and  exam ination  of 
its m em bers.

Nevertheless, classifications are m ade to  enhance 
com m unication. Therefore, it may be prudent to  a ttem pt 
classifications th a t better reflect ongoing advances in phy
logenetics. Below I present one such attem pt for Cnidaria. 
It is no t m eant to  be adopted, as this au thor has little ex
pertise in non-m edusozoan cnidarians. Instead, it is p re
sented to  illustrate one possible system for classifying tra 
ditional taxa in light o f ongoing phylogenetic advances. It 
relies on anno ta tion  indicating w hether a given taxon  is 
likely to  be m onophyletic, paraphyletic, o r polyphyletic. 
Taxa for w hich reasonable evidence suggests m onophyly 
are followed by a superscript M . Taxa though t to  be p a ra 
phyletic are followed by superscript P and a list of taxa [in 
brackets] hypothesized to  be derived from  it. Taxa th a t are 
likely polyphyletic are placed in quo tation  m arks. Finally,



N U M B E R  3 8 • 1 4 7

taxa whose phyletic status is essentially unknow n are left 
w ith no annotation .

Phylum  C nidariaM
Subphylum  A nthozoaM 

Class H exacoralliaM
O rder A ctiniariaM 
O rder A ntip thariaM 
O rder C erianthariaM 
O rder C orallim orpharia1̂
O rder ScleractiniaM 
O rder Z oan th idaM 

Class O ctocoralliaM
O der “A lcyonacea”13 [Calcoxonia, H elio

poracea, H olaxonia , Pennatulacea] 
O rder Calcoxoniap [Helioporacea, Pen- 

atulacea]
O rder H elioporaceaM 
O rder H olaxonia 
O rder PennatulaceaM 

Subphylum  M edusozoaM 
Class C ubozoaM

O rder C arybdeidaM 
O rder C hirodropidaM 

Class H ydrozoaM
Subclass H ydroidolinaM 

O rder A planulataM
O rder C apita taM (excluding A planulata) 
O rder Filifera (excluding G onoproxim a) 
O rder G onoproxim aM 
O rder LeptothecataM 
O rder S iphonophoraM 

Subclass TrachylinaM 
O rder Actinulida
O rder Lim nom edusae (including Ger

yonidae)
O rder N arcom edusaeM 
O rder Trachym edusae13 [Actinulida, N ar

comedusae]
Class PolypodiozoaM

Genus Polypodium  
Class ScyphozoaM

O rder C oronataeM 
Subclass D iscom edusaeM 

O rder R hizostom eaeM 
O rder Sem aeostom eae13 [Rhizostomeae] 

Class S taurozoaM
O rder “ C leistocarpida”
O rder “E leutherocarpida”

Subphylum  M yxozoaM

Class M alacosporeaM
O rder M alacovalvulidaM 

Class M yxosporeaM
O rder Bivalvulida13, [M ultivalvulida] 
O rder M ultivalvulida1̂
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Biodiversity and Abundance of Sponges 
in Caribbean Mangrove: Indicators 
of Environmental Quality

Maria Cristina Diaz

ABSTRACT. We have long been fascinated by the lush biological diversity seen on sub- 
tidal substrates in Caribbean saltwater mangroves. Several groups of plants and sessile 
invertebrates flourish on the submerged prop roots of red mangrove (Rhizophora man
gle), competing for space and tolerating a stressful range of ecological variables (tempera
ture, salinity, nutrients, sedimentation) that is quite different from the more stable climate 
on nearby coral reefs. To test the limits of tolerance, we monitored populations of these 
organisms, the abundant sponges in particular, at environmentally and geographically 
dissimilar locations in Panama and Belize. We used relative abundance estimates and 
frequency counts of m ajor ecologically functional groups and common sponge species to 
establish baselines, and we repeated our surveys over long time spans (months to years) 
to find correlations between community and environmental changes. Both study loca
tions demonstrated environmental quality decline during the time of observation, mainly 
through mangrove clear-cutting, followed by increase of suspended fine sediments from 
dredging reef sands and filling in intertidal land, and elevation of nutrient levels from 
terrestrial inputs. Although our methods are still in a stage of refinement, our data are 
leading the way to responsible monitoring of our most precious coastal resources in the 
tropics. We find that photosynthetic organisms (cyanobacteria, algae) and filter-feeding 
invertebrates (sponges, ascidians, bivalves, bryozoans) count among the “canaries in the 
coal m ine” as effective indicators of environmental change.
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Red m angrove trees, R hizophora mangle, grow  along thousands of kilo
m eters of C aribbean shorelines, protecting them  from  storm  erosion and of
fering hab ita t to  m any organism s (Rützler and Feller, 1988, 1996; de Lacerda 
et ah, 2002). C aribbean m angroves harbor from  a handful to  m ore than  100 
sponge species at any one particu lar site (Table 1). Available data indicate tha t 
sponges m ay m ake up 10% to 70%  of epiphytic species diversity on subm erged 
m angrove roots. The best studied m angrove sponge faunas are described from  
islands off southern  Belize, w ith species richness reported  between 50 and 147 
species (Rützler et al., 2000; Wulff, 2000; Diaz et al., 2004), followed by faunas 
from  a few islands in the Bocas del Toro Archipelago, Panam a, w ith 65 spe
cies (Diaz, 2005), from  various m ainland and island sites off Venezuela w ith 
62 species (Sutherland, 1980; Diaz et al. 1985; O rihuela et al., 1991; Pauls,

mailto:taxochica@gmail.com
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TABLE 1. Number of species of Porifera and other epifaunal taxa reported from Caribbean mangroves (n.a. = no data available).

Country Locality Porifera Other taxa Author

Antilles Guadalupe, Trinidad, Puerto Rico 4-10 32-70 Toffart (1983)
Bahamas Bimini 13 n.a. Rützler (1969)
Belize Four cays 24 59 Farnsworth and Ellison (1996)

Twin Cays 54 n.a. Rützler et al. (2000)
Pelican Cays 147 217 See Macintyre and Rützler (2000)

Cuba n.a. 48 n.a. Alcolado (unpublished data)
Panama Bocas del Toro 60 n.a. Diaz (2005)
USA Indian River, Florida 3 25 Bingham and Young (1995)
Venezuela Buche Bay 16 32 Sutherland (1980)

Morrocoy National Park 23 n.a. Diaz et al. (1985)
Turiamo Bay 10 n.a. Pauls (2003)
Ciénaga Bay 26 n.a. Pauls (1998)
La Restinga National Park 18 35 Orihuela et al. (1991)
La Restinga National Park 40 n.a. Diaz et al. (2003)

1998, 2003; Ram irez, 2002; Diaz et al., 2003; Pérez,
2007), and various m angrove sites in Cuba, w ith 41 spe
cies (Alcolado, unpublished data). O ther reports are from  
Colom bia, w ith 26 species (Zea, 1987; S. Zea, N ational 
University of Colom bia, personal com m unication, 2006); 
Jam aica, w ith 18 species (Hechtel, 1965; Lehnert and van 
Soest, 1998); and Trinidad and G uadalupe, w ith 6 species 
(Toffart, 1983) (clearly representing only a portion  of the 
m angrove sponge diversity there).

M ost o f the m angrove systems in the C aribbean re 
m ain unexplored, leaving a large void in biodiversity in 
form ation. M ost studies just cited show  th a t the m ore 
closely these com m unities are investigated, the m ore new 
species are being discovered. An exam ple is the research 
by the C aribbean  C oral Reef Ecosystem s P rogram  in Be
lize during the past 25 years (R ützler et al., 2000 , 2004). 
In particular, specialists on certa in  sponge taxa discov
ered and  described num erous species in the families 
Suberitidae (order H adrom erida) (Rützler and  Smith, 
1993), C halinidae (order H aplosclerida) (de W eerdt et 
ah, 1991) and  M ycalidae (order Poecilosclerida) (H adju 
and Rützler, 1998). A recent revision of C aribbean  L is
sodendoryx  allow ed the re in te rp re ta tio n  of L. isodyc- 
tyalis (Carter, 1882) and  seven o ther species, four of 
them  new  to science (R ützler et al., 2007). Similarly, tw o 
unique haplosclerids were found in Belizean and  P ana
m anian  m angroves: a th in , erect, and fragile undescribed 
species of H aliclona  from  Twin Cays, and  X estospongia  
bocatorensis, a th in  crust occurring in Bocas del Toro 
m angroves and  reefs. Both are in an endosym biotic re la 
tionship  w ith  filam entous C yanobacteria, a very unusual

occurrence in this o rder of sponges (Diaz et ah, 2007, 
T hacker a t ah, 2007).

Besides the im portance  of sponges species richness, 
they m ay be one of the m ost ab u n d an t anim al groups 
in  m angrove h ab ita ts . In Belize, for instance, on the lee
w ard  sides of islands, sponges cover 10%  to 50%  of the 
ro o t surfaces, follow ed in im portance  by sea anem ones, 
ascidians, and  algae (F arnsw orth  and  Ellison, 1996; Diaz 
et ah, 2004). In the C aribbean , ep ib ion t m angrove com 
m unities have been in terp re ted  as highly heterogeneous 
(Rützler, 1969; S utherland, 1980; A lcolado, 1985; A l
varez, 1989; Calder, 1991a; B ingham , 1992; Diaz et ah, 
2004) as a result o f low  recru itm en t rates (Zea, 1993; 
M ald o n ad o  and  Young, 1996), low  and  fragm ented 
available space (Jackson and  Buss, 1975; Sutherland, 
1980), and  stochastic  processes in the long term  (Bing
ham  and  Young, 1995; Ellison et ah, 1996). A bundance 
and  d istribu tion  for sponges and  algae in  these com m u
nities have been re lated  to  environm ental factors, such 
as light intensity, tides, wave im pact, air exposure, and 
sed im entation  (Rützler, 1995), and  to  biological factors, 
such as larval supply (F arnsw orth  and  Ellison, 1996), 
ro o t abundance, com petition , and  p red a tio n  (Calder, 
1991b; L ittler et ah , 1985; Taylor et ah , 1986; Ellison 
and  F arnsw orth , 1992; Rützler, 1995; R ützler et al., 
2000; W ulff, 2000). Algae ab ound  on the shallow , well- 
lit parts of stilt roo ts, and  the ir abundance and  species 
com position  are highly susceptible to  the presence of 
grazers. Sponges are m ost ab u n d an t on the low er sub- 
tida l po rtions of the stilt roo ts  and dom inate  pea t bank  
w alls and  undercuts.
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The m ajor physical and biological processes are m od
ulated by competitive abilities, such as grow th rates and 
chemical defenses against predation (Wulff, 2000, 2004, 
2005; Engel and Pawlik, 2005). Short-term  epibiont abun
dances are likely to  be determ ined by interspecific com 
petitive interactions and predation, while long-term  abun
dances are limited by seasonal environm ental changes, 
such as freshw ater inputs during periods of rain, strong 
tidal currents, waves, and stochastic processes th a t make 
these com m unities unstable (Bingham and Young, 1995; 
Ellison et ah, 1996). Despite im portan t generalizations 
about m angrove benthos ecology, we lack understanding 
of the tem poral or spatial variation w ithin m ost epibiont 
groups and knowledge about species occurrence, abun
dance, dom inance, and interactions. For example, we do 
no t know  which species are generally abundan t in these 
com m unities, how  the hierarchy changes w ith the year’s 
seasons, and if there are predictable succession patterns. 
O ur current lack of knowledge prevents us from  discerning 
between natural variations, for instance, seasonal or yearly 
dynamics, and artificial disturbances caused by hum ans.

The present w ork pursues the overall goal of a better 
understanding of diversity, biogeography, and ecological dy
namics and their causes among the sponges in Caribbean 
mangroves. It encompasses tw o m ajor aspects: evaluation 
of our current knowledge of epiphytic sponge taxa and the 
contribution of new data on causes for species richness, dis
tribution, abundance, and dynamics, particularly from the 
examples of mangrove in Panama and Belize. The survey 
carried out in Bocas del Toro (Panama) intends to  follow 
short-term  changes (over one year) in the epiphytic fauna of 
mangrove roots, whereas the study in Belize will clarify shifts 
in distribution of taxa over a longer period (four years).

M ETHODS

S p o n g e  S pecies D is tr ib u t io n  in  C aribbean  M a n g r o v e s

The distribution of species in Caribbean mangroves was 
determined from  currently published data or unpublished 
data provided to the authors. Faunas from different regions 
were com pared by using a cluster analysis w ith the Bray- 
Curtis dissimilarity coefficient, which is part of the M ulti
variate Statistical Package (MVSP 3.1) (van Soest, 1993).

S p o n g e  Id e n t if ic a t io n

Specimens were identified in situ or, w hen necessary, 
briefly characterized and photographed, w ith a sample

preserved in ethanol. In the laboratory, routine m icroscope 
preparations were m ade by cleaning spicules in household 
bleach and hand-cutting perpendicular and tangential sec
tions, w hich were dehydrated and m ounted in Perm ount 
and exam ined under the light m icroscope.

Ph y s ic o c h e m ic a l  V ariables

T em perature and  salinity  w ere m easured at 0 and  50 
cm  depth  at the Belize sites (January  and  A ugust 2004), 
and  in  Bocas del Toro (February, June, and  Septem ber
2004). Sedim entation rates w ere estim ated from  accu
m ulations in buried  sedim ent traps (plastic pipes, 10 
cm  diam eter, 50 cm length) left in place for 210 days in 
Belize and  150 days in Panam a. The trap p ed  sedim ent 
w as oven-dried (50°C), and  its com position  was deter
m ined as percentage of m ud (including the very fine clay 
fraction) (< 0 .0 0 2 -0 .0 5  mm) and  sand (0 .0 5 -2  mm ). 
A pprox im ate  values of calcium  carbona te  con ten t were 
determ ined from  w eight loss after exposure to  changes 
of d ilute hydrochloric  acid, and  sedim ent deposition  
rates w ere calcu lated  (g/m2/day). Seaw ater sam ples (500 
mL each) w ere taken  in Belize (Septem ber 2003) and  at 
Bocas del Toro (Septem ber 2004) at low  and  high tide, 
filtered (0.2 |j.m, GF/F filter) and frozen for nu trien t 
analysis (Astor, 1996). N u trien t values w ere determ ined 
by spectropho tom etric  technique using the p rocedure 
described earlier (Diaz and  W ard, 1997). Q ualita tive  
observations ab o u t h ab ita t types su rround ing  the m an 
grove fringe w ere recorded , as well as an  estim ate of the 
level of hum an  disturbance.

S urvey sites, B o c a s  del T o r o , Pa n a m a

Four sites w ith in  a perim eter of 10 km  were selected 
and  surveyed during 2004 (Figures 1, 2): (1) STRI Point: 
location  of the Sm ithsonian Tropical R esearch In stitu te ’s 
laboratory , several m angrove stands close to  reef patches 
in the southw est of C olon Island, and near a well- 
developed area w ith  a housing com plex th a t is p a rt of 
the station; (2) Solarte In: a p ro tected  lagoon in the east 
of Solarte Island, site o f a m odest housing developm ent; 
(3) Solarte O ut: a pristine m angrove island close to  reef 
patches to  the w est side of Solarte Island; and  (4) Big 
Bight: a p ristine, m angrove-lined lagoon su rrounded  by a 
w ell-developed terrestria l forest on C olon Island, less than  
5 km  northw est of STRI Point. G eneral physicochem ical 
characteriza tion  and  geographic location  of the sites are 
presented in Table 2 and  the nu trien t regim e in Table 3.
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FIGURE 1. Map of research area at Bocas del Toro, Panama (STRI = Smithsonian Tropical Research 
Institute).

M angrove p rop  roo ts (25 per site) w ere haphazard ly  se
lected w ith in  a 30 m  length of the m angrove fringe. The 
fron t side (facing the channel) o f each selected ro o t was 
pho tog raphed  along its entire length and  set to  scale by 
tying a tran sp aren t m easuring tape to  the high-tide w ater 
m ark . The tape w as prevented from  floating by attach ing  
a m etal w eight to  its low er end. Three to  seven p h o to 
graphs were taken , depending on the ro o t length. R oots 
w ere repho tog raphed  four times during the year (Feb
ruary  2004, June 2004, Septem ber 2004, and  February
2005). F rom  these im ages, abundance values of epifauna 
w ere estim ated by m easuring the projected  area of each 
species using the CPCe program . The area (cm2) covered 
by each taxon  was divided by the ro o t length (m), so th a t 
the relative abundance values are related  to  a m easure 
of available substra te . Cover of each tax o n  is reported  
as the sum  of its abundances (cm2/m  root) on all roots 
at a particu la r site. E ight categories of epiphytes were 
distinguished: cyanobacteria! m ats (monospecific stands

of cyanobacteria), green algae, red algae (including bo th  
crustose calcareous and  fleshy species), tu rf  (m ixture of 
densely packed red, green, and  cyanobacterial filaments), 
sponges, hydroids, bivalves, and ascidians; the n in th  ca t
egory w as “ em pty” (spaces no t occupied by m acrofauna 
or m acroalgae). W hen small organism s were found over
grow ing a large one (such as Spongia tubulifera, H yrtios  
proteus) the projected  area of bo th  species was included. 
The num ber of roo ts finally analyzed per studied site was 
reduced to  14-22  because there was some accidental loss 
of pho tograph ic  data .

S urvey S ites, Tw in  C ays a n d  Pe lic a n  C ays , B elize

Three sites at Twin Cays and one in the Pelican Cays 
were surveyed in August 2003 and four years later in A u
gust 2007  (Figures 3, 4; see Tables 2, 3). Two of the Twin 
Cays sites, the Fair Channel and H idden Creek, are deep 
creeks th a t branch off the M ain  Channel; Sponge H aven
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FIGURE 2. Views of research locations at Bocas del Toro, Panama. Top row from left: STRI Point looking south, where the transect was 
located in the right foreground; Solarte Island, with transect location Solarte In near the center. Bottom row from left: mangrove fringe at 
Solarte In; underwater view of mangrove prop roots showing a specimen of sponge, Chalinula molitba; mangrove roots covered by the en
crusting sponge Halisarca sp. (undescribed; note scale in centimeters [cm] to the left), along with bivalves, algae, bryozoans, ascidians, and 
other fouling invertebrates.

is a bay in the southw est of the M ain Channel. The Peli
can Cays site was in the northern  p a rt of the lagoon of 
M anatee Cay. Transects (30 m  long) were placed along 
the red m angrove fringe at each site, w ith num ber of roots 
ranging between 52 and 143. In all, the presence of the 
six m ost conspicuous epiphyte categories was recorded 
on each ro o t w ithin each transect: cyanobacterial m ats, 
m acroalgae, sponges, sea anem ones (Aiptasia pallida ), b i
valves, and ascidians.

RESULTS

C aribbean M angrove  S p o n g e  S pecies 
Richness a nd  D istribution

The distribution of 177 sponge species currently re
ported  from  C aribbean mangroves is presented in Table 4. 
A cluster analysis (Figure 5) of the best studied sites (Belize, 
Cuba, Panam a, Venezuela) shows the highest similarity 
between Venezuela (62 species) and Panam a (65 species).
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TABLE 2. C h a ra c te r iz a t io n  o f  s tu d y  sites in  P a n a m a  a n d  B elize .

Country and 
locality

Habitata 
(depth, m)

Human 
impact b

Temperature 
range (°C)

Salinity 
range (ppm) Type

Sedimentation

CaCC>3 Rate 
(%drywt) (g/m2/day) Turbidity b Coordinates

Panam a
STRI Point PR

(1 .5-2)
+ 2 6 -2 9 2 9 -3 4 M u d 14-23 3 4 -4 1 ± /+ 0 9 °2 1 '2 9 .T 'N ,

82 °1 6 '2 8 .9 ''W
Solarte In SG

(2-2 .5)
-l± 2 6 -2 9 2 7 -3 2 Sand 4 -2 4 2 8 -5 8 — 09 °1 7 '0 5 .0 ''N ,

82 °1 0 '0 3 .3 ''W
Solarte O u t PR

(1)
— 2 7 -2 9 2 9 -3 3 Sand 8 0 -9 8 88 -2 4 8 — 09 °1 7 '3 5 .6 ''N ,

82 °1 2 '0 8 .3 ''W
Big Bight SG

(1 .5-2)
-I± 2 7 -2 9 2 7 -3 4 M u d /

sand
25 40 -I± 0 9 °2 2 '3 1 .T 'N ,

82 °1 7 '3 8 .3 ''W
Belize

Sponge H aven SG
(1-1 .8)

+ 2 6 -3 2 3 3 -3 5 M u d 48 .75 25 + 16°4 9 '4 0 .5 ''N ,
88 °0 6 '1 6 .5 ''W

H idden  C reek TC
(2-2 .5)

± /+ 2 5 .5 -3 3 3 2 -3 6 n.a. n.a. n.a. + 16°4 9 '4 0 .5 ''N ,
88 °0 6 '1 6 .5 ''W

Lair C hannel TC 
(1.5—1.8)

— 2 5 .3 -3 3 3 2 -3 6 M u d 2 5 .9 44 — 16°4 9 '3 3 .7 ''N ,
8 8 °06 '11 .6 ''W

M anatee  L agoon PR/SG
(1-2)

_ c / + d 2 5 .5 -3 2 3 5 -3 6 M u d 38.9 45 16°4 0 '0 3 .3 ''N ,
88 °1 1 '3 2 .4 ''W

a Habitat abbreviations: PR = mangrove prop roots; SG = seagrass (Thalassia); TC = tidal creek with peat walls and undercuts, 
k Human impact and turbidity designations: + , high; ± , medium; —, low. 
c Survey of 2003.
^ Survey of 2007.

TABLE 3. R a n g e s  o f  n u t r ie n t  c o n c e n t r a t io n s  ( lo w  t id e  to  h ig h  

tid e )  a t  th e  s tu d y  sites : P a n a m a  sa m p le s  ta k e n  in  S e p te m b e r  2 0 0 4  

a n d  B elize s a m p le s  ta k e n  in  S e p te m b e r  2 0 0 3 .

Country and Phosphate Ammonium Nitrate
locality (pmol/L) (pmol/L) (pmol/L)

Panam a
STRI Point 0 -0 .0 4 8 1 .3 2 -0 .9 8 8 0 .2 6 -0 .2 5 3
Solarte In 0 .0 2 -0 .8 5 0 .8 4 5 -0 .8 8 0 .2 6 4 -0 .2 3
Solarte O u t 0 .0 2 4 -0 .0 4 8 0 .0 9 6 -0 .0 7 1 0 .3 4 5 -0 .2 7 6
Big Bight 0 .0 4 8 -0 .0 4 8 1 .5 5 -1 .1 0 0 0 .3 4 5 -0 .2 3 0

Belize
Sponge H eaven 0 .5 2 8 -0 .6 2 4 4 .7 9 -1 .8 8 0 .5 -0 .4 1
H idden  C reek 0 .3 3 6 -0 .7 8 6 3 .1 9 -2 .3 5 1 .1 -0 .3 9
Lair C hannel 0 .3 8 4 -0 .6 7 2 2 .7 2 -1 .5 9 1 .0 6 -1 .2 4
M anatee  L agoon  a 0 .576 1.41 0.32

a Only one sample taken, at intermediate tide.

These faunas were paired w ith Twin Cays (54 species) and 
Cuba (48 species). The m ost dissimilar fauna in the analy
ses resulted from  com parison w ith the Pelican Cays m an
groves (147 species).

M angrove  S urveys at Bo c a s  del To r o , Panama 

C h a n g e s  in A b u n d a n c e  o f  M a jo r  Epifaunal Taxa

The relative abundance of m ajor taxa  at each of the 
four localities studied betw een February  2004 and  Feb
ru ary  2005 is show n in Figure 6. In term s of the h ierar
chy of m ajor tax a , sponges were first or second in ab u n 
dance on m angrove roo ts a t all sites, follow ed by algal 
turfs. An exception to  this p a tte rn  w as found in Solarte 
In (see Figure 1), w here large m ats of green algae, m ostly 
Caulerpa verticillata  and H alim eda  spp., dom inated over 
the sponges in February 2004 and 2005. Bivalves were the 
th ird  m ost abundan t group, followed closely by unoccu
pied (empty) spaces.

The abundance of the tw o m ost dom inant groups, 
sponges and algae/cyanobacteria, show ed a considerable 
decrease at STRI Point and Solarte In by the end of the
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FIGURE 3. Map of research areas at Twin Cays and Pelican Cays, Belize.

study (February 2005), whereas abundance of bo th  groups 
increased or stayed at similar levels at the o ther tw o sites.

S p o n g e  S p e c ie s  A b u n d a n c e s  p e r  Site

Because of the high level of heterogeneity in sponge 
com position and dom inance am ong sites, the relative 
abundance of the m ost conspicuous epiphytic sponge spe
cies is presented separately, by sites.

STRI Point

Sixteen of a total of 23 species found at this site com 
prise 99%  of total sponge abundance. M ost of them  (13 
species) belong to the order H aplosclerida, specifically the 
family Chalinidae, and to the order Poecilosclerida. Tedania

ignis was the m ost abundant, followed by Clathria schoe
nus, Spongia tubulifera, M ycale microsigmatosa, Chalinula 
m olitba, Haliclona manglaris, and H. tubifera. Figure 7a 
shows the relative abundance of the six m ost com m on spe
cies at this site, which added up to 87%  of the total sponge 
abundance. It is interesting to note tha t the presence of both 
T. ignis and Clathria schoenus had decreased considerably 
by February 2005, whereas S. tubulifera  rem ained w ith 
similar abundance throughout the year. Chalinula m olitba  
shows a considerable increase (> 200% ) for June 2004 and 
a decrease to  its initial values by February 2005.

Sola r te  In

Eight of 14 species found at this site constitu ted  99%  
of the to ta l sponge abundance. Figure 7b dem onstrates
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FIGURE 4. ( facing page) Views of research locations at Twin Cays and Pelican Cays, Belize. Top left, aerial view of Twin Cays looking south, 
where transect locations were in the Lair channel (branching from the Main Channel center toward the left), in Sponge Haven (the small 
bay at the top right), and Hidden Creek (a narrow, deep tidal channel hidden by mangrove canopy, connecting the Main Channel in the far 
right background with Hidden Lake in the center background); top right, aerial view of Manatee Cay where a transect was placed in the 
large lagoon to the left (Cat Cay is in the background); middle left, mangrove fringe at Sponge Haven; middle right, red mangrove prop roots 
hanging free near the Pelican Cays site and covered mainly by the ropy sponge Iotrochota birotulata; bottom left, close-up of Tedania ignis 
and Tedania sp. (probably T. klausi Wulff, a species described after this survey was made), both red, attached to exposed roots in the main 
channel of Twin Cays; bottom right, close-up of purple ascidian (Clavelina puertosecensis) with sponges (turquoise Haliclona curacaoensis, 
primarily) on root at Manatee Cay lagoon.

TABLE 4. Distribution of sponge species reported from Caribbean mangrove localities by various researchers (X = presence). Locali
ties are abbreviated as follows: BEL, Belize; TC, Twin Cays; PC, Pelican Cays; PAN, Panama; COL, Colombia; VEN, Venezuela; TRI, 
Trinidad; GUA, Guadalupe; JAM, Jamaica; and CUB, Cuba. Data sources are given in table footnotes.

BELb

Species a TC PC PA N C C O L d VEN e I k i  ' G U A f JAM  g CUB

Plakina jamaicensis _ X _ _ _ _ _ _ _
Plakinastrella onkodes — X — — — — — — —
Plakortis halichondriodes X X — — — — — — —
Plakortis angulospiculatus — X — — — — — X
Oscarella sp. 1 (purple) X X X — — — — — —
Oscarella sp. 2 (drab) — X X — — — — — —
Cinachyrella apion X X X — X — —
Ecionemia dominicana X — — — — —
Myriastra kallitetilla X — — — — — — X X
Erylus formosus — X — — — — — — —
Geodia gibberosa — X — X — X X X
Geodia papyracea X X X — X — — X —
Dercitus sp. — X — — — — — — —
Chondrilla caribensis X X X — X — — — X
Chondrosia collectrix — X X — — — — — X
Cervicornia cuspidifera — X — — — — — — —
Cliona caribbaea — X — — — — — — —
Cliona raphida — — — — X — — — —
Cliona varians X X — — — — — — X
Cliona sp. — X — — — — — — —
Placospongia intermedia — X X — X — — — —
Diplastrella megastellata — X — — — — — — —
Spirastrella coccinea — X — — — — — —
Spirastrella hartmani — X — — — — — —
Spirastrella mollis X X X — — — — —
Aaptos duchassaingi — X — — — — — —
Aaptos lithophaga — — — — — — X
Terpios fugax — X — — — X
Terpios manglaris X X X — X — — —
Prosuberites laughlini — — X — X — — X —
Suberites aurantiaca — X — — X — — X —
Tethya actinia X X X — X — — — X
Tethya aff. seychellensis — — X — X — — X —
Discodermia dissoluta — — X — — — — — —
Paratimea ? sp. X — — — — — — — —
Timea unistellata — X — — — — — — —
Agela conifera — X — — — — —

continued
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TABLE 4. continued

Species a

BELb

TC PC PA N C C O L d V E N e T R If G U A f JAM  g CUB h

Phorbas amaranthus _ X _ _ _ _ _ _ _
Coelosphaera raphidifera — X — — — — — — —
Lissodendoryx colombiensis — X X — — — — — —
Lissodendoryx isodictyalis X X X — X — X — X
Lissodendoryx sigmata X — — — — — — — —
Monanchora arbuscula — X — — X — — — —
Desmapsamma anchorata — X X — X — — — —
Biemna caribea X — X — X — — — X
Desmacella janiae — X — — — — — — —
Desmacella meliorata — X — — X — — — —
Neofibularia nolitangere — X — — — — — — —
Hymedesmia sp. — X — — — — — — —
Acarnus sp. — X — — — — — — —
Artemisina melana — X X — X — — — —
Clathria affinis — X — — — — — — —
Clathria cf. ferrea — — X — X — — — —
Clathria microchela — X — — X — — — —
Clathria schoenus X — X — X — — — X
Clathria aff. schoenus X — — — — — — — —
Clathria spinosa — X — — — — — — —
Clathria venosa X X X — X — — — —
Clathria virgultosa X — — — — — — — —
Mycale cf. americana — — — — X — — — —
Mycale angulosa — — — — X — — — —
Mycale arenaria — — — — — — — — —
Mycale arndti — X — — — — — — —
Mycale carmigropila X X X — X — — — —

Mycale citrina X — — — X — — — —
Mycale escarlatei — — — — — — — —
Mycale laevis X — — — — — — X —
Mycale laxissima X X — X X — — —
Mycale magniraphidifera X X X — X — — X
Mycale aff. magniraphidifera X X X — — — — —
Mycale microsigmatosa X X X X X X — X X
Mycale aff. microsigmatosa — X — — — — — — —
Mycale paresperella — X X — — — — — —
Iotrochota birotulata — X X — X — — — —
Strongylacidon sp. — X — — — — — — —

Ectyoplasia ferox — X — — X — — — —

Eurypon laughlini — X X — X — — — —

Tedania ignis X X X — X — — X X
Tedania aff. ignis — X — — — — — — —

Dragmacidon reticulata — X — — — — — — —

Pseudaxinella ? sp. — X — — — — — — —

Ptilocaulis walpersi — X — — — — — — —

Dictyonella sp. X X — — — — — — —

Scopalina hispida — X — — X — — X X
Scopalina ruetzleri X X X X X — — — X
Scopalina ? sp. — X — — — — — — —

Ulosa funicularis — X — — — — — — —

Amorphinopsis sp. 1 — X — — X — — — —

Amorphinopsis sp. 2 — X — — — — — — —

Ciocalypta ? sp. — X — — — — — — —

Halichondria corrugata — — — — — — — — X
Halichondria magniconulosa ? X X X — X X X — X
Halichondria melanadocia X X X X X — — X X
Halichondria poa ? X X — — — — — — —
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Species a

BELb

TC PC PANC COLd VENe TRIf GUAf JAM g CUB

Hymeniacidon caerulea _ X _ _ _ _ _ _ _
Myrmekioderma rea — X — — — — — — —
Topsentia ophiraphidites — X — — — — — — —
Callyspongia arcesiosa — — — — X — — — —
Callyspongia fallax — X X — — — — — X
Callyspongia pallida — X X — — — — — —
Callyspongia vaginalis — X — — — — — — —
Haliclona caerulea — X X — X — X X —
Haliclona curacaoensis X X X — X — — — X
Haliclona aff. curacaoensis — X — — — — — — —
Haliclona implexiformis X X X X X — — — X
Haliclona aff. implexiformis — X — — — — — — X
Haliclona magnifica X X X — X — — — —
Haliclona manglaris X X X — X — — — X
Haliclona mucifibrosa X X X — — — — — —
Haliclona picadaerensis X X X — X — — — —
Haliclona tubifera X X X X X — — — X
Haliclona aff. tubifera — X — — — — — — —
Haliclona twincayensis X X X — X — — — —
Haliclona vermeuleni X X X — — — — — —
Chalinula molitba X X X — X — — X X
Chalinula zeae — — X — — — — — —
Amphimedon compressa — X — — X — — X —
Amphimedon erina X X — X X — — — —
Amphimedon aff. erina — X — — — — — — —
Amphimedon viridis — — — — — — — — X
Hiphates caicedoi — X X — — — — — —
niphates digitalis — X — — — — — — —
niphates erecta — X X — X — — — —
niphates sp. — X — — — — — — —
Petrosia pellasarca — X — — — — — — —
Petrosia weinbergi — X — — — — — — —
Strongylophora davilai — X — — — — — — —
Xestospongia carbonaria — X — — — — — — —
Xestospongia muta — X — — — — — — —
Xestospongia proxima — X — — — — — — —
Xestospongia subtriangularis — X — — X — — — —
Aka coralliphaga — X — — — — — — —
Aka siphona — X — — — — — — —
Aka sp. — X — — — — — — —
Calyx podatypa X X X — — — — — —
Oceanapia nodosa — — X — X — — — —
Oceanapia oleracea — — X — — — — — —
Cacospongia sp. — X — — — — — — X
Fasciospongia? sp. — X — — — — — — —
Hyrtios proteus X X X — X — — — X
Hyrtios sp. X X — — — — — — —
Smenospongia aurea — X — — — — — — —
Ircinia campana — X X — — — — — —
Ircinia felix X X X X X — — X X
Ircinia strobilina X X — — X — — — X
Spongia pertusa X X X — X — X — X
Spongia tubulifera X X X X X — — — X
Dysidea etheria X X X X X — X — X
Dysidea fragilis — — — — — — — X —
Dysidea janiae — X — — — — — — X
Aplysilla glacialis X X X — X — — — —
Chelonaplysilla aff. erecta — X X X X — — — X
Darwinella rosacea — X — — X — — X X

continued
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TABLE 4. continued

BELb

Species a TC PC PANC COLd VENe TRIf GUA* JAMS CUB b

Halisarca caerulea _ X _ _ _ _ _ _ _
Halisarca sp. (white) X X X — X — --- — —
Aiolochroia crassa — X — — — — --- — —
Aplysina archeri — X — — — — --- — —
Aplysina fistularis — X — — X — — — X
Aplysina insularis — X — — — — --- — —
Aplysina fulva — X — — — — — — X
Aplysina lacunosa — X — — — — --- — —
Verongula rigida — X — — — — — — —
Clathrina primordialis X X — — — — — — X
Sycon sp. X — X — X — — — —
Leucandra aspera — — X — X — --- — —

a Species are listed in taxonomic order according to class, order, and family, 
b Rützler et al., 2000.
c Diaz, 2005; Lehnert and van Soest, 1998. 
b Zea, 1987; unpublished data.
e Sutherland, 1980; Diaz et al., 1985; Orihuela et al., 1991; Pauls, 1998, 2003; Ramirez, 2002; Diaz et al., 2003; Perez, 2007. 
f Toffart, 1983.
S Hechtel, 1965. 
b Alcolado, unpublished data.

Pelican Cays, Belize 

Cuba

Twin Cays, Belize
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Bray Curtis

FIGURE 5. Similarities of mangrove sponge faunas from Belize, 
Panama, Venezuela, and Cuba. The dendrogram is built from a bi
nary matrix (presence or absence) of species distribution using an 
unweighted pair-group method with arithmetic mean (UPGMA) 
clustal analysis program, with the Bray-Curtis distance index.

the relative abundance of the six m ost com m on species, 
w hich com prised 96%  of all sponges. Tedania ignis and 
M ycale m icrosigm atosa  were am ong the top  species; H al
isarca sp. (a species so far undescribed) and M ycale car
migropila  appeared to  be am ong the m ajor com ponents. 
Similar to  STRI Point, m ost of the dom inant species de
creased in abundance or disappeared by the end of the 
study, while Halisarca rem ained steady in abundance 
th roughou t the study period. Three of the com m on spe
cies a t this site (Dysidea etheria , Haliclona curacaoensis, 
and M ycale carmigropila) show  an increase of sponge 
grow th  in the w arm er periods (either June or Septem ber
2004), follow ed by a decrease in size during cooler peri
ods (February 2005).

S o la rte  O u t

Six of nine species found at this site m ade up 99%  
of to tal sponge abundance (Figure 7c). Tedania ignis con
tinues to  dom inate, followed by three species not seen in 
the previously discussed sites: Spirastrella m ollis, H ali
clona verm euleni, and H. caerulea. It is notable th a t the 
(projected) area coverage of the dom inant species is m uch 
lower here than  th a t a t the other sites (most values are less 
than  500 cm 2/m).
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FIG U R E  6. Relative abundance of major functional groups growing on mangrove roots (expressed as projected area [cm2] per length [m] 
of root) at four Bocas del Toro sites, between February 2004 and 2005: a, STRI Point; b, Solarte In; c, Solarte Out; d, Big Bight. (ASC = 
ascidians; BIV = bivalves; CYA = Cyanobacteria; EMP = empty space; GRN = green algae; HYD = hydroids; POR = sponges [Porifera]; 
RED = red algae; TUR = algal-cyanobacterial turf.)

Big Bight

Twelve of 17 species found at Big Bight com prised 
99%  of the to ta l sponge abundance; 6 of these am ounted  
to  90%  (Figure 7d). The m ost abu n d an t species— Teda
nia ignis, M ycale m icrosigm atosa, and  H aliclona m an
glaris— increased in size th ro u g h o u t the year, w hereas 
L issodendoryx  colom biensis and D ysidea etheria  gained 
in size up to  Septem ber 2004 bu t disappeared altogether 
in February  2005. It is w o rth  po in ting  ou t the large val
ues for area coverage, as com pared  to  the o ther loca
tions. The Septem ber 2004 data from  this site were ac
cidentally  lost.

Sponge Species Ranks

The m ost com m on sponges at each site am ount to 21 
species, from  a to ta l of 40 distinguished in the studied ar
eas. A bundance ranks from  each site are listed in Table 
5. O nly one species, Tedania ignis, m aintained the same 
rank  at all sites, as the m ost abundan t species. The second 
and th ird  m ost abundan t species were Clathria schoenus 
and Spongia tubulifera  a t STRI Point, M ycale m icrosig
m atosa  and Halisarca sp. at Solarte In, Spirastrella mollis 
and H aliclona manglaris at Solarte O ut, and M. microsig
m atosa  and H . manglaris in Big Bight. Seven of these 21 
com m on sponges were only found at one site.
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FIGURE 7. Relative abundance of most common sponge species growing on mangrove roots (expressed as projected area [cm2] per length 
[m] of root) at four Bocas del Toro sites between February 2004 and 2005: a, STRI Point; b, Solarte In; c, Solarte Out; d, Big Bight. (Cmol 
= Chalinula m olitba; Csch = Clathria schoenus; Deth = D ysidea  etheria; Hasp = Halicarca  sp.; Hcae = H aliclona caerulea; Hcur = H. 
curacaoensis; Hman = H . manglaris; Hpro = H yrtios proteus; Htub = H aliclona tubifera; Hver = H . verm eulei; Leoi = L issoden doryx  co
lombiensis; Mcar = M ycale carm igropila; Mmic = M. m icrosigm atosa; Nere = N iphates erecta; Smol = Spirastrella mollis; Stub = Spongia  
tubulifera; Tign = Tedania ignis).

M a n g r o v e  S urveys in  B elize

C hanges in Frequency o f Occurrence 
o f Major Functional Groups

We determ ined the frequency of occurrence of im por
tan t functional groups grow ing on m angrove roots to  be 
able to  assess changes over time (Figure 8). The six com 
pound groups recorded in our surveys were cyanobacteria, 
algae, sponges, sea anem ones, bivalves, and ascidians. In 
term s of the hierarchy, sponges were first or second at all

sites, followed by colonial ascidians, m acroalgae, and cya
nobacteria. Only at M anatee Cay had sponge occurrence 
on roots decreased since 2003, whereas a t the o ther three 
sites it either increased or stayed nearly the same. Ascid- 
ian occurrence decreased considerably (1 0 % -2 6 % ) at all 
sites between 2003 and 2007. These changes in sponge 
and ascidian populations were accom panied by cyanobac- 
terial blooms at three sites (Lair Channel, H idden Creek, 
and M anatee Cay), w here increases of 10% to 57%  of 
these organism s were recorded. O ne of the less abundant
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TABLE 5. Ranking of the most common sponge species according to their abundance at each studied site in the Bocas del Toro region, 
2004-2005.

Rank in abundance

Species STRI Point Solarte In Solarte Out Big Bight

Spirastrella mollis 0 0 2 0
Lissodendoryx colombiensis 0 0 0 5
Lissodendoryx isodicyialis 11 0 0 11
Clathria schoenus 2 0 0 12
Mycale carmigrophila 16 4 6 16
Mycale microsigmatosa 5 2 0 2
Iotrochota birotulata 7 0 0 0
Tedania ignis 1 1 1 1
Haliclona caerulea 0 0 5 0
Haliclona curacaoensis 13 5 0 0
Haliclona implexiformis 10 0 0 0
Haliclona manglaris 6 7 3 3
Haliclona tubifera 8 0 0 0
Haliclona vermeuleni 0 0 4 0
Chalinula molitba 4 0 0 10
Amphimedon sp. 0 0 0 8
Hiphates erecta 0 0 0 4
Hyrtios proteus 15 0 0 6
Spongia tubulifera 3 8 0 13
Dysidea etheria 0 6 0 7
Halisarca sp. 0 3 0 18

groups, the sea anem one Aiptasia pallida  (Cnidaria), is 
w orth  m entioning for its striking change in occurrence at 
the Twin Cays sites. A lthough the population  rem ained 
steady at H idden Creek (8% ), it doubled in Lair Channel 
(1 0 % -2 4 %  of roots occupied), but it apparently  disap
peared from  Sponge H aven where it had been present on 
20%  of the roots in 2003. The num ber of roots available 
for settlem ent per site increased considerably at Sponge 
H aven and M anatee Cay lagoon, although it decreased in 
H idden Creek and Lair Channel.

Sponge Species Frequencies pe r Site

The distinctive species com position and richness at 
each site w arran t separate presentations.

Sponge Haven

M ost mangrove-specific species, such as Halichondria  
magniconulosa, H aliclona curacaoensis, H . manglaris, H. 
im plexiform is, H yrtios proteus, L issodendoryx isodyctia-

lis, and Spongia tubulifera, rem ained the m ost com m on 
am ong sponges, and some even increased in frequency be
tween 2003 and 2007 (Figure 9a).

Lair Channel

In this m angrove channel m ost species rem ained in 
place between survey periods; some increased in ro o t oc
currence (Tedania ignis, H aliclona manglaris, H . tubifera, 
D ysidea etheria) and a few decreased (Haliclona cura
caoensis, H. im plexiform is, H yrtios proteus) (Figure 9b). 
O verall, this change was accom panied by a slight decrease 
in roo t num bers (from  105 to  91) and an increase in all 
non-sponge groups except ascidians.

Hidden Creek

This tidal channel site is opposed to  Sponge H aven in 
its changes betw een 2003 and 2007 (Figure 9c). Ten of the 
12 sponge species found on the transect decreased con
siderably in occurrence on roots; only the opportunistic
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FIGURE 8. Frequency of occurrence ( % of roots occupied) of major functional groups growing on mangrove roots at four sites in Belize: a, 
Sponge Heaven, Twin Cays; b, Lair Channel, Twin Cays; c, Hidden Creek, Twin Cays; d, Manatee Lagoon, Pelican Cays. (ALG = algae; ANE 
= sea anemones [Aiptasia pallida]; ASC = ascidians; BIV = bivalves; CYA = cyanobacteria; POR = sponges [Porifera]).

generalist Tedania ignis and L issodendoryx isodictyalis 
increased slightly.

M an atee  C a y

At this lagoon site, abundance of m ost typical m an
grove sponge species decreased considerably during the 
survey period while tw o com m on opportunistic  species 
(Tedania ignis, Clathria schoenus) experienced a consid
erable boost in their populations (Figure 9d). This trend 
coincided w ith a m ajor increase in roo t num bers (from 89 
to  123), sim ilar to  th a t w hich took  place at Sponge H aven 
during the same time span.

D ISCU SSIO N

B io g e o g r a p h y  o f  C a r ibbean  M a n g r o v e  S p o n g e s

Available reports describing sponge species distribution 
in Caribbean mangroves suggest the im portance of geo
graphic vicinity, w ith high similarities between the faunas of 
Panam a and Venezuela. O n the other hand, this geographic 
concept is upset by the incongruence of faunas encountered 
at tw o nearby sites in Belize (Twin Cays and the Pelican 
Cays). This dissimilarity is caused mostly by the presence 
of several unique or usually coral reef-associated species in 
the mangroves of M anatee Lagoon, an environm ent of par
ticular geomorphological structure and prevailing ecologi-
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FIGURE 9. Frequency of occurrence ( % of roots occupied) of sponge species growing on mangrove roots at four sites in Belize: a, Sponge 
Heaven, Twin Cays; b, Lair Channel, Twin Cays; c, Hidden Creek, Twin Cays, d, Manatee Lagoon, Pelican Cays. (Aatl = A m orphinopsis 
atlantica; Aeri = A m phim edon  erina; Bear = Biem na caribbea; Ccar = Chondrilla caribensis; Cmic = Clathria microchela; Cpri = Clathrina 
primigenia; Csch = Clathria schoenus; Cven = Clathria venosa; Deth = D ysidea etheria; Hasp = Halisarca sp.; Hcur = Haliclona curacaoensis; 
Himp = H. implexiformis; Hmag = H alichondria magniconulosa; Hman = H aliclona manglaris; Hpro = H yrtios proteus; Htub = H aliclona 
tubifera; Ifel = Ircinia felix; Liso = L issodendoryx isodictyalis; Miae = M ycale laevis; Mmag = M. magniraphidifera; Mmic = M. m icrosigm a
tosa; Stub = Spongia tubulifera; Tign = Tedania ignis.)

cal conditions in the Pelican Archipelago (M acintyre and 
Rützler, 2000; Rützler et al., 2000; Wulff, 2000).

S h o r t -T erm D y n a m ic s  o f  M a n g r o v e  

Ep if a u n a  in  Pa n a m a

M a jo r Functional G roups

As previously reported , m angrove-root epiphytic 
com m unities in Bocas del Toro are dom inated either by

sponges or by algae/cyanobacteria (Farnsw orth and Elli
son, 1996; Diaz et ah, 2004; Peréz, 2007). Elsewhere in 
the C aribbean, o ther groups, such as bivalves, anem ones, 
or ascidians, m ay rival these taxa in abundance (Suther
land, 1980; Toffart, 1983; Bingham, 1992). The dominance 
of macroalgae at the protected lagoon of “Solarte In ” might 
be a consequence of the eastw ard orientation of this site 
(as opposed to the w estw ard orientation of the other three 
sites), which w ould expose the mangrove fringe to sunlight
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for longer periods, thus prom oting the grow th of typical 
shallow-water algal species. However, further studies are 
required to  sustain this hypothesis. There were no observa
tions of seasonal changes in the com position of epiphytic 
taxa from  one sampling period to  the other at any site. The 
decrease in abundance (20% -35% ) found for the m ost 
dom inant groups at tw o sites (STRI Point and Solarte In) 
coincides w ith housing developments tha t occurred since 
the study started in 2004. Increases in suspended sediments 
and incidences of sponges covered by silt, which were ob
served at STRI Point during September and February 2005, 
m ay have im pacted the community. In contrast, at the more 
pristine sites (Solarte O ut and Big Bight), these same organ
isms dem onstrated considerable quantitative increases.

Sponge Species

The six m ost com m on species at each site consti
tute from  87%  to 99%  of the to tal roo t area covered by 
sponges. These dom inant species differed between sites, 
bringing the num ber of the m ost abundant sponges to 21, 
of a to tal diversity of 40 species. Only Tedania ignis was 
the m ost com m on species a t all sites. At Solarte In the sec
ond m ost com m on species was a thin crust of the genus 
Halisarca, whereas at STRI Point it was Clathria schoe
nus, a species w ith a highly variable grow th form  (thick 
crusts to branching), supporting the com m on observation 
tha t m angrove fauna can be highly heterogeneous w ithin 
one biogeographic region. It is interesting to  note tha t 5 
species tha t ranked near the top at the four sites were en
crusting sponges (Mycale microsigmatosa, Dysidea ethe
ria, Haliclona manglaris, Halisarca sp., Clathria schoenus, 
and Spirastrella mollis). This result suggests that, at least 
in Bocas del Toro, encrusting species are highly success
ful com petitors. The dom inance of Tedania ignis was also 
reported from  other C aribbean locations (Toffart, 1983; 
Sutherland, 1980; Wulff, 2004; Diaz et ah, 2004) and is 
probably related to its high and nearly year-around p ro 
duction of larvae (Ruetzler, unpublished data) and rapid 
grow th rate (Wulff, 2005).

D om inan t species were no t always consistent in 
abundance a t all sites. For exam ple, during the observa
tion  tim e Tedania ignis decreased considerably at STRI 
Point and  Solarte In bu t increased at Solarte O u t and  Big 
Bight. F urtherm ore, increase or decrease in abundance 
was no t necessarily restricted  to  certain  species or locali
ties. C ertain locality trends, however, w ere observed. At 
STRI Point, w here T. ignis and Clathria schoenus de
creased or d isappeared  entirely from  the roo ts, the few 
large specimens of Spongia tubulifera  rem ained w ith

only slight size changes th ro u g h o u t the year. A t least at 
one location , Solarte In, deterio ration  of sponges ap 
peared  to  be coinciding w ith  the aforem entioned housing 
developm ent, w hich caused an increase in suspended and 
deposited sedim ent.

An interesting trend  is the predom inance of large 
sponges at Big Bight versus the m uch sm aller sizes at 
Solarte O ut. Solarte O u t is a shallow  h ab ita t in an ex
posed position  and subjected to  strong wave action and 
scouring by predom inantly  sandy sediments (see Table 2). 
These param eters m ust im pede the grow th of large in 
dividuals, w ith  the result th a t small and better adapted 
form s, such as H aliclona verm euleni, H . caerulea, and 
Spirastrella m ollis, become very abundant. Even an oppor
tunistic species such as Tedania ignis, com m on and large- 
growing elsewhere, tends to  be considerably restricted 
in size there. O n the other hand, Big Bight sponges were 
found to  have rapid  grow th rates th a t can be attributed  to 
high nutrient concentrations m easured at this site, possibly 
related to  runoff from  the dense forest tha t surrounds this 
lagoon (see Table 3). The high variability of sponge species 
com position between contiguous sites corroborates previ
ous reports th a t the m angrove sponge fauna is ra ther het
erogeneous in species d istribution  and dom inance w ithin 
relatively small geographic areas (Farnsw orth and Ellison, 
1996; R ützler et al., 2000; Diaz et al., 2004). This char
acteristic is probably  the result of low  recruitm ent rate in 
m ost species studied and, in some cases, selective physi
cochem ical variables, such as those described for Solarte 
O ut. A th ird  aspect th a t became evident in this study is 
the intrinsic grow th dynamics of species over time, high 
in species such as Tedania ignis and Chalinula m olitba, 
and low  or barely noticeable in H yrtios proteus and Spon
gia spp. It m ust be recognized th a t species have different 
lifespans, g row th rates, grow th periods, and frequency of 
reproduction. U nderstanding these processes is essential to 
the in terpretation  of com m unity dynamics.

L o n g -T e rm  D y n a m ic s  o f  M a n g r o v e  E p ifa u n a in  Belize 

M a jo r Functional Groups

The distribution of the four prim ary com ponents of 
m angrove-root ephiphytic com m unities in Belize— cyano
bacteria, m acroalgae, sponges, and ascidians— varied dif
ferently at each of the four studied sites between August 
2003 and 2007. Sponges were the m ost frequent occupants 
at all four locations in 2003; by 2007, the population had 
either increased (Sponge H eaven, The Lair), decreased 
(M anatee Lagoon), or rem ained steady. The decrease at 
M anatee Cay seemed to  be related to m acroalgal blooms
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th a t coincided w ith the recent clear-cutting of the m an
grove adjacent to  this lagoon and to  dredging for land-fill 
th a t released large quantities of fine sediments. Ascidian 
occurrence followed a similar pattern , indicating tha t all 
filter feeders are im pacted by environm ental events such 
as increase of sedim entation and blockage of vents by cya- 
nobacterial bloom s. The effect of changing ro o t num bers 
seems to  be obscured by the environm ental factors, be
cause there was no obvious relationship between changes 
in roo t num ber and frequency of any of the m ajor taxa in 
the community.

Sponge Species

C om paring species com position and frequency at 
the four study sites in Belize, we found th a t they varied 
considerably during the four years between observation 
periods. The m ost obvious param eters affecting sponge 
populations were space com petitors (cyanobacteria, m ac
roalgae), num ber of roots available for settlem ent, and 
anthropogenic destructive events. The considerable de
crease in cyanobacteria and m acroalgae and increase in 
ro o t num bers (from 99 to  143) in Sponge H aven may be 
related to  the strong increase of mangrove-specific sponges 
because im portan t com petitors were no longer present 
and new  substrata became available. In contrast, at H id 
den Creek, the increase of filam entous cyanobacteria (to 
57%  of substrate area) and decrease in ro o t num bers 
(from  59 to  52) m ust have caused the dram atic reduction 
of m ost mangrove-specific sponge species. In M anatee Cay 
Lagoon, mangrove-specific species lost in frequency while 
opportunistic species (Tedania ignis, Clathria schoenus) 
gained. O verall, however, there was a reduction of sponge 
populations despite an addition in ro o t num bers. This 
trend  can be explained by increased algal com petition and 
an artificial incursion, the clear-cutting of m angrove trees 
and dredging of fill m aterial for a housing developm ent 
sometime before the 2007 survey. The dredge operation 
in particu lar can be blam ed in the short term  as it causes 
suspension of fine sediment, affecting the delicate filtra
tion  system of the sponges. A shift of species tow ard  m ore 
robust opportunists ra ther than  typical m angrove forms is 
therefore no t surprising.

C o m m e n t s  o n  M e th o d s  fo r  Ev a l u a t in g  M a n g r o v e  

Pr o p -R o o t  C o m m u n it ie s

Two criteria were used in the present study to  evaluate 
epiphytic com m unities on m angrove roots. To determ ine 
short-term  dynamics (w ithin one year; Bocas del Toro),

it was expected th a t specimen size ra ther than  num bers 
w ould  change. Therefore, a photographic record was made 
of a specific num ber of roots (25) along their entire lengths 
(the side facing the open w ater), and planim etry was used 
to  m easure projected area cover of the fouling organisms. 
From  these values and the record of ro o t length, an index 
of species abundance could be calculated. Area cover has 
been extensively used to  com pare the abundances of p lant 
and sessile anim al com m unities, and it has been proven a 
m ost practical and reliable m ethod for reef surveys (Wein
berg, 1981). Considering th a t in m angroves substrate 
availability is quite low, m easuring area cover gives a good 
indication of how  im portan t an organism  is in this com 
munity. The lim itation of this m ethod applies m ostly to 
stoloniferous organism s for w hich cover may underesti
m ate their im portance. The photo-transect m ethod proved 
to  be m ost useful in areas where visibility was very good, 
bu t it was problem atic in locations w ith high freshw ater 
or sedim ent input. Such conditions caused w hole sets of 
photographs to  be impossible to  interpret. This m ethod is 
also time consum ing, both  the w ork  underw ater and tha t 
during photo  analysis in the lab. For this reason there was 
a lim it to  the roo t num bers th a t could be included in each 
survey. Usually, to  com plete a survey of 25 roots in one site 
it was necessary to  visit twice, and evaluation of all (3-8) 
photos for one roo t took  from  30 to  60 min. In the end, 
after excluding useless images, the data set was reduced to 
only 14 to  22 recorded roots, depending on the site.

Alternatively, in Belize we used data on the presence or 
absence of taxa on each roo t and thus were able to survey a 
m uch larger num ber of roots (50-150), from  which we de
term ined the frequency of occurrence of m ajor taxonom ic 
groups and species of sponges. These data allowed m oni
toring the presence of each group or species and change 
in distributions over time. This type of survey follows the 
fate of the com m unity rather than  fluctuations in biomass. 
The m ethod also aids detection of a species or com m unity 
reaction to  particular environmental disturbances. In terms 
of time investment, it takes only 2 to 5 h to obtain frequency 
data from a 30 m  transect along the m angrove fringe. The 
data were in hard  copy once the fieldwork was completed 
and were independent of visibility conditions and other 
variables tha t may ruin photographic data.

C O N C LU SIO N S

M any m ore C aribbean m angroves m ust be studied be
fore we can expect a full understanding of the biodiversity 
and the biogeographic relationships of their unique and
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fascinating p rop-roo t fouling com m unities, particularly  
the sponges. The rather disjunct pa ttern  of sponge species 
d istribution found in the Panam a and Belize study sites 
suggests th a t biodiversity is better evaluated by surveying 
extended stretches of m angrove fringe at num erous sites in 
any region rather than  short lengths of transects. In terpre
tation  of species com position and interactions can be based 
on smaller-scale levels of inquiry. The m ost abundant or
ganisms in the studied sites were sponges, m acroalgae, cya
nobacteria, ascidians, and bivalves. The hierarchical ran k 
ing of these groups showed great variability on spatial and 
tem poral scales, m aking generalization and prediction of 
structure and dynamics of com m unities very difficult.

The one-year study of four sites in the Bocas del Toro 
region, Panam a, show ed various im portan t aspects of 
abundance changes in these fouling com m unities. First, a 
few sponge species contribu te  m ost of the abundance; sec
ond, the identity  of m ajor com m unity com ponents varies 
w ith in  a small geographic scale; th ird , species have ad 
opted  distinct life strategies (in g row th  potential, recru it
m ent rates, and asexual reproduction  capabilities) tha t 
allow  for adaptations to  resist stressful environm ental 
variables; and fourth , the com bination  of the factors of 
large sedim ent grain size and energy from  wave or current 
action limits species h ab ita t access, survival, and grow th, 
as dem onstrated  by the increase in tu rb id ity  from  land- 
filling and developm ent in some areas.

The four-year observations in Belize m ade it evi
dent th a t the frequency of occurrence of sponge species 
and other taxa, such as cyanobacterial and m acroalgal 
bloom s, is a relatively simple and fast m easure to  detect 
m ajor environm ental changes. Even if sponge frequency 
on the roots is no t m uch affected by algal bloom s, the 
presence of mangrove-specific species certainly shows a 
decline; only a couple of generalist species seem to profit 
from  such stressful events. The degree of disappearance 
of ascidians at all four sites in Belize suggests th a t these 
organism s m ay be even m ore sensitive to  algal and cyano
bacterial com petition, as well as suspended fine sediments, 
than  sponges. We find, both  in Belize and in Panam a, tha t 
tw o sponge grow th forms are highly successful am ong 
sponge roo t occupiers: encrusting and irregularly massive. 
This observation is in contrast to  open reef environm ents 
w here tubu lar and ram ose forms predom inate.

Close m onitoring of the abundance and frequencies of 
key m angrove benthos a t specific sites and their correlation 
w ith short-term  or long-lasting environm ental im pacts and 
stress will be a useful tool for assessing m angrove health 
th roughout the C aribbean region in the future.
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Internal Transcribed Spacer 2 (ITS2) 
Variation in the Gorgonian Coral
Pseudopterogorgia in Belize
and Panama

Daniel Dorado and Juan A. Sánchez

ABSTRACT. One of the most intriguing aspects of molecular evolution is the concerted 
evolution of ribosomal genes, yet the presence of intragenomic rDNA variants is still not 
well understood. We studied the intragenomic variation of the internal transcribed spacer 
2 (ITS2, rDNA) in the gorgonian coral P seu dop terogorg ia  b ip in nata  (Gorgoniidae: O cto
corallia) using a combined approach of denaturing gradient gel electrophoresis (DGGE), 
DNA sequencing, and RNA secondary structure prediction. We examined intragenomic 
variants of colonies from Carrie Bow Cay (Belize) and Bocas del Toro (Panama). Despite 
frequent intragenomic ITS2 variation in P. b ip in nata , predicted RNA secondary struc
tures exhibited no signs of including pseudogenes and comprised functional copies. Given 
the low divergence among the ITS2 sequences recovered from DGGE gels, intragenomic 
variation was restricted to a few mutations that did not compromise the functionality of 
the ITS2 secondary structure. The presence of common ITS2 intragenomic variants at 
two distant populations raises new questions such as whether sharing similar copies can 
be the product of gene flow. Regardless of the limited number of individuals analyzed in 
this study, the method used here, excising bands from DGGE gels for further amplifica
tion and sequencing, examined the reliability of the technique to separate intragenomic 
variants with up to one nucleotide difference. Studying the intragenomic variation of 
ITS2 has potential to provide us with information on recent population events such as 
introgressive hybridization.
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Ribosom al D N A  (rDNA) intragenom ic variation  has puzzled m olecular sys- 
tem atists and ecologists during the past few years. The rD N A  is a m ultigene 
family arranged in tandem  repeats, frequently achieving several hundreds of 
repetitions per chrom osom e. Each repetition is com posed of three ribosom al 
subunits (18s, 5.8s, and 28s), separated by tw o internal transcribed spacers 
(ITS1 and ITS2, or ITSs), an external transcribed spacer (ETS), and the non 
transcribed intergenic spacers, IGS. The ITS1 and ITS2 spacers form  secondary 
structures th a t are crucial for ribosom al m atu ration  as well as im portan t for 
the m atura tion  of the rR N A  (Coté and Peculis, 2001). The ITSs are know n to 
have conserved core structures th roughou t the m etazoans (see reviews in Cole
m an, 2003; Schultz et ah, 2005). Changes in the ITS secondary structure are 
know n to produce inhibition of the m atu ra tion  of rR N A  as a consequence of
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coevolution between R N A  secondary structures and the 
processing m olecular m achinery responsible for its re
moval (Van N ues et al., 1995). As m ulticopy genes, the 
rD N A  is assum ed to  evolve via concerted evolution, re
sulting in the hom ogenization of the sequences th roughou t 
the genom e (H arris and Crandall, 2000; Hillis and Davis, 
1988), th a t is, hom ogenization of copies th rough  unequal 
crossing-over and gene conversion processes (Liao, 2000). 
However, variations w ithin individuals have been reported 
prim arily as a result of slow concerted evolution (Harris 
and Crandall, 2000; Coté and Peculis, 2001), hybrid
ization, or the presence of pseudogenes (M arquez et ah, 
2003; H arpke and Peterson, 2006). The la tter can appear 
because of the presence of highly divergent rD N A  types 
in different chrom osom es (Arnheim et al., 1980), which 
retain ancestral rD N A  polym orphism s for long periods of 
time (M arquez et ah, 2003). H ybridization  phenom ena 
between species per se could increase the rD N A  diversity 
in an individual, bu t as an additional consequence could 
result in silencing some rD N A  loci by chrom atin  m odifica
tions in a nucleolar dom inance process (Chen et ah, 1998; 
Friem an et ah, 1999; M uir et ah, 2001), w hich can drive 
some rD N A  loci by neutral selection tow ard  pseudogenes 
(M uir et ah, 2001). However, the presence of ITS2 intrage
nom ic variants is a phenom enon th a t we do no t clearly 
understand.

Pseudopterogorgia bipinnata  Pallas is one of the m ost 
abundan t shallow -w ater gorgonian corals in the C arib
bean Sea (Bayer, 1961; Sánchez et al., 1997). This species 
has tw o particu lar characteristics: it exhibits large pheno
typic plasticity along the depth-w ave exposure gradient, 
and it presents clear intragenom ic variation  in the ITS2 
sequence (Sánchez et al., 2007). Consequently, P. bipin
nata  constitutes an appropriate model species to study the 
nature and genetics of ribosom al intragenom ic variation. 
In this study we had  tw o m ain objectives: (1) to  isolate 
sequences of intragenom ic ITS2 variants in P. bipinnata  
from  populations at Belize and Panam a and (2) to  exam 
ine if intragenom ic ITS2 variants were functional copies 
using predicted R N A  secondary structures.

MATERIALS A N D  M ETHODS

Samples from Pseudopterogorgia bipinnata colonies 
were obtained by scuba diving at Carrie Bow Cay (n =  27), 
Belize, and Cristobal Island (n =  11), Bocas del Toro, 
Panam a. A few P. bipinnata  from  the Baham as (San Sal
vador) and Colom bia (Bancos de Salmedina, Cartagena),

as well as a sequence of Gorgonia mariae, were chosen 
as outgroups. However, there was no a priori inform a
tion  on the genetic distance between western and eastern 
C aribbean populations. Total D N A  was extracted using a 
cetyltrim ethylam m onium  brom ide (CTAB), proteinase K, 
p h en o l-ch lo ro fo rm -iso am y l alcohol ex trac tion  m ethod  
(C offro th  et ah, 1992); D N A  was resuspended  and  co n 
served in TE buffer a t — 70°C; D N A  quality  w as checked 
in  agarose (1% ) electrophoresis at 80 V for 30 m in. U s
ing the best D N A  ex trac tion  quality, prim ers 5.8s 5 '-  
AG CA TG TCTG TCTG A G TG TTG G -3 ' and 28s 5 '-G G G - 
TAATCTTGCCTGATCTGAG-3 ', designed by Aguilar and 
Sánchez (2007), were used for the ITS2 amplification. 
Conditions for polym erase chain reaction (PCR) were as 
follows: an initial denaturizing step of 2 m in at 94°C; fol
lowed by 35 cycles of 30 s at 94°C, 30 s at 56.8°C , and 1 
m in at 72°C; and a final extension step of 2 m in at 72°C; 
using 1 unit Taq polym erase (Invitrogen), 3.5 m M  M gCL, 
0.2 m M  deoxynucleoside triphosphates (dNTPs; Biorad 
M ix), 0.15 p.M primers (each), and 4 pX D N A  (dilution 
1/50) in 20 |jlL as the final volume. The amplification was 
standardized w ith an efficiency of 95% . PCR reactions were 
screened in denaturing gradient gel electrophoresis (DGGE) 
containing 8% polyacrylamide, 1 X TAE buffer, and a lin
ear urea-formamide denaturing gradient from  45%  to 80% . 
The gels were pre-run at 60°C and 90 V for 30 m in, fol
low ed by electrophoresis at 60°C and 90 V for 13 h. Gels 
were stained w ith ethidium  brom ide during 15 m in and vi
sualized using a BIORAD Chem idoc system. DGGE sepa
rates D N A  fragments not only by the fragment size but also 
by the D N A  sequence, where GC-richer sequences migrate 
further independently of small differences in size (Figure 1). 
All reactions were conducted w ithout a CG-clamp in the 
prim ers, w hich is a 40 bp GC-rich sequence added before 
the 5 '-prim er th a t adds an additional denaturing dom ain 
allowing further m igration of the D N A  before denaturing 
(Lajeunesse and Pinzón, 2007). In the case of gorgonian 
corals, there was no need for the GC-clam p owing to  the 
great m igration in the DGGE of gorgonian ITS2 sequences, 
w hich avoided the problem s involved w ith PCR reaction 
tailed prim ers. Bands visualized in the DGGE gel were 
excised using sterilized m icropipette tips in the Bio-Rad 
Chem idoc system and placed in 0.5 mL tubes w ith 100 pX 
sterilized double distilled water. The tubes were incubated 
in a shaker at room  tem perature for 24 h at 150 rpm . Each 
band  extract was collected in a 0.5 mL tube and the D N A  
was precipitated w ith 300 pX cold absolute ethanol; tubes 
were placed at —20°C for 24 h and then centrifuged at 
13,000 rpm  for 30 min; the supernatan t was discarded,
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FIGURE 1. Runs (2) of internal transcribed spacer 2 (ITS2) dena
turing gradient gel electrophoresis (DGGE) banding patterns from 
Pseudopterogorgia bipinnata  colonies from Panama (Bocas del Toro; 
stars) and Belize (Carrie Bow Cay; circles). Numbers correspond to 
the sequence size when available. The gels have a common artifact 
in the form of a “smile” (more accentuated in the upper gel), where 
lateral wells tend to migrate slightly further because of the pressure 
acting on the gel edges.

and the pellet was dried and resuspended in 15 pX steril
ized double distilled water.

Ream plification of bands was conducted  using PCR 
as just described, using the same set of prim ers, except 
th a t D N A  was used w ithou t d ilu tion  and the annealing 
tem peratu re  was raised a few degrees to  increase specific
ity. Purification of PCR products for sequencing was per
form ed by the Exo-SAP (Exonuclease 1 and  shrim p a lk a
line phosphatase) m ethod  using 1 un it Exonuclease, 0.2 
units shrim p alkaline phosphatase, and  2 pX SAP buffer 
lOX per 20 pX in a 0.2  mL tube. Reactions were held at 
37°C for 1 h and  a t 80°C for 15 m in. Sequencing reactions 
w ere perform ed w ith  the BigDye 3.1 system  according 
to  the m an u fac tu rer’s instructions (Applied Biosystems) 
and sequenced in a capillary electrophoresis au tom ated  
sequencer (ABI310). Each sam ple was sequenced w ith 
forw ard  and  reverse prim ers. The consensus sequences 
w ere ob tained  by assem bling the tw o com plem entary 
electrophenogram s in Sequencer 4 .7  softw are.

Secondary structures of all sequences were obtained 
by reconstructing by com parison via Pairwise Alignment 
(Bioedit) w ith previously reported  structures in octo
cornis (Aguilar and Sánchez, 2007). The sequences were 
then subm itted w ith a few constraints and restrictions in 
M FO LD  at a default tem perature of 37°C (Zuker, 2003). 
C onstraints force bases to  be double stranded whereas 
restrictions cause them  to be single stranded, w hich are 
chosen depending on the sequence hom ology between the 
sequences w ith know n structure against each problem  
sequence w ithout know n structure. A good exam ple for 
a constrain t are the tw o com plem entary sequences tha t 
m ake a stem; an exam ple of a restriction is a string of 
free nucleotides between helices or any kind of loop. The 
structure chosen was the one w ith the greater negative free 
energy but conserving the ring m odel know n for ITS2. The 
obtained secondary structures were used to  construct a 
m atrix  for cladistic analysis as described by Aguilar and 
Sánchez (2007). Phylogenetic analyses included m axim um  
parsim ony and m axim um  likelihood as well a Bayesian in 
ference for a com bined sequence-m olecular m orphom etric 
analysis (see details in Grajales et ah, 2007).

RESULTS

D enaturing gradient gel electrophoresis (DGGE) anal
ysis revealed tha t m ost individuals from  Belize and Panam a 
contained intragenom ic variants of ITS2 (see Figure 1). 
There were as m any as three different bands per individual 
th a t were similar or nearly equal in length because of their 
closeness in the DGGE gel (Figure 2). Some banding p a t
terns were identical for individuals from  both Belize and 
Panam a, which indicated exact ITS2 copies, although some 
patterns unique to  each population  were also observed (see 
Figure 1). G reat effort was m ade to  obtain sequences from 
m ost bands, but no t all of them  were successfully recov
ered. The sequences had an average GC content of 55.6% , 
w hich afforded the great m igration of intragenom ic ITS2 
variants in the DGGE. The sequences from  P. bipinnata 
had  m ore than  85.6%  of sequence similarity, contrasting 
w ith just 48%  w ith respect to G. mariae.

Predicted secondary structures from  all excised bands 
exhibited functional structures w ith the conserved six heli
coidal ring model previously reported for octocorals (Agui
lar and Sánchez, 2007), but great variability was observed 
in the length and com plexity of each stem and spacer (Fig
ures 2, 3). Intragenom ic differences were frequently dis
crete changes tha t did no t affect the predicted secondary
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FIGURE 2. Two different intragenomic ITS2 variants from an in
dividual colony of Pseudopterogorgia bipinnata from Belize. The 
variants were excised from the two bands indicated by arrows in 
the DGGE gel above, reamplified, and sequenced. The arrows be
low show the differences between the two predicted RNA secondary 
structures corresponding to one INDEL (insertion or deletion) only.

structures (see Figure 2). The ITS2 in P. bipinnata  from  
Panam a and Belize varied from  212 to  224 nucleotides 
(Figure 3). In general, the stems 2, 3, and 6 were shorter 
than  the stems 4 and 5, w ith stem 5 being the longest. 
M ultiple internal loops were frequent in stems 3, 4, and 
5, w ith m ore nucleotides (nt) on stem 5, where up to  six 
internal loops were observed (Figure 3). The spacers were 
often short, ranging from  1 to  4 nt. Spacer ‘l i ’ showed a 
conserved sequence, UG, w ith little variation across indi
viduals, while spacer ‘4 i’ was the longest, w ith 4 to 12 nt 
and a conserved core sequence (AGUNCAGC) observed in 
m ost of individuals (Figure 3). Phylogenetic results from  
sequence and alignments or com bined data sets, including 
11 excised bands from  individuals from  Belize and 3 from  
Panam a, showed little divergence between Panam a and Be
lize despite the long distance w ith respect to  a few individu
als from  Bahamas and Colom bia (Figure 4). Very m odest 
support was found w ithin individuals from  Panam a or Be
lize, and no particular grouping could be discerned (data 
no t shown). In addition, no particular features of the ITS2 
secondary structure as seen w ith helix 5, w hich showed the 
largest num ber of characters, were supporting any particu
lar clade or group of individuals (Figure 4).

D ISCU SSIO N

The intragenom ic ITS2 variation in Pseudopterogor
gia bipinnata  individuals involved functional copies, as 
corrobora ted  by reconstructing their predicted R N A  sec
ondary  structures. Given the low  divergence am ong the 
ITS2 sequences recovered from  DGGE gels, intragenom ic 
variation was restricted to  a few m utations tha t did not 
com prom ise the functionality of the ITS2 secondary struc
ture. Despite frequent intragenom ic ITS2 variation  in P. bi
pinnata, predicted R N A  secondary structures exhibited no 
signs of including pseudogenes or structural degeneration. 
H aving in m ind th a t the ITS2 secondary structure has a 
m ajor role in the m atu ration  of the ribosom al R N A  (Coté 
and Peculis, 2001), little tolerance of changes is expected 
as a result of the restrictions im posed by the ITS2 splicing 
m achinery (Van N ues et al., 1995; Colem an, 2003); this 
m eans purifying selection is acting on secondary structural 
constraints (Coté and Peculis, 2001) or concerted evolu
tion  m echanisms are acting similarly (Liao, 2000; but 
see Nei and Rooney, 2005; H arpke and Peterson, 2006). 
Similarly, com pensatory base changes (CBC), occurring at 
the stem regions, are very unlikely to  occur at the in tra 
specific level (M üller et al., 2007). Thus, it is expected tha t 
only variants or alleles carrying only m inor changes occur, 
w hich was evident w ith the functionality of co-occurring 
secondary structures found at the intraspecific level.

ITS intragenom ic variation has been also observed 
in scleractinian corals. Van O ppen et al. (2001) exam 
ined diverse nuclear and m itochondrial D N A  sequences, 
concluding tha t paraphyly from  intragenom ic ITS copies 
could be explained by extensive introgressive hybridization 
and reticulate evolution. Similarly, M arquez et al. (2003) 
found the presence of ribosom al pseudogenes as a pos
sible consequence of m ultiple hybridization events. H ow 
ever, Vollmer and Palum bi (2004) exam ined the m ultiple 
copies of the Caribbean Acropora  species and concluded 
th a t there is no proper w ay to  evaluate if the intragenom ic 
shared variation of genes such as ITS1 and ITS2 was the 
result of incom plete lineage sorting or recent hybridiza
tion  processes. N onetheless, all the studies m entioned 
studied the intragenom ic variation  of ITS using the DGGE 
technique, and it is clear th a t trad itional cloning m ethods 
overestim ate the intragenom ic diversity (Lajeunesse and 
Pinzón, 2007).

Regardless of the lim ited num ber of individuals ana
lyzed in this study, the m ethod used here, excising bands 
from  DGGE gels for further am plification and sequenc
ing, probed its reliability to  separate intragenom ic variants 
up to one nucleotide difference (see Figure 2). DGGE is a
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FIGURE 3. Predicted ITS2 RNA secondary structures in P seudopterogorgia (P.) bipinnata. The upper 
right structure shows the characters for the molecular morphometries analysis used in the combined Bayes
ian inference analysis. The number within the ring structure refers to the total number of nucleotides at 
each structure.

m ethod useful to  detect the m ost prevalent intragenom ic 
variants of ribosom al genes, w hereas trad itional m ethods 
to  screen intragenom ic variation  such as cloning m iscalcu
late the codom inance of the different copies (Lajeunesse 
and Pinzón, 2007; Thornhill et ah, 2007). There are tw o 
m ain approaches for depicting the nature of intragenom ic 
ITS2 variants in octocorals. One m ethod is to  study in de
tail the genetics of the different ITS2 variants by crossing 
individuals w ith different intragenom ic patterns, w hich 
can provide inheritance inform ation and linkage disequi
librium  configurations. An alternative m ethod includes 
techniques such as reverse transcrip tion  (RT)-PCR and 
quantitative real-tim e PCR, w hich can offer m ore accu
rate inform ation on the functionality of the different in
tragenom ic ITS2 copies. The RT-PCR technique can filter 
copies th a t are no t expressed in the cell, and quantitative

PCR can quantify the am ount of ITS transcripts from  each 
particular copy. These m ethods could also test if the inten
sity of bands in DGGE actually corresponds to  the num ber 
of copies of a particular intragenom ic variant.
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Obvious Invaders and Overlooked Infauna: 
Unexpected Constituents of the Decapod 
Crustacean Fauna at Twin Cays, Belize

Darryl L. Felder, Peter
Robles, Heath er D.B racken, A
Jennifer M. Felder, and R

ABSTRACT. Decapod crustaceans in the vicinity of Carrie Bow Cay and Twin Cays, 
Belize, have been under study for more than 25 years. Large collections have been as
sembled, and new species have been discovered. The effort has included photographic 
documentation of coloration, yielding characters of value in identification of problematic 
tropical taxa. Measurements of diversity have been markedly enhanced by extraction 
corer (yabby pump) sampling in shallow subtidal sediments, especially at Twin Cays.
This technique revealed species, genera, and families of thalassinidean decapods not pre
viously known from the region. Studies continue on the ecological roles of these burrow- 
ers, dominant bioturbators in seagrass beds where they produce conspicuous mounds 
of sediment and constitute a major infaunal biomass at Twin Cays. By contrast, famil
iar large reptant decapods typically dominate shallow rocky substrates. Within the past 
four years, however, the nonindigenous portunid crab C harybdis hellerii has extensively 
invaded large portions of hard substrates at Twin Cays. In 2007, it was found to domi
nate cavities under coral heads in survey areas along the northeastern and southwestern 
shorelines, possibly displacing populations of large M ith rax , M en ippe , C allinectes, and 
Panulirus previously found there in abundance.

INTRODUCTION

Fieldw ork centered on Carrie Bow Cay and surrounding habitats, including 
a variety of settings at Twin Cays. The effort continues w ork  by the first au thor 
in collaboration  w ith the late Ray M anning in 1983, as well as w ork by the late 
Brian Kensley during the 1980s and early 1990s (Kensley, 1981, 1996). Early 
efforts produced abundan t grass-bed and reef-crest species generally identifiable 
w ith know n C aribbean taxa, along w ith small cryptic forms obtained by cutting 
open sponges, breaking rubble, poisoning in situ, or using several narco tan ts to 
drive out small decapods from  rubble isolated in containers. Rich collections 
th a t have accum ulated in the the Sm ithsonian Institu tion’s N ational M useum  of 
N atu ra l H istory were fixed in form alin, lim iting their value in genetic analyses. 
Efforts in 2002 and 2007 shifted emphasis to  varied intertidal and subtidal hab i
tats of Twin Cays and to  resam pling the regional fauna to  obtain alcohol-fixed 
m aterials for m olecular genetic analyses.
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C oncerted effort has been m ade to  photographically  
docum ent coloration  of fresh specimens, given the value 
of color in the identifications of tropical species and the 
long-term  goal of producing a guidebook for the regional 
decapod fauna (DLF and RL, in progress). M ore than  260 
decapod species have been enum erated in our collections 
from  the Carrie Bow Cay region, some yet to be nam ed. 
U nder U.S. N ational Science Foundation  AToL “D eca
pod Tree of Life” support, m olecular and m orphological 
systematic studies are under way concerning alpheid and 
other caridean shrim ps, paguroid  herm it crabs, thalassini- 
dean shrim ps, and panopeid, portunid , grapsoid, p innoth- 
erid, and m ajoid crabs, as well as family-level relationships 
am ong all m ajor decapod groups. W ork incorporating  
porcelain crab collections from  the region has been p u b 
lished (Rodriguez et ah, 2005, 2006) as has w ork  by other 
investigators on some alpheid shrim p groups (Duffy, 1996; 
Duffy and M acdonald , 1999; Duffy et ah, 2000, 2002; 
M acdonald  et ah, 2006; Rios and Duffy, 2007). Previous 
collections of upogebiid thalassinidean shrim p from  Be
lize were included in W illiams ( 1993). Several descriptions 
of new  species from  our Belize collections have also ap 
peared (Goy and Felder, 1988; M anning and Felder, 1996; 
Felder and M anning, 1997), but m any species rem ain to 
be described. The second au thor has been involved in 
several ecological studies of the infaunal decapods of the 
region (D w orschak and O tt, 1993; A bed-N avandi and 
D w orschak, 2005; D w orschak et ah, 2006).

O ur p ro trac ted  field sam pling program  has in some 
cases allow ed us to  observe apparen t changes in com 
m unity com position. In a striking exam ple, shallow  sub
tidal habitats a t Twin Cays have been recently invaded 
by the nonindigenous swim m ing crab Charybdis hellerii 
(A. M ilne-Edw ards, 1867), previously unreported  from  
Belize. R ecurrent trips have also provided opportunities 
for shallow  subtidal sam pling and burrow -casting  of fos- 
sorial infauna in tu rtle  grass (Thalassia) beds along shore
lines of Twin Cays, revealing unexpected thalassinidean 
diversity. A brief account of these latest efforts is our pres
ent focus, prelim inary to  m ore com prehensive treatm ent 
of the full decapod assemblage.

MATERIALS A N D  M ETHODS

Sampling included the breaking of dead coral and 
conch shell rubble, netting, extraction  of sediments, and 
sorting through hard-surface fouling organism s, but sam 
pling of large crabs such as Charybdis hellerii (Brachyura)

and its m acrocrustacean associates was a targeted effort. 
These decapods were captured from  under pieces of dead 
subtidal coral and debris th a t were lifted while snorkeling 
over and adjacent to  seagrass (Thalassia) beds in w ater 1-2 
m  deep. Sampling of m ost thalassinideans and related deca
pod  burrow ers was accom plished w ith a suction extrac
to r  (yabby pum p) and bag-sieve while w ading, snorkeling, 
or SCUBA diving in w ater 0 .5 -4  m  deep. In addition to 
collections of G lypturus acanthochirus (Callianassidae) 
by suction extractor, some specimens of this species were 
obtained w ith “weighted line” traps (de Vaugelas, 1985). 
Specimens of Axiopsis serratifrons (Axiidae) were ob
tained by baiting animals to the apertures of their burrow s, 
w here they were captured by cutting off the burrow  or by 
spearing the specimens. Casts of burrow s were m ade as 
described by D w orschak and O tt (1993). Specimens were 
immobilized by im m ersion in chilled seawater or by nar
cotization w ith clove oil before photography. Photographs 
of specimens immersed in a pan of seawater were made 
w ith a Fuji Fine Pix SIPro digital cam era equipped w ith a 
60 m m  macrolens while the subject was lighted by a com 
bination of direct and reflected sunlight or high-intensity 
5000°K fluorescent photographic lamps. All specimens 
were subsequently preserved in several exchanges of 95%  
nondenatured ethanol and then stored in 75%  nondena
tured ethanol. Photographic voucher specimens were ar
chived in the Zoological Collections of the University of 
Louisiana at Lafayette (ULLZ), and m ost other m aterials 
were deposited in the Sm ithsonian Institu tion-N ational 
M useum  of N atu ra l H istory (USNM). Some collections 
by the second au thor (especially thalassinideans) were de
posited in the N aturhistorisches M useum  in W ien, Austria 
(N H M W ) and the M uséum  N ational d ’H istoire N aturelle, 
Paris, France (M N H N ). For figured specimens, size is indi
cated as carapace w idth (cw) or carapace length (cl).

RESULTS A N D  DISCU SSIO N

In v a s io n  by C h a r y b d is  h e l l e r ii

Large bottom  debris (waterlogged w ood, discarded 
building m aterials, dead coral heads) typically provides 
cover for large reptants such as spiny lobsters (Panulirus 
spp.), swimming crabs (Callinectes spp.), stone crabs (M e
nippe  spp.), and large spider crabs (M ithrax  spp.), espe
cially in shallow  well-lighted w aters. Sampling of these 
environm ents at both  Carrie Bow Cay and Twin Cays in 
O ctober 2002 revealed no large decapods o ther than  these 
genera. T hat same year, however, a small specimen of the
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nonindigenous portun id  crab Charybdis hellerii was found 
in an em pty conch shell on the inshore side of Carrie Bow 
Cay, the first such occurrence recorded in our sam pling 
program .

In April 2007, sam pling under large pieces of cover at 
Twin Cays was undertaken to  obtain  fresh m aterials of the 
aforem entioned resident genera for genetic analyses. Initial 
sam pling centered in the vicinity of the “Fisheries C am p” 
on the southeastern end of Twin Cays, w here a storm  had 
scattered sheets of m etal building siding from  the shore
line to  depths of nearly 2 m. Inspections beneath 20 such 
sheets across this entire range of depths revealed none of 
the target species but at least seven variously sized ind i
viduals of the nonindigenous swim m ing crab C. hellerii.

Sampling was thereafter shifted to  dead coral heads 
scattered am ong turtle  grass beds on the northeast side of 
Twin Cays. A crude survey was there undertaken for coral 
heads in 1-1.5 m  depths, each head roughly 0 .5 -0 .7  m  in 
diam eter and separated from  one another by roughly 6 -15  
m. O f the 25 coral heads inspected, 13 were uninhabited 
by large rep tan t decapods, 8 harbored  large specimens of 
C. hellerii (Figure lb ), and four harbored  only M enippe  
nodifrons  Stimpson, 1859 (Figure la ). Large single indi
viduals of C. hellerii were found under 6 of the 25 heads 
th a t were lifted, a m ating pair of C. hellerii was found 
under a single head, and a specimen of C. hellerii together 
w ith a large specimen of M. nodifrons was found under an
other head. N o specimens of M ithrax  spp., Callinectes spp.,

FIGURE 1. a, Stone crab M enippe nodifrons, male, 69.7 mm carapace width (cw), Twin Cays, Belize 10 
April 2007, ULLZ 8991. b, Invasive Indo-Pacific swimming crab Charybdis hellerii, male, 75.3 mm cw, Twin 
Cays, Belize, 10 April 2007, ULLZ 8990. c, Callianassid Eucalliax sp., female, 8.3 mm carapace length (cl), 
South Water Cay, 22 October 2002, ULLZ 9230. d, Polyester resin burrow cast from Twin Cays, prob
ably assignable to Axianassa australis, cast length 85 cm, made by PCD, Twin Cays, Belize, August 1989, 
NHM W  24001. e, Laomediid N aushonia  sp. female, 5.8 mm cl, Carrie Bow Cay, Belize, 3 April 2007, ULLZ 
8895. ULLZ, University of Louisiana at Lafayette; NHMW , Naturhistorisches Museum Wien. Photographs 
a-c and e by DLF; photograph d by PCD.
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or Panulirus spp. were observed, despite these taxa being 
commonly found in such settings during 1983 and 2002.

Small or im m ature specimens of Charybdis hellerii 
are easily confused w ith Cronius ruber (Lamarck, 1818) 
and to  a lesser extent w ith Achelous tum idulus Stimpson, 
1871, both  of w hich also occur in Belize and adjacent w a
ters of the C aribbean, Gulf of M exico, and other areas 
of the w arm  tem perate Atlantic. This similarity led us to 
initially question the identity of the single small specimen 
collected in 2002, but it was confirmed to be Charybdis 
hellerii by 16S m tD N A  sequence analysis by com paring to 
other sequence data for the species (Robles et ah, 2007; 
M antelatto  et ah, 2009). W idely used diagnostic m orpho
logical characters tha t apply well to  full-sized adults do 
no t readily facilitate identification of juveniles am ong these 
three species, and records of subadults could easily be in 
error if based on presently limited descriptions. At the very 
least, A . tum idulus  differs from  both  C. ruber and Charyb
dis hellerii by lacking a striking posterior or posterodistal 
meral spine on the fifth pereiopod (swimming leg) in all 
crab stages. Cronius ruber and Charybdis hellerii, how 
ever, share a strongly spined fifth pereiopod, albeit w ith the 
spine usually occupying a relatively m ore distal position 
and being less posteriorly directed on the merus of Cronius 
ruber. The relative position of the spine is, however, diffi
cult to distinguish in small juveniles. These tw o species also 
share the presence of small spinules bordering the posterior 
m argin of the fifth pereiopod propodus, although these spi
nules are of relatively larger size in Charybdis hellerii. This 
characteristic is readily evident in adults, w here setation 
obscures small acute granules along the margins of the p ro 
podus in Cronius ruber, w hich are unlikely to  be confused 
w ith the well-formed adult spinules of Charybdis hellerii 
(see Figure lb ). In juveniles of Cronius ruber, m icrospina- 
tion of this propodal m argin is relatively stronger than  in 
adults, and distinction from  juveniles of Charybdis hellerii 
is som ew hat subjective, especially if one lacks com parative 
specimens of similar size. N o feature in the carapace of 
early crab stages (Dineen et ah, 2001: fig. 24) appears to 
separate small individuals of these species.

Recent observations have revealed an ongoing inva
sion of C. hellerii in to  coastal w estern A tlantic locations, 
and its docum ented distribu tion  m ust now  include Belize 
along w ith  Brazil, Venezuela, C olom bia, Cuba, the Yu
catán  shelf o f M exico, bo th  coasts of F lorida, and other 
no rthern  A tlantic U.S. coastal hab ita ts th rough  at least 
the C arolinas (Cam pos and Türkay, 1989; Gómez and 
M artinez-Iglesias, 1990; H ernández and Bolaños, 1995; 
Lem aitre, 1995; C alado, 1996; M ante la tto  and Dias, 
1999; D ineen et ah, 2001; M an te la tto  and  G arcia, 2001;

M an te la tto  et ah, 2007; Robles et ah, 2007; M cM illen- 
Jackson , 2008; Felder et ah, 2009). Clearly, the foregoing 
chronology of reports reveals continued  w estern A tlantic 
range expansion for C. hellerii, a lthough the poten tia l 
troph ic  im pacts of this invader rem ain  poorly  docu
m ented. The first au th o r has on tw o occasions observed 
individuals of C. hellerii in the Ind ian  River L agoon, Flor
ida, feeding (inside shallow  cavities of hard  substrates 
th a t they occupied) on soft-shelled, postm olt individu
als of native species of large decapods (one Callinectes, 
one Panulirus), and in ano ther instance feeding on small 
m ussels. As in the present report, all such observations 
and  inferences of this invader’s po ten tia l com petitive and 
p reda to ry  im pacts in the w estern A tlantic rem ain  very 
lim ited and  anecdotal, bu t they serve to  justify a call for 
contro lled  experim ental studies.

T halassinideans

O ur collections of cryptic burrowing thalassinideans 
from  various habitats in the vicinity of Carrie Bow and Twin 
Cays, along w ith the few previously reported records, include 
a t least 17 species representing the families Callianassidae, 
Laomediidae, Thomassiniidae, Axianassidae, Axiidae, and 
Upogebiidae. The species of these often overlooked groups 
are presented in the following list, w ith collection sites indi
cated as TC (Twin Cays), CB (Carrie Bow Cay), SW (South 
W ater Cay), and SL (shorelines near Dangriga); catalogue 
num bers are shown for archived specimens.

I n f r a o r d e r  T h alassin id ea  sen su  lato

C a l l i a n a s s i d a e  (Ghost Shrimps)

Corallianassa longiventris (A. M ilne-Edwards, 1870)— TC, 
CB: N H M W  6774, 6775, 15352-15355; ULLZ 4 2 2 8 - 
4230, 6083, 8997.

Eucalliax  sp.— TC, SW: ULLZ 9230.

Glypturus acanthochirus Stimpson, 1866—TC, C B :N H M W  
6765-6770 , 15338-15342; M N H N T h  1181, Th 1185; 
U LLZ 8993-8995 , 9233; U SNM  266241-266244 .

Lepidophthalm us richardi Felder and M anning, 1997— 
SL [near river m ouths]: N H M W  15343-15349: ULLZ 
3577, 5186-5188 , 8992; USN M  277777-277779 .

Neocallichirus grandim ana  (Gibbes, 1850)— TC, CB, 
SW: N H M W  6796 -6 7 9 9 , 15356-15367 ; M N H N  Th
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1182-1184; ULLZ 8998, 9235 -9 2 3 7 , 9239-9241 , 
9 2 4 3 ,9 2 4 4 .

Neocallichirus maryae K arasaw a, 2004— TC: ULLZ 
9 2 3 4 ,9 2 3 8 .

L a o m e d i i d a e  

N aushonia  sp.— CB: ULLZ 8895, 8915.

A x i a n a s s i d a e

Axianassa australis Rodrigues and Shimizu, 1992— TC 
[identified by burrow  cast]: N H M W  24001.

T h o m a s s i n i i d a e

M ictaxius thalassicola Kensley and H eard, 1991— TC: 
ULLZ 9246.

U p o g e b i i d a e  (M ud Shrimps)

Pomatogebia operculata (Schmitt, 1924— CB: ULLZ 9231.

Upogebia acanthura (Coêlho, 1973)— ?CB: USNM  251246.

Upogebia omissa  Gomes Corrêa, 1968—TC, SL: ULLZ 
5165.

Upogebia sp.— CB: ULLZ 9232.

A x i i d a e  (Lobster Shrimps)

Axiopsis serratifrons (A. M ilne-Edw ards, 1873)— CB: 
N H M W  6771-6773 , 15350-15351: ULLZ 4 2 3 2 ,4 2 3 3 , 
5827, 8996; USN M  18905, 18907, 18908.

Coralaxius nodulosus (M einert, 1877)— CB: USNM  
170856, 171764-171766, 243431-243434 .

Paraxiopsis hispida  Kensley, 1996— CB: USNM  211462.

Paraxiopsis spinipleura  Kensley, 1996— CB: USNM  
211451.

Sediments in low er intertidal to  subtidal seagrass beds 
at Twin Cays are densely populated  by Neocallichirus 
grandimana, G lypturus acanthochirus, Corallianassa lon
giventris, Neocallichirus maryae, M ictaxius thalassicola, 
and Eucalliax sp., often burrow ing m ore than  1 m  into

sediments. D w orschak and O tt (1993) previously analyzed 
burrow  m orphologies and distributions for three of these 
species, as well as for Axiopsis serratifrons and tw o spe
cies of pistol shrim p. Their food sources were investigated 
by stable isotope studies (Abed-N avandi and D w orschak,
2005). Am ong the species from  Twin Cays, M. thalassi
cola has no t previously been reported  from  the northern  
C aribbean, and Eucalliax sp. (Figure le) represents an un
described taxon  presently know n only from  Belize.

The newly reported  Neocallichirus maryae is a replace
m ent nam e for the m ore fam iliar N . rathbunae  (Schmitt, 
1935), w hich proved to  be a junior prim ary hom onym  
of a different fossil species (K arasaw a, 2004). A lthough 
Sakai (2005) placed N . raym anningi Blanco R am bla and 
Lem aitre, 1999, in synonymy w ith N . rathbunae  (Schmitt, 
1935), and N . raym anningi w ould thus predate recent es
tablishm ent of N . maryae, we do no t accept the presently 
lim ited evidence for this synonymy.

Ejecta from  burrow s of these thalassinideans dom i
nates bo ttom  topography in in tertidal to  shallow  subtidal 
seagrass beds of this area, but along in tertidal m uddy shore
lines a t Twin Cays, especially those im m ediately adjacent 
to m angroves, it appears tha t the axianassid Axianassa  
australis also occurs. As no specimens have been captured, 
this can be deduced only from  highly characteristic ejecta 
patterns and spiraled burrow  casts (see D w orschak and 
Rodrigues, 1997; Felder, 2001), the la tter obtained by the 
second au thor in 1989 (Figure Id).

Neocallichirus grandimana  appears to  be the m ost 
widely distributed callianassid am ong sites sampled in the 
vicinity, inhabiting both vegetated and nonvegetated sedi
ments. Together w ith Eucalliax sp., it densely populates 
sparsely vegetated calcareous sands of shallow shoals bor
dering South W ater Cay in addition to sites a t Twin Cays. 
At South W ater Cay, upper reaches of its burrow s are com 
monly inhabited by Processa sp. and early juvenile stages 
of Callinectes sp., the latter being uniquely pigmented an 
opaque bluish-black. Glypturus acanthochirus and Coral
lianassa longiventris range into deeper grass beds, where 
they appear to draw  grass blades into their burrows. Dis
tributions of all the collected thalassinideans depend on 
sediment characteristics, depths, vegetation, and water 
quality, whereas characteristic burrow  architectures are 
both diagnostic of species and suggestive of ecological ad
aptations (Dworschak and O tt, 1993, A bed-Navandi and 
Dworschak, 2005; D w orschak et ah, 2006). Less conspicu
ous evidence of sediment ejecta characterizes areas among 
seagrasses that are burrow ed primarily by nonthalassinidean 
decapods such as the Alpheus spp. reported by D w orschak 
and O tt ( 1993). Surface features of these burrow s can be all
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but indistinguishable from  those made by w hat appear to 
be several species of Upogebia, including U. omissa.

The assemblage of upogebiids in the Carrie Bow Cay 
region rem ains poorly understood. It appears tha t Upoge
bia omissa ranges widely here, from  the shoreline along the 
m ainland to  offshore cays, and the first au thor has identi
fied specimens taken as “pests” from  commercial penaeid 
shrimp farms on the m ainland. General treatm ent of w est
ern A tlantic upogebiids by W illiams (1993) included re
cords of U. acanthura  from  a patch reef southw est of Car
rie Bow Cay and U. brasiliensis H olthuis, 1956 from  more 
distant shoreline areas of Belize, although our collections 
have produced no additional specimens. Two other spe
cies listed by Williams (1993) from  nearby coastal envi
ronm ents of Q uintana Roo ( U. corallifora Williams and 
Scott, 1989 and U. vasquezi N goc-H o, 1989) could also 
be expected in Belize, although we have yet to find them. 
Specimens of this genus from  coralline rubble just off the 
reef crest at Carrie Bow Cay (ULLZ 9232) and other un
catalogued specimens from  Twin Cays (in areas also bur
row ed by alpheid shrimp) cannot confidently be assigned 
to  know n species and w arran t further study. Generally 
found in deeper subtidal habitats (Felder et ah, in press), 
the upogebiid Pomatogebia operculata  ranges into waters 
as shallow  as 2 m  depth off Carrie Bow Cay and likely oc
curs elsewhere between cays in appropriate deeper calcare
ous rubble habitats; these have been collected by breaking 
open highly eroded pieces of coralline rubble to  expose the 
m uddy interstices and cavities occupied by this upogebiid.

Axiids are also found in association w ith rubble and 
reef structures of outer cays, as, for exam ple, a t Carrie 
Bow. The widely distributed Coralaxius nodulosus, a 
small-sized species inhabiting cavities in subtidal coralline 
rubble from  the fore-reef (see also Kensley, 1994), is ro u 
tinely found along w ith the upogebiid Pomatogebia oper
culata  in interstices of broken rubble retrieved from  depths 
greater than  2 m. By contrast, the large and strongly arm ed 
Axiopsis serratifrons is widely d istributed between pieces 
of coarse coral rubble in back-reef flats of Carrie Bow 
(0 .5 -2  m  depths), there positioned to  am bush prey from  
its som ew hat concealed burrow  aperture. In addition, tw o 
new  species of Paraxiopsis described by Kensley (1996) 
both  range into reef habitats of Carrie Bow Cay. A lthough 
P. spinipleura was originally found there in shallow  (1.5 
m) back-reef rubble, we have no t encountered additional 
specimens. We have also no t found additional m aterials 
of P. hispidus, previously collected at the reef drop-off in 
depths greater than  20 m.

A rem arkable  thalassin idean  find a t C arrie Bow was 
the April 2007  discovery of a laom ediid assignable to

N aushonia  sp. (Figure le ). Two specimens were cap 
tured , bo th  from  cavities of em pty conch shells in shal
low  (< 1 .5  m) subtidal w aters. These individuals appear 
to  also represent an  undescribed species of a rarely en
countered  genus in the no rth ern  C aribbean  region. To 
date know n only from  Carrie Bow Cay, they are cur
rently  being described.

The thalassinidean fauna of the general region also 
includes an abundan t nearshore species, Lepidophthalm us  
richardi, adapted  to  euryhaline w aters and m uddy sand 
shorelines of the Stann Creek D istrict (Felder and M an 
ning, 1997). This species has no t been found in habitats 
im m ediately associated w ith Twin Cays or Carrie Bow 
Cay, despite intensive search.

These collections have allowed us to  update and ex
pand  the burrow  distribution schemes for Belize given by 
D w orschak and O tt (1993). We herew ith add additional 
taxa and hab ita t distributions (Figure 2) to  underscore the 
overlooked diversity of infaunal m acrocrustaceans, some 
of w hich are dom inant bio turbators.

N ote A dded in Press

A dditional sam pling in Belize was conducted in Feb
ru ary  2009. O bservations in shallow  w aters at Twin Cays 
confirm ed th a t popu lations of Charybdis helleri rem ained 
as seen in 2007 . Further sam pling for thalassin ideans sup
po rted  accounts on the preceding pages, w ith  no tew orthy  
additions. Sam pling am ong shoreline m angrove roo ts at 
Twin Cays p roduced  the first specimens of the A xianas
sidae, representing new  records for Axianassa in term e
dia  Schm itt, 1924. Five such specimens w ere extracted  
by yabby pum p from  beneath  a surface area of no m ore 
th an  0.25 m 2 at low  tide, bu t less productive adjacent 
sam pling suggested heterogeneous pattern ing . Given the 
small size of these specimens, we question w hether this 
species accounts for burrow s provisionally  a ttrib u ted  to 
A. australis on the basis o f castings m entioned on the 
preceding pages. F rom  these same hab ita ts at Twin Cays, 
the first specim en of the callianassid Biffarius fragilis 
(Biffar, 1970) was cap tured , along w ith  a specim en of the 
same N aushonia  sp. reported  from  C arrie Bow Cay on 
preceding pages. Finally, the first specim en of the family 
Callianideidae, Callianidea laevicauda  Grill, 1959, was 
taken  from  in tertidal rubble  of the exposed reef crest at 
C arrie Bow Cay. These la test efforts confirm  presence 
of at least one species of the fam ily A xianassidae, add 
a seventh thalassin idean  family to  our report, and  bring 
the docum ented num ber of thalassin idean  species in our 
survey to  at least 19.
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FIGURE 2. Schematic of thalassinidean distributions in channel and back-reef environments near Carrie Bow 
Cay and Twin Cays, Belize. Modified from Dworschak and Ott (1993:fig. 9).
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Imposex in One of the World’s Busiest 
Shipping Zones

Carter Li and Rachel Collin

ABSTRACT. Tributyltin pollution from antifouling paint is well known to disrupt the en
docrine system in female marine gastropods. The masculinization of females, including the 
aberrant growth of a penis and vas deferens and occlusion of the capsule gland, has been 
reported primarily in neogastropods and is particularly well documented in muricids. Com
pared to temperate areas, few studies of imposex have been undertaken in the tropics, and 
there are few studies in general on non-neogastropods. Here we report a high frequency of 
imposex near the Pacific mouth of the Panama Canal in two species of muricids and two 
species of calyptraeids. The frequency of imposex declined rapidly with distance away from 
the canal, and several species appeared to be mostly normal less than 10 km from the en
trance. This is the first report of imposex in A canthais breviden tata , Thaisella kiosquiform is, 
B ostrycapulus calyptraeform is, Crepidula  cf. nivea, and Anachis fluctuata. Because imposex 
has not previously been reported for the Calyptraeidae, a family of protandrous gastropods, 
a laboratory study was conducted to verify that imposex was not simply retention of the 
penis after sex change. The 2007 ratification of the International Maritime Organization’s 
convention on antifouling systems should reduce the levels of TBT worldwide, but the persis
tence of this compound in sediments suggests that imposex may continue to be a problem at 
the mouth of the canal as routine dredging and large tides frequently resuspend sediment.
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Tributyltin (TBT) is well know n to be a highly effective antifouling agent, 
used prim arily on ship hulls, bu t it has num erous detrim ental effects on a wide 
variety of non-target taxa. Despite having dem onstrable effects on m olluscan 
shell grow th ( Alzieu et ah, 1981), em bryological developm ent of fish and m arine 
invertebrates (H ano et ah, 2007; Inoue et ah, 2006), neuru lation  in ascidians 
(Dolcemascolo et ah, 2005), and testosterone m etabolism  in mysids (Verslycke 
et ah, 2003), the m ost well studied and w idespread effect is the d isruption of the 
endocrine system in m arine gastropods. Exposure to  very low  levels (as little as 
0.5 ng/L) of TBT causes the m asculinization of females, including the aberran t 
g row th of a penis and occlusion of the capsule gland (Gibbs and Bryan, 1996). 
This condition is referred to  as im posex, and severe cases can lead to  reproduc
tive failure. For exam ple, an extrem e case of population  decline as a result of im 
posex has been dem onstrated for Nucella lapillus in southw est England (Bryan 
et ah, 1986; Gibbs and Bryan, 1986).

mailto:collinr@si.edu
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In a recent review, Shi et al. (2005) repo rted  th a t 
im posex has been recorded  in 170 species of gastropods 
from  28 fam ilies. The vast m ajority , 134 species, are 
neogastropods. A m ong the non -neogastropod , caeno- 
g astropod  fam ilies, am pullarids, rissioids, cypreaids, cy- 
m atids, and  tonn ids all con ta in  several species for w hich 
im posex has been repo rted  (Shi et ah, 2005). A lthough 
the taxonom ic  coverage is w ide, m uch of the basic in 
fo rm ation  on im posex in re la tion  to  TBT p o llu tion  is 
centered on m uricids, buccinids, and  conids (Fioroni et 
ah, 1991; Shi et ah, 2005). O n  a w orldw ide scale, it is 
necessary to  extend the scope of studies to  include m ore 
trop ica l form s and  locations (Ellis and  Pattisina, 1990) 
to  get a g lobal p icture of the effects of TBT po llu tion  on 
gastropods.

The Panam a Canal is one of the w orld ’s busiest ship
ping zones, and com m ercial transpo rt through the canal 
represents about 5%  of w orld  trade. A bout 14,000 vessels 
pass through  the Canal annually (statistics available from  
the A utoridad del Canal de Panam a web site http://w w w  
.pancanal.com /), and the m ost com m on shipping rou te  is 
between the east coast of N o rth  America and Asia. M ost of 
the shipping traffic is com posed of large, oceangoing ves
sels, w hich have no t previously been subject to  restrictions 
on the use of tributyltin  antifouling paint. The entrance to 
the Canal, on the Pacific coast adjacent to  Panam a City, 
was the site of R odm an N aval Base (1943-1999), and 
is currently the site o f the container p o rt of Balboa and 
a shipyard. The anchorage for the canal com m only has 
m ore than  30 vessels w aiting to  transit the Canal. The sub
strate in this area is prim arily a m ix of rocky debris and 
sandy m ud in the in tertidal and fine m ud in the subtidal. 
W ith the consistently high levels of shipping traffic, fre
quent dredging, and m uddy substrate (which is know n to 
retain TBT for years, as reviewed in de M ora, 1996), the 
local levels of TBT and, therefore, im posex are expected 
to  be higher around  the entrance to  the Canal than  they 
are along the open coast. We conducted a survey of four 
com m on intertidal gastropod  species around  the m outh  of 
the canal to  docum ent the levels and geographic extent of 
im posex in this area.

MATERIALS A N D  M ETHODS

G astropods were collected between February and 
April 2005 from  four sites along the Pacific coast of 
Panam a at varying distances from  the m outh  of the P an
am a Canal (Figure 1). The site closest to  the m outh  of

Balboa

Farfan , .Naos

Culebra

# Venado
Chumical

79°40’W 79°30’W

FIGURE 1. Map of the study area at the entrance to the Panama 
Canal. Arrows indicate the sites of sample collection and locations 
mentioned in the text.

the canal consisted of rocky outcrops near Farfan beach 
(8.93°N , 79.58°W ) and the Bridge of the Americas. P ro
gressively further aw ay to  the west were Isla Venado 
(8 .9 1°N, 79.63°W ), Chum ical (8.5°N, 79.66°W ), and 
Bique (8.90°N , 79.66°W ). In N ovem ber 2007 additional 
samples were collected from  Punta Culebra (8 .9 1°N, 
79.53°W ), w hich faces the entrance to  the Canal and is at 
the edge of the Canal anchorage.

We collected four species, w hich were clearly identi
fiable and abundan t a t tw o or m ore of the sites. Efforts 
were m ade to  collect the same species from  all sites, but 
because of the hab ita t heterogeneity in the area, we were 
no t able to  collect sufficient num bers of females for sta
tistical analyses for several sites. Adequate samples were 
collected for the m uricids Acanthais brevidentata  (Wood, 
1828) from  Farfan and Chum ical and Thaisella kiosqui
form is  (Duelos, 1832) from  Farfan and Bique, and the 
calyptraeids Bostrycapulus calyptraeformis (Deshayes, 
1830) and Crepidula cf. nivea from  Farfan, Venado, and 
Chum ical (Table 1).

Shell length was m easured w ith vernier calipers, 
and live snails were extracted from  their shells. The re
productive system was im m ediately exam ined under a 
stereom icroscope, and the sex was determ ined based on 
characteristics of the gonad and presence or absence of 
seminal receptacles and sem inar vesicles. If the sex was 
no t easily identified, sex was verified by exam ining ga
metes from  a sm ear of gonad. The length of the penis (if 
present) was m easured using an ocular m icrom eter on a 
stereom icroscope.

http://www
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TABLE 1. Frequency of imposex in four gastropod species at sites arranged here from nearest to furthest from the 
Panama Canal entrance. Frequency at each site was compared to that at Farfan (the site at the entrance to the Canal) 
using a Fisher’s exact test. A one-tailed test was used, but two-tailed results did not differ; * P = 0.001; * * P = 0.0001; 
S i i  P =  <  0.0001.

Site

Species Farfan Culebra Venado Chumical Bique

Muricids
Thaisella kiosquiformis 29/53
Acanthais brevidentata 8/32

Calyptraeids 
Bostrycapulus calyptraeformis 60/63
Crepidula cf. nivea 87/90

22/43a**
19/22

2 / 79* * «

0/57“

1/ 122* * *

0/99***

13/52*

* Significantly different from Venado and Chumical <0.0001.

Significant differences in the frequency of im posex be
tween the entrance to  the Canal and m ore d istant sites 
were tested for using Fisher’s exact test. Analysis of co- 
variance (ANCOVA) was used to  exam ine the re la tion
ship between penis length in male and im posex females, 
w ith shell length as a covariate for samples collected from  
Venado and Farfan. Because samples from  Culebra were 
preserved in ethanol before exam ination, the penis length 
from  these samples could no t be directly com pared to the 
others th a t were m easured fresh.

Experim ents to  determ ine if im posex develops in adult 
snails after exposure to  am bient w ater levels of TBT were 
conducted at STRI’s N aos M arine Laboratories, only a 
few hundred  meters from  the Culebra site. Anachis fluc
tuata  (Sowerby, 1832) and Bostrycapulus calyptraeformis 
were both  collected from  Isla Venado, an area w ith low  
levels of im posex, and m aintained in the laboratory. Sixty 
adult Anachis fluctuata  were kept in a 100 L fiberglass 
tank  in the outside seaw ater system and fed frozen com 
m ercial clams once a week. After five m onths the animals 
were killed and levels o f im posex were determ ined as a l
ready described. Bostrycapulus calpytraeformis were col
lected as small males. They were m aintained in pairs in the 
laboratory  in 350 mL plastic cups. The w ater was changed 
every o ther day and the anim als were fed 10 mL Isochrysis 
galbana culture every day. Animals were m easured every 
four weeks, and their sexual state was recorded on the 
basis of external features. The experim ent was term inated 
after 400 days. Both species were cultured using the same 
source of seaw ater (from the side of Isla N aos aw ay from  
the Canal entrance), and neither was exposed to  local sedi
m ent other than  th a t w hich settled out of the seawater.

RESULTS

F ield C o l l e c t io n s

Im posex was detected in all four species. In the two 
m uricids, the im posex was alm ost always in the early 
stages w ith lim ited penis developm ent and no indication 
of any occlusion of the capsule gland. We never observed 
im posex tha t was so far advanced tha t the females were 
found to  retain eggs or tha t an obvious vas deferens had 
developed. Im posex in the calyptraeids was m ore devel
oped; penes were large in m any specimens and could easily 
be confused w ith a norm al male penis. Several im posex fe
males of Bostrycapulus calyptreaformis and Crepidula cf. 
nivea  were observed brooding egg capsules, showing that 
im posex females were no t sterile. N ear the entrance of the 
Canal the frequency of im posex ranged from  25%  to 50%  
in muricids and was greater than  80%  in calyptraeids. The 
num ber of females collected for each species at each site and 
the frequency of im posex are given in Table 1. In all cases 
the frequency of im posex was significantly higher near the 
entrance to  the Canal than  at farther sites (Table 1).

Acanthais brevidentata : Because there were no im posex 
individuals in Bique and because animals from  tha t site 
were significantly larger (mean =  28.9 mm) than  from  
Farfan (mean =  26.9 mm; P <  0.001), com parisons of 
im posex females w ith norm al males and females were 
conducted for data collected from  Farfan only. Imposex 
females were significantly larger (length =  30.1 mm) than 
non-im posex females (length =  26.4 mm; P <  0 .02). 
A N CO V A  show ed th a t there w ere significant effects 
of shell length (P = 0.01) and im posex (P <  0.001) on
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penis length as well as a significant in teraction  effect 
(P <  0.04). Penes of im posex females were smaller than 
those of norm al males, and male penis length increased 
w ith shell length, although im posex penis length was not 
associated w ith shell length (Figure 2).

Thaisella kiosquiform is: Animals from  Bique and Farfan did 
no t differ in size, nor did the sexes differ in size. Im posex 
females were also the same size as non-im posex females. 
The average size for all categories was 2 6 -2 7  mm. D ata

from  Bique and Farfan were com bined for the analysis. 
ANCOVA showed th a t there were significant effects of 
shell length (P <  0 .0001) and im posex (P <  0.0001) 
on penis length as well as a significant in teraction effect 
(P =  0.003). Penes of im posex females were smaller 
than  those of norm al males, and penis length increased 
w ith shell length in both  sexes (Figure 2). There was a 
significant incidence of im posex at Bique, despite it be
ing the site furthest from  the Canal. We attribute this 
relatively high frequency of im posex to  this site’s prox-
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imity to  a dry dock facility slightly further to  the west 
in Vacamonte.

Crepidula cf. nivea : Calyptraeids are pro tandrous herm aph
rodites (Collin, 2006) and the small animals are alm ost 
always males; therefore, we did no t m ake as m uch effort 
to collect the smallest animals as we did in the other spe
cies. The size of females differed significantly between 
the sites (16.1 m m  for Chumical vs. 19.6 m m  for Farfan; 
P <  0.0001). Im posex females were larger than  non- 
im posex females. Because all females at Chumical were 
norm al and virtually all in Farfan had  imposex, this size 
difference cannot be distinguished from  a site effect on 
size. An ANCOVA showed tha t shell length had a sig
nificant effect on penis length (P = 0.03), tha t im posex 
females and males did no t differ in penis length as there 
was considerable penis grow th in the im posex females, 
and tha t there was no significant interaction between im 
posex status and shell length (see Figure 2). A lthough 
there were significant levels of im posex in samples from  
Culebra, in all these cases the penis was very small; they 
were no t m uch m ore developed than  a small bum p at 
the base of the tentacle, whereas those from  Farfan were 
often as long as or longer than  the tentacles.

Bostrycapulus calyptraeform is: The average size of fe
males differed significantly am ong the three sites (17.5 
m m  at Chum ical; 16.5 m m  at Venado; 20.6 at Farfan; 
P <  0 .01). Again, because nearly all the females in Far
fan had  im posex bu t no im posex was detected in the 
o ther locations, the larger size of im posex females may 
have been a site effect. ANCOVA analysis of anim als 
from  Farfan show ed th a t there was a significant effect 
of im posex on penis length (P <  0 .001), and im posex 
females had  sm aller penes th an  males. Shell length and 
the in teraction betw een shell length and im posex had 
no significant effect on penis length. The level of im 
posex in anim als from  Culebra was again very ru d i

m entary, w ith  penes little m ore th an  a nub at the base 
of the tentacle.

In summary, all four species showed significant higher 
rates of im posex near the entrance of the canal. By 20 km  
away, rates were generally of the order of l% -2 % . In the 
tw o m uricids and one of the calyptraeids, the penes of 
im posex females were smaller than  those of similar-sized 
males. In the tw o m uricids and the other calyptraeid, shell 
length was a significant covariate of penis length, and in 
tw o species the penis length of im posex females increased 
w ith shell length.

Laboratory Experiments

After five m onths in the laboratory, 2 of 29 female 
Anachis fluctuata  had developed penes, indicating tha t 
this species can develop im posex. However, this was not 
statistically significantly different from  the frequency of 
im posex in the field in Venado (P = 0.09; Table 2). N o 
com parisons to the entrance to the Canal could be m ade 
because this species could no t be found there.

O f the 60 Bostrycapulus calyptraeformis th a t were 
raised in the laboratory, the largest anim als in 6 of the 30 
cups retained penes th roughout the experim ent and did 
no t change to  become female. In the rem aining 24 cups, 
the larger of the 2 anim als lost the penis, indicating sex 
change from  male to  female. O f these 24 anim als, 10 lost 
the penis and then subsequently regained it 1 to  3 m onths 
after sex change. In m any cases the penis was no t as long 
or thick as a norm al m ale penis, but they were fairly large, 
and casual observers w ould be likely to categorize such 
anim als as males (Figure 3). The largest animals in the re
m aining 14 cups underw ent transition  to  norm al females 
and did no t develop im posex before the end of the experi
m ent. The smaller of the 2 animals in each cup was not 
exam ined, as they usually rem ain male in the presence of 
the larger anim als (Collin et ah, 2005).

TABLE 2. Frequency of imposex from field-collected and laboratory-reared snails.

Species Laboratory Venado Chumical
Fisher’s exact test, 

P  value

Anachis fluctuata 2/29 1/133 -  P = 0.091
Bostrycapulus calyptraeformis 10/24 2/79 1/122 P <  0.0001, <  0.0001
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FIGURE 3. A, B. Photographs of two individuals with well-developed imposex in Crepidula cf. nivea from 
Farfan, with penis (p) and female genital papilla (fgp) indicated in each image. B. The female genital papilla 
can be confused with the anus (a), which is usually obscured by the gills; brooded eggs are visible as the light 
mass in this image.

DISCU SSIO N

Im posex was found in all snail species exam ined 
from  the m outh  of the Panam a Canal, and in all cases 
the frequency and severity of im posex declined w ith  dis
tance aw ay from  the Canal. The frequency of im posex 
differed am ong the species exam ined, w ith  calyptraeids 
m ore likely to  display im posex th an  the m uricids. C a
lyptraeids show ed higher frequencies of im posex at the 
m outh  of the Canal, and  the penes of im posex females 
w ere m uch m ore fully developed then we ever observed 
in m uricids. Species differences in sensitivity bo th  to  TBT 
(W ilson et ah, 1993; Tan, 1999) and  to  its b ioaccum ula
tion  (Tiu et ah, 1997) have been dem onstrated  in other 
surveys. Tiu et al. (1997) found th a t im posex was m uch 
m ore severe in Thais species than  M orula , despite similar 
organotin  burdens, and suggested a genus-specific suscep
tibility to organotin  pollution w ith the ranking order of 
Nucella, Thais, and M orula. The differences in hab ita t 
(high on the in tertidal versus low  on the intertidal), diet, 
and physiology have been suggested as causes of inter
specific differences in im posex (Tan, 1999). If TBT were 
prim arily w aterborne either in solution as ¿is(tributyltin) 
oxide or adsorbed by suspended solids (de M ora, 1996) at 
our study sites, it is possible tha t filter-feeding calyptraeids 
w ould be exposed to  m ore TBT, by filtering large volumes

of water, than  w ould other gastropods. Suspended p a rti
cles m ay have TBT adhered to  them  and may be captured 
in the m ucous net and ingested during filter feeding, thus 
increasing the exposure of calyptraeids relative to  the m u
ricids. These scenarios are no t in agreem ent w ith a num ber 
of laboratory  studies (Bryan et ah, 1989; see Gibbs and 
Bryan, 1996, for review) th a t show  th a t TBT accum ulates 
m ore rapidly from  the diet than  from  the am bient w ater 
and w hich suggest th a t carnivores could accum ulate m ore 
TBT from  their diet than  w ould  herbivores. However, 
controlled experim ental com parisons of bioaccum ulation 
between carnivorous and suspension-feeding gastropods 
have no t been m ade, and the effects of suspended solids 
have no t been exam ined.

A nother factor th a t can influence the expression of 
im posex is age. Because extended exposure to  TBT is nec
essary to  elicit im posex, those species th a t are longer lived 
or slower grow ing m ay be m ore likely to  have high lev
els of TBT and thus exhibit im posex. Studies have also 
show n th a t juvenile snails are m ore sensitive to  TBT than  
are adults (Gibbs and Bryan, 1996). O ur data for A can
thais brevidentata, showing th a t females w ith im posex are 
larger than  norm al females, are consistent w ith either in 
crease in im posex developm ent w ith long-term  exposure 
or recent reductions in TBT levels. However, Thaisella  
kiosquiform is  did no t show  this pattern . Few data on the
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age or lifespans of tropical gastropods are available and so 
this possibility is difficult to  evaluate. However, Panam a
nian calyptraeids grow n in the laboratory  generally reach 
m aturity  a t sizes similar to anim als th a t m atured in the 
field, in less than  a year (Collin et ah, 2005, and personal 
observation), and it seems unlikely th a t TBT in the sedi
m ent, w hich has a half-life of years, w ould have changed 
drastically in such a short interval.

Imposex has no t been previously reported in calyp- 
traeid gastropods. Because animals norm ally change from 
males to  females and transitional animals may sometimes 
retain a penis while also showing well-developed female re
productive structures, it is possible that im posex individuals 
have previously been misidentified as undergoing the nor
m al transition between the male and females phases. Here 
we found, in sites w ith low  expected TBT exposure, that 
there are virtually no individuals that display both male and 
female characteristics at the same time. In addition, our lab
oratory studies show  tha t during sex change the penis can 
be reabsorbed and tha t the penes of im posex individuals 
can grow  following this reabsorption. These results show 
tha t the abundant large females w ith penes collected at the 
entrance to the Canal are indeed imposex females and not 
transitional individuals that have yet to lose the penis.

N um erous studies have show n a tight re la tion
ship between levels of TBT in the environm ent, levels of 
TBT in gastropod tissues, and the frequency of im posex 
w ithin species (Gibbs et ah, 1987; H origuchi et ah, 1994; 
M inchin et ah, 1997; Ruiz et ah, 1998). However, the re
lationships between sites, species, and the different types 
of triorganotins are no t always simple (Ide et ah, 1997). 
Im posex has also been show n to be a m ore sensitive way 
to  detect TBT than  m any chemical detection m ethods, and 
im posex has been used as a bio-indicator w hen TBT lev
els are too low  for easy analytical detection (Gibbs and 
Bryan, 1996). Despite an extensive literature on the re
lationship between TBT and im posex, one study (Nias et 
ah, 1993) indicates im posex could result from  exposure 
to  pain t m atrix  or copper. However, this result has no t 
been pursued or elaborated. A lthough we could no t m ea
sure levels of TBT directly at the sites around  the Canal, 
it can, in the light of this literature, be inferred w ith some 
level of confidence th a t the exposure of anim als to  TBT 
is higher a t the entrance to  the Canal than  it is in the sur
rounding areas. Despite the high levels of shipping and 
presum ably high levels of TBT leaching into the su rround
ing water, the developm ent of im posex was no t so severe 
as has been reported  for areas w ith high shipping traffic 
in Europe and Asia, and TBT does no t have an extreme 
im pact on reproduction by occluding the palliai oviduct

or splitting the bursa copulatrix  and capsule gland, as has 
been reported  from  these regions (O ehlm ann et ah, 1996; 
Shi et ah, 2005). Tess obvious effects on reproduction were 
no t directly evaluated in this study. The high am ount of 
flushing in the area, from  large volumes of discharge from  
the Canal and the 6 m  tides, may help to prevent local 
buildup of high concentrations of TBT in this partially en
closed area.

In 2002 the In ternational M aritim e O rganization  
adopted a Convention on Antifouling Systems (AFS) tha t 
called for a global prohib ition  of the application of or
ganotin  com pounds as biocides in antifouling systems on 
ships by 1 January  2003 and a com plete prohib ition  by 1 
January  2008. However, the prohib ition  was only to  be 
im plem ented 12 m onths after 25 states representing 25%  
of the w orld ’s m erchant shipping tonnage ratified it. In 
September 2007 this quota was m et w hen Panam a ra ti
fied the convention, and therefore these regulations w ent 
into effect in September 2008. As the AFS convention ap 
plies to  ships flagged in, operated by, or docking in states 
tha t have ratified it, the convention should significantly 
reduce the exposure of P anam a’s m arine habitats to  TBT 
pollution in the com ing years. This regulation is especially 
im portan t because the planned expansion of the Canal in 
2014 will significantly increase shipping traffic along both 
the Pacific and C aribbean coasts of Panam a.
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Shorefishes of the Tropical Eastern Pacific 
Online Information System

D. Ross Robertson

ABSTRACT. Shorefishes of the Tropical Eastern Pacific Online Inform ation System 
(SFTEP) version 1, 2008, provides an online electronic identification guide and in
form ation system for the known fauna of shorefishes found in the Tropical Eastern 
Pacific. SFTEP allows users (i) to identify all shorefishes known from  the Tropical 
Eastern Pacific (TEP) (1,287 species in version 1) and (ii) to analyze and conduct 
biogeographic research on the com position of tha t fish fauna at varying spatial scales. 
Tools for identification emphasize the use of color photographs, along w ith descriptive 
text tha t highlights key m orphological features; allow com parison of similar species; 
facilitate identification of unfam iliar species using inform ation on location and fish 
m orphology (shape, color pattern, and color); and incorporate interactive keys to 
members of two species-rich families (Gobiidae, Sciaenidae) tha t have m any similar- 
looking species. To accom modate nonspecialist users, scientific jargon is minimized; 
the interface is intuitive and user-friendly, and searches for species can be made using 
common names. The Research Engine, which provides inform ation about the com 
position of local faunas and the regional fauna, allows users to com pare geographic 
ranges of multiple taxa, to construct faunal lists of taxonom ic and functional groups 
of species for single and paired sites, and, at varying spatial scales, to determine local 
endemism and to display region-wide patterns of species richness of different taxa and 
functional groups of fishes. The system is accessible online at www.stri.org/sftep.
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Shorefishes of the T ropical Eastern  Pacific O nline In fo rm ation  System 
(SFTEP), version 1, 2008 , provides an  online electronic identification  guide 
and in fo rm ation  system  for the know n fauna of shorefishes found in the T rop 
ical E astern  Pacific (TEP). This version represents the la test ite ra tion  of a 
series th a t began w ith  the 1994 English-language p rin ted  identification guide 
of the sam e nam e (Allen and  R obertson , 1994). T h a t book  was follow ed by a 
Spanish-language p rin ted  ed ition  in 1998 (Allen and  R obertson , 1998). Both 
these w orks w ere succeeded by a dual-language C D -based in fo rm ation  system 
in 2002  (R obertson  and  Allen, 2002), w hich w as revised and  expanded  in 
2006 (R obertson  and  Allen, 2006).

http://www.stri.org/sftep
mailto:drr@stri.org
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SYSTEM FEATURES

D ual La n g u a g e  Interfaces

The system incorporates separate, full-capability Eng
lish- and Spanish-language interfaces.

A ids to  V isual Impairment

The system incorporates tw o types of aids:

1. Variable m ap-color form ats are available. Users can se
lect various color schemes designed to  accom m odate 
different patterns of color blindness, including m ono
chrom e or color w ith the ability to  select colors.

2. Page layout structure accom m odates variation  in font 
size. Two page layouts are possible— landscape and 
portrait. Page structure is stable over a threefold range 
in font size.

SYSTEM MODULES

H om e

The hom e page provides an overview of the capabili
ties of the system and access to  all m ajor modules through 
buttons and/or tabs tha t act as shortcuts (Figure 1). In ad 
dition there are links to  several modules no t accessible from  
other parts of the system: to  the Copyright notice, a switch 
to  change between English and Spanish interfaces, and to 
the websites of the Smithsonian Tropical Research Institute 
and Coeus, the com pany th a t program m ed the system.

Each of the authors and m ajor contributors of infor
m ation directly related to  the construction of SFTEP has 
an individual contribu tor page, accessible from  the Con
tributors button  and from  a link at the top  of any screen. 
In addition, the m ajor contributors of inform ation p re
sented on each family are noted on each family page.

G eneral Inform ation

General inform ation about Shorefishes of the T ropi
cal Eastern Pacific Online Inform ation System (SFTEP) is 
show n in Figure 2; this m odule includes three sections.

In troduction

The “ In troduction” to  the TEP and its shorefish fauna 
provides background inform ation on the oceanography of 
the region and its m arine habitats (geographic and tem 
poral variation  in climate, rainfall and salinity, prim ary

production  and coastal upwelling systems, ocean current 
systems, influences of the El N iño cycle, shoreline habitats 
and rocky and coral reefs in the region); a history of tax o 
nom ic fish guides, m ajor m odern guides, global online re
sources, systematic ordering of the fishes, and the scientific 
and com m on nam es of fishes); the ecology of TEP shore
fishes (species th a t occur in the upper 100 m  of the w ater 
colum n over the continental shelf or w ithin -5 0  km  of the 
shore), their use of different environm ents and habitats, 
their depth-distribution  patterns, their dietary groupings, 
and their m odes of reproduction; and the zoogeography of 
the fauna— studies of the region’s zoogeography, resident 
versus vagrant species, relationships of the fauna to  the 
faunas of other areas, d istribution of the fauna in differ
ent climate zones, the geography of variation  in species 
richness and local endemism th roughou t the region, and 
biogeographic subdivisions of the TEP.

Features & User G uide

The “Features & U ser G uide” section describes system 
features, providing inform ation available on taxon  pages, 
databases on biological and zoogeographic characteristics, 
inform ation used to  identify fishes, an interactive glossary 
of ichthyological term s, the functioning of the zoogeo
graphic research engine (com parison of taxon  ranges, as
sembly of faunal lists, determ ination of local endemism, 
assembly of m aps of species richness and sam pling in ten
sity, assembly of lists of species from  predefined parts of 
the TEP), the functioning of the interactive library, the 
database of images, and credits to contributors.

Acknow ledgm ents

The “A cknow ledgm ents” section recognizes support 
from  STRI, funding, governm ent perm issions, logistical 
support, assistance collecting fishes, identification of speci
mens and reviews of section, databases, Spanish transla
tions, images and illustrations, database m anagem ent, and 
digital image preparation .

T he F ishes

A  Page fo r Each Species, Genus, and  Fam ily

Inform ation on the m em bers of the fauna is provided 
th rough interlinked species, genus and family pages. G en
era and species are ordered alphabetically w ithin each 
family, w ith families being arranged in “phylogenetic” 
order. “The Fishes” m odule provides access to Species, 
Genera, and Families pages by brow sing w ithin each taxo-
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FIGURE 1. Opening screen and “Home” module.

nom ic level, brow sing from  w ithin a Systematic Tree (with 
optional alphabetic or systematic ordering, and optional 
use of com m on or scientific names), brow sing from  w ithin 
a Book M ode (species w ithin genera w ithin families), or 
user-selection of level and taxon  from  pull-dow n lists.

Fam ily and  genus pages include a brief in troduction  
to  system atics, biology, global geographic d istribu tion , 
and an estim ate of the num ber of genera and  species 
w orldw ide and  presen t w ith in  the TEP; a tex t description

of distinguishing m orphological features— black te x t  in 
dicates the least distinctive features for identification 
purposes, red te x t  indicates im p o rtan t features, and  red  
te x t w ith  yellow  high-lighting  show s the m ost im portan t 
features (see Figure 3); a database m ap of the ta x o n ’s 
range lim its d istribu tion  in the TEP (assem bled from  the 
d istribu tional m aps of com ponent species) and a list of 
com ponent genera and  species w ith  links to  their pages; 
an  im age of a representative species th a t has a key feature

http://www.stri.org/sftep
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Introduction - F eatu res & U ser Guide - A cknow ledgm ents

INTRODUCTION TO THE TROPICAL EASTERN PACIFIC AND ITS SHOREFISH FAUNA

1. THE TROPICAL EASTERN PACIFIC (TEP)

2. OCEANOGRAPHY AND MARINE HABITATS OF THE TEP
2.1 Climatic variation in th e  region
2.2 Rainfall and  ocean  salinity
2.3 Prim ary production and coastal upwelling sy stem s
2.4 O cean curren t sy stem s of the  TEP
2.5 Influences of the  El Niño cycle
2.6 Shoreline habitats of the  TEP
2.7 Rocky and coral ree fs  in the  TEP

3. THE SHOREFISH FAUNA
3.1 A short history of taxonom ic studies
3.2 Major m odern  identification guides
3.3 Global Online resou rces
3.4 S ystem atic  o rd er in which fishes a re  a rran g e d  in th is system
3.5 N am es of Fishes

3.5.1 Scientific
3 .5 .2  Com m on nam es

4. BIOLOGY AND ECOLOGY OF TEP SHOREFISHES
4.1 Use of env ironm ents and habitats
4.2 R eef-asscc ia ted  fishes
4.3 S oft-bcttcm  fishes
4 .4  W ater-colum n fishes
4.5 Use of environm ents of differing salinities
4.6 Depth distribution p attern s
4.7 Fishes d ietary  groupings
4.8 Modes of reproduction
4.9  Longevity and  size

5. ZOOGEOGRAPHY OF THE SHOREFISH FAUNA
5.1 Scientific studies of TEP zoogeography
5.2 Resident and  v ag ran t species
5.3 The size of the  fauna
5.4 Relationships of th e  fauna to  th e  faunas of o th e r a re a s
5.5 Distribution of the  fauna in different clim ate zones
5.6 Variation in species  richness and local endem ism  th roughou t the  TEP
5.7 Zoogeographie subdivisions of th e  TEP

5.7.1 O ne, two o r th re e  continental provinces?
5.7.2 C ontinental and  island com ponents of th e  regional fauna
5.7.3 An ccean-island  province?

1. THE TROPICAL EASTERN PACIFIC (TEP)

We cover the  marine biogeographic region known as th e  Tropical 
Eastern Pacific (TEP), which encom passes the  continental shoreline th a t 
extends south of M agdalena Bay (~ 25°N) along th e  outer coast of 
southern Baja California, throughout th e  Gulf of California, and down the 
continental coastline to about Cabo Blanco (4°S) in northern Peru. This 
region also includes five offshore islands and groups of islands - the 
Revillagigedos, Clipperton, Cocos, Malpelo and the  Galapagos. Politically 
the  region spans all or part of th e  Pacific coasts of 10 Central and South 
American countries: (most of) Mexico, Guatemala, El Salvador, a small 
part of Honduras in th e  upper reaches of the  Gulf of Fonseca, Nicaragua, 
Costa Rica, Panam a, Colombia, Ecuador, and northern Peru, as well as a 
tiny piece of French Polynesia in the  form of Clipperton Island. The 
northern and southern  continental limits of this region are defined by 
cold currents th a t flow from the  poles along th e  continental coasts 
tow ards th e  equato r and then  move away from the  coast tow ards the 
central Pacific a t about th e se  points. The northern quarter of the  Gulf of 
California also included as part of this tropical region even though it has 
a more subtropical to tem perate  environment and a fish fauna with 
significant affinities to the  fauna of th e  tem pera te  Californian Province.

Tropical Eastern Pacific 

Pacifico Oriental Tropical

Revillagigedos

Clipperton

Malpelo

T he T rop ica l E a stern  P a c ific

FIGURE 2. Opening screen from the “General Information” module.
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eye crest ends abruptly 
deeply concave between eyesbody spots <1/3 eye

S p e c i e s  I n f o r m a t io n  C Literature | Preuious Next j

Heterodontiformes -  Heterodontidae -  Heterodontus -  H eterodontus francisci

H e te ro d o n tu s  francisc i

Im ages
[ T h is-species  (6 ) ] T h is-g en u s (3) 1 S im ilar-species (2) ]

Previous Next

Similar Species (2) V This Genus species (3) -
Heterodomus francisci (Girard, 1855)

Horn shark Pacific hotn-shatk

Head high, conical; snout piglike; mouth small, anterior; a  low bony ridge above each eye that 
ends abruptly at rear; space between eyes deeply concave; nasal grooves before mouth; front 
teeth on both jaws with 1 large central point and a small point at each side on base of tooth; 5 
gili slits, first enlarged, 2-3 over pectoral fin; 2 dorsal fins, each with spine at front; first dorsal 
fin origin over pectoral base; skin denticles on flank small f  200/cm2 in adults) and smooth.

Dark to light grey, b ack end sides with small dark spots < 1/3 eye diameter; no light bar 
between eyes; small darks spots on a dusky patch below eye; young brightly colored, with 
dark saddles.

Size; 122 cm.

Habitat: rocky and sandy habitats, and macroalgal beds.

Depth: 1-150 m, usually 2-11 m.

California to the western and NE Gulf of California; possibly Ecuador and Peru.

D 3 S 6  wrortMAiK»

I Create Report

R e p r o d u c tio n  Z o o g e o g r a p h y

IUCN Red List
•  L isted (S)
•  D ata de fic ien t (S)

Q uestions or com m en ts

Email STRI d a ta  m a n a g e r

© C o p y rig h t 2 008  - Sm ith son ian  Tropical R esearch  In stitu te  
P rog ram m ed  by C oeus Knowledge S ys tem s Ptv Ltd

FIGURE 3. Example of a species page.
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overlay indicating diagnostic features of the taxon  tha t dis
tinguish it from  similar taxa; and com parisons w ith simi
lar taxa. To assist in distinguishing look-alike fishes, each 
taxon  page includes a button-link tha t allows the user to 
com pare images (with key feature overlays) of such taxa. 
Each page also includes a list of designated similar fishes (at 
the same taxonom ic level), w ith links to their taxon pages.

Species data pages are similar to genus and family pages 
but also include multiple images (e.g., juvenile, female, male, 
color m orphs, specific morphological characteristics) and ac
cess to a downloadable list of species zoogeographic and eco
logical attribute data. For example, the Zoogeography tab 
includes Global endemism, a species global-scale distribution 
and its occurrence outside the TEP; Regional endemism, dis
tributions of species within the TEP, including TEP endemics 
(species that occur only in the region or have the great bulk 
of their distributions within it), temperate eastern Pacific en
demics (whose distributions are primarily to  the north and 
south of the TEP, in the Californian and Peruvian provinces), 
eastern Pacific non-endemics (species that have populations 
outside the eastern Pacific, for instance circumtropical spe
cies). Categories relating to the distributions of species within 
the TEP include the occurrence of endemic and non-endemic 
species at offshore islands and/or the continental shore, 
whether TEP endemics are endemic to the offshore islands 
(and which islands) or to the mainland, and to which of the 
three m ainland provinces (or combinations thereof) each 
continental TEP endemic is restricted. Attributes for Climate 
zone and Residency (whether the species appears to be a resi
dent or a vagrant in the region) are also included.

O ther species ecological attributes tha t are presented 
include the following:

• the know n m axim um  to tal length of each species;
• a species’ m axim um  and m inim um  depth of occurrence;
• the salinity of environment) s ) in which a species occurs;
• the specific habitat(s) a species uses (as well as habitat cat

egories as defined by FishBase, see www.FishBase.org);
• w hether a species is restricted to  inshore w aters or oc

curs in offshore, oceanic conditions;
• the position in the w ater colum n at which a species lives 

(e.g., bottom , surface);
• a species’ feeding group (e.g., carnivore);
• items in a species’ diet (e.g., fishes, pelagic crustaceans, 

microalgae);
• a species’ reproductive m ode (e.g., different types of 

eggs, live birth); and
• a species’ CITES and IU CN  REDTIST status.

W hen inform ation is available (e.g., for diet) for a spe
cies itself, an “S” is given after the value in the database. In

cases for w hich such species-level inform ation is lacking, 
the page displays inform ation for the genus (indicated by 
“G ” ), or for the family (“F ” ) if there is no inform ation for 
the genus.

Taxon pages includes direct links to  external websites 
concerning the same taxon  in the following external on 
line sources: W illiam  Eschm eyer’s C atalog of Fishes (www 
.calacadem y.org/research/icthyology/catalog), w hich p ro 
vides com prehensive up-to-date data on the systematics 
of fishes; FishBase (w w w .fishbase.org), w hich covers a 
variety of aspects of the biology of fishes; ITIS, the Inter
national Taxonom ic Inform ation  System (http://w w w .itis 
.gov) and W oRM S, the W orld Register of M arine Species 
(http://w w w .m arinespecies.org), bo th  of w hich focus on 
scientific nam es of fishes; and  OBIS, the In ternational Bio
geographic Inform ation  System (h ttp ://w w w .iobis.org), 
w hich aggregates geo-referenced databases of collection 
records of fishes.

W hat  F ish Is T h a t?

This m odule facilitates identification of unknow n 
fishes using four distinct tools (Figure 4).

Find a Fish

This too l allows users w ho are no t scientifically 
tra ined  to  identify an unfam iliar fish by choosing am ong 
the following in any order or com bination , w ith the abil
ity to  back-up steps: Where was it?— select location and 
size of area in question on a database m ap— and com bi
nations of Body Shape, Color Pattern, and Colors. Each 
step narrow s the list of possibilities, w ith each species on 
the possibilities list linked to  its image, and  hence to  its 
species page.

Identification Keys Search

Illustrated dichotomous keys are provided for the genera 
and species in the two families with the largest num ber of spe
cies: Gobiidae (88 species in 27 genera) and Sciaenidae (82 
species in 26 genera). Search results link to species pages.

Com pare Images of Fishes

This function allows sim ultaneous com parison of im 
ages of any tw o to  six families, genera, or species selected. 
The feature enables users to  com pare “apples” w ith “or
anges,” whereas the com parison of designated similar taxa 
on taxon  pages limits users to  com paring only “apples.” 
R esultant images are linked to  taxon  pages.

http://www.FishBase.org
http://www.fishbase.org
http://www.itis
http://www.marinespecies.org
http://www.iobis.org
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FIGURE 4. Screen capture from the “W hat Fish Is T hat?” module.
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Common N am es Search

Searches can be made for families, genera, and species 
from pull-down lists of com m on names, w ith results linked 
to taxon pages. The systematic tree or taxonom ic hierarchy 
(see “The Fishes” module) also functions w ith the use of ei
ther com m on names or scientific names. The use of common 
names in this hierarchy helps users who are not scientifically 
trained to appreciate the relationships am ong fishes.

G lossary

An interactive glossary of taxonom ic terms is provided 
that uses a com bination of images and text to explain ba
sic terms relating primarily to  morphological characteristics 
that are used in the identification of fishes. In addition the 
usage of scientific jargon has been reduced as much as pos
sible throughout the taxon pages by using simple descriptive 
phrases from everyday English to replace technical terms.

Research Engine

This m odule provides a variety of types of zoogeo- 
graphical data and the ability to  generate m aps and site- 
specific species-lists based on com plex queries constructed 
by the user (Figure 5).

Taxon R an g e  M a p s

This feature provides overlaid displays of the regional 
ranges of up to  three taxa (species, genera, families, or a 
m ixture thereof). In addition, m aps can be generated of 
the geographic d istribution  of all species-range centroids 
(both pain t and poin t data) and of all geo-referenced sam 
pling points in the system ’s database.

S p e c ie s  Richness D isp lays

This feature provides m aps w ith  color-coded overlays 
of patterns of varia tion  in species richness th ro u g h o u t 
the region. Those patterns include richness of individual 
families and richness of species in specified “ functional 
g ro u p s” (e.g., species sharing one or m ore biogeographic 
and ecological attribu te). Richness displays can indicate 
either absolute richness (num ber of species) or relative 
richness (num ber of species as a percentage of the local 
fauna). A display of relative sam pling in tensity  indicates 
the num ber of species recorded a t m inim ally one site 
w ith in  each unit of area ( I o of la titude X  I o of longitude) 
as a percentage of the num ber of species w hose ranges 
encom pass th a t unit.

S p ec ie s  -  List A s s e m b ly

Family and genus lists can be constructed for single lo
cations. Species lists for “ functional groups” of fishes for a 
particular location can be constructed using any com bina
tion of biogeographic and ecological attributes. Species lists 
include both single-location lists and lists of species found or 
not found at tw o locations. The spatial scale of a location in 
such a search varies from  a single island to  an area of vari
able shape and size, to the entire TEP or m ap. Tocations are 
defined by the user employing a library of approxim ately 
300 preform ed templates tha t include geographic entities 
(e.g., shoreline, continental shelf, nam ed gulfs), habitat fea
tures (e.g., mangroves, rocky shores, upwelling areas), is
lands (individual and archipelagos), biogeographic entities 
(provinces of the TEP), political areas (Exclusive Economic 
Zones and parts thereof), and m arine reserves (individual 
reserves, combine country reserves). In addition, quadrants 
of varying sizes (12 groups ranging from  0.5° latitude X  

0.5° longitude to  24° X  24°) used by the map of the Find a 
Fish tool in the “W hat Fish Is T hat?” m odule provide ap
proxim ately 5,000 additional [square] templates.

Unconfirmed/Confirmed Occurrences

Single-area species lists indicate bo th  likely occur
rences (species whose ranges include the selected area) and 
confirm ed occurrences (species w ith at least one collection 
record in the same area).

Local Endemism Indicator

This feature provides a list of species found only 
w ithin one or tw o tem plate areas, and now here else on the 
system ’s m ap.

List an d  M ap  Exports

Fists and M aps produced by searches are exportable/ 
p rin table. Fists m ay be arranged alphabetically or system
atically (genera and species arranged alphabetically w ithin 
families arranged in systematic order).

S p e c ie s  R an g e  M a p s  a n d  R an ge  D a ta

A  database m ap on each taxon  page incorporates two 
types of data: a two-dim ensional painted representation 
of the geographic range based on m useum  and literature 
records of occurrence and range m aps, and our ow n field 
surveys in M exico, El Salvador, Costa Rica, Panam a, Co
lom bia, Ecuador, the Revillagigedos, Clipperton, Cocos,
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Research Engine
-------------------1

Species - List 
Assembly

--- --—
I n t e r a c t i v e  H apper

Loading..

O  L oca l E n d e m ism : m em bers of regional fauna found 
either exclusively inside or exclusively outside A (A =  one or 
m ore a re a s  defined on m ap)

Only inside A 

Only outside A

0  T a x o n o m ic /F u n c t io n a l  G ro u p  L ists
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M alpelo, and the Galapagos; and points indicating site 
records from  m useum  collections, the scientific literature, 
and our ow n field surveys. G eographic-range statistics 
derived from  these tw o offsets of data and presented on 
species pages include: latitudinal and longitudinal limits, 
ranges and m idpoints based on pain t data, and, separately, 
site records; data on range characteristics derived from  
paint data have been adjusted in species tha t occur in the 
eastern Pacific beyond the limits of the system’s base map; 
habita t area, based on num ber of painted pixels in the spe
cies range map; and separate range-area polygons w ith 
centroids based on painted data and site record data.

Continental Ranges

Comprehensive faunal lists exist for few locations, and 
large sections of the coastline and continental platform  of the 
TEP remain poorly sampled, a situation that will not be recti
fied in the near future. Hence the range of m ost species on the 
continental shelf is derived from data on the northern and 
southern limits of occurrence. Thus painted areas on taxon 
page maps represent the potential range and potential habi
ta t area, and a species is assumed to be present in appropriate 
habitat anywhere between those limits. Exceptions include 
species that are know n to have wide gaps in their distribu
tions, such as some well-known anti-tropical species. Those 
gaps are represented in the range maps of such species.

Habitat Area Calculations

M aps constructed for the determ ination of habitat areas 
incorporate inform ation on habitat usage and depth range as 
well as the extent of the geographic range. Continental areas 
of range maps were modified to exclude large areas of habi
ta t that was inappropriate for the particular species; for ex
ample, shorelines composed primarily of sand and m ud were 
excluded from  ranges of reef-fishes and rocky shores were ex
cluded from ranges of fishes living on beaches or in lagoons 
and mangroves. The depth ranges of individual species were 
also taken into account: ranges of demersal species restricted 
to very shallow water (less than -2 0  m  depth) are indicated 
by lines that follow coastlines. For habitat area calculations 
of such species, the coastal strip of habitat was taken to be 
1 km  wide. Ranges of coastal species found in deeper water 
on the continental and insular shelves are divided into three 
groups: those occurring dow n to -6 0  m  have maps that span 
the inner continental shelf; species that are limited to depths 
below -6 0  m  occur on the outer shelf; and the third group 
has depth ranges (and maps) that span the entire shelf. M aps 
for pelagic species variously include parts of the shelf and/or 
open ocean, depending on the biology of the species.

Mercator Projection Distortions an d  Adjustments 
to Habitat Area Calculations

M ercator projection m aps, such as th a t used in this 
system, incorporate distortions of both  latitude and longi
tude th a t affect estim ation of h ab ita t area. In such projec
tions lines of longitude are show n as parallel ra ther than  
converging w ith increasing latitude, and lines of latitude 
diverge w ith increasing latitude instead of rem aining a 
fixed distance apart. W hen calculating the hab ita t area for 
each species those tw o distortions were taken into account 
by m aking appropriate adjustm ents to the areas of indi
vidual pixels in different la titudinal bands. Range polygon 
areas were calculated independently using the GIS (Geo
graphic Inform ation System) Arclnfo system.

Cleanup of the Geo-Referenced Records D atabase

Both the scientific literature and  databases from  m use
ums inevitably include erroneous records as a consequence 
ofm isidentificationoffishesandsites,asw ellasbookkeeping 
errors. In addition  m useum  specimens of dem ersal species 
include no t only individuals collected in dem ersal habitats 
bu t also larvae collected in the open sea far from  adult 
hab ita t, and, in some cases, far from  the know n adult geo
graphic range (R obertson, 2008). Records from  the m ulti
source database of -6 7 ,0 0 0  collection site records included 
here th a t were adjacent to  the currently  know n limits of 
the geographic range were used to  adjust (by expanding) 
those ranges. However, we rem oved from  the systems 
database those “suspect” records th a t were well outside 
the know n h ab ita t and  geographic ranges of the “a d u lt” 
phase of each species, based on extensive records from  
other sources, the biology of the species, and expert deter
m inations of ranges. This cleanup process reduced the size 
of the database by approxim ately  6% . Points outside the 
curren t range were retained for some species tha t, because 
of overfishing, have had  their historical ranges reduced. 
For exam ple, historically the m ackerel Scom berom us con
color, w hich currently  occurs only in the no rthern  G ulf 
o f C alifornia, occurred th roughou t th a t gulf and  also off 
C alifornia, USA (B. B. Collette, N ational M arine Fisher
ies Service Systematics Taboratory, personal com m unica
tion, 2008).

Library

The library database (Figure 6) includes 1,143 cita
tions. The citation for its original description is included 
for each species, along w ith citations of revisions of genera 
and families. O ther citations include local and larger scale
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lists of species; identification guides to  species; and p u b 
lications about the biology and zoogeography of species 
inside and outside the TEP. Each citation  is linked to  the 
species it discusses (and hence to  appropriate genera and 
families).

Exportable lists can be generated for:

• C itations linked to  individual families, genera, and 
species.

• Species linked to  a particu lar citation.
• C itations linked to  a particu lar author, date, or source 

journal.
• The entire bibliography arranged alphabetically by au 

tho r name.

Ra n d o m  Images

The image database incorporates 2 ,927  images. These 
include 2 ,346 color photographs th a t cover 83%  of the 
fauna (1,068 of 1,237 species). In com parison, the 1994 
book from  which this system was developed included color 
images of 683 species and treated  only 768 species.

This m odule presents color images in a random ized 
order.

D ig ita l M an ipu la tion  o f Images

The user should assume th a t all illustrations used in 
this system have been digitally m anipulated to  some ex
tent, to  increase their utility as identification aids. Such m a
nipulation includes cropping, image sharpening, changes 
in lighting and contrast relationships of different parts of 
individual subjects, changes of subject-to-background con
trast, changes of background to enhance subject visibility,

the (occasional) com bination of m ultiple images of fishes 
in a m ontage to provide examples of variation in color p a t
terns w ithin the same image, and m inor repairs to  fin m em 
branes and rem oval of body blemishes (scratches, m inor 
cuts, blood spots) th a t resulted from  capture handling.

Im age Credits

All images are accom panied by a relevant ow nership 
credit, copyright notice, and usage notice. Each image is 
accom panied by a link to either the ow ner’s e-mail contact 
or website.
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Nephasoma pellucidum:A Model
Species for Sipunculan Development?

A n ja  Schulze a n d  M a r y  E. R ice

ABSTRACT. Recent developments in metazoan phylogeny, especially with regard to 
the position of the Sipuncula in the annelid clade, have sparked a renewed interest in 
sipunculan development. If Sipuncula are annelids, they must have secondarily lost seg
mentation. By comparison with segmented annelids, they could provide im portant clues 
for the evolution of segmentation. A sipunculan model species is needed to examine 
fundamental developmental processes. Here we describe the development of N ep h a so m a  
pelluc idum  and explore its potential as a model species for sipunculan development. 
Like other sipunculans, N . pellu c idu m  produces eggs with a thick, porous, multilayered 
egg envelope. Cleavage in N . pe lluc idum  is spiral, holoblastic, and unequal. The spe
cies shows the most common, and likely ancestral, developmental mode in the group. 
Its life cycle includes a lecithotrophic trochophore and a planktotrophic pelagosphera 
larva. The trochophore is enclosed in the egg envelope, with cilia growing through the 
envelope’s pores. The trochophore larva metamorphoses into the pelagosphera larva at 
approximately 60 h. Pelagosphera larvae reached metamorphic competence at about five 
weeks. M etamorphosis to the juvenile was induced by supplying sediment that had been 
inhabited previously by conspecific adults. Juveniles were observed for several weeks. 
We conclude that N . pellu c idu m  is a good model species for sipunculan development, 
although rearing conditions in the laboratory still need to be optimized.

INTRODUCTION

Anja Schulze, Texas A & M  University at Galves
ton, 5007 Avenue U, Galveston, Texas 77551, 
USA. Mary E. Rice, Smithsonian Marine Station 
at Fort Pierce, 701 Seaway Drive, Fort Pierce, 
Florida 34949, USA. Corresponding author: A. 
Schulze (schulzea@tamug.edu). Manuscript re
ceived 9 June 2008; accepted 20 April 2009.

D uring the past tw o decades, our understanding of m etazoan relationships 
has changed radically, starting w ith the first use of ribosom al R N A  sequences 
for phylogenetic analysis (Field et ah, 1988). M any taxa for w hich evolutionary 
origins have long been m ysterious or controversial can now  be placed w ith m ore 
certainty into the m etazoan tree of life (D unn et ah, 2008; H alanych, 2004). 
Am ong those, tw o groups th a t were long regarded as distinct phyla have been 
absorbed into the Annelida: the Echiura, or spoon worm s, and the Siboglinidae, 
previously called Pogonophora and Vestimentifera (M cH ugh, 1997; Rouse and 
Fauchald, 1997).

The Sipuncula, com m only know n as peanut worm s or star worm s, have had a 
com plex taxonom ic history but now  appear to  be following the same route as the 
echiurans and siboglinids. N early 50 years after H ym an (1959) affirmed phylum  
status for the group, recent authors place them  into the annelid clade, based on

mailto:schulzea@tamug.edu
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phylogenetic analyses of m itochondrial gene order (Blei- 
dorn  et ah, 2005; Boore and Staton, 2002), sequence data 
from  several genes (Struck et ah, 2007), and expressed se
quence tags (Dunn et ah, 2008). A lthough there is a g row 
ing consensus on the annelid affinities of sipunculans, it 
rem ains to  be determ ined w hich of the incredibly diverse 
annelids is the sister group to  the Sipuncula. W ith a simple 
body, consisting of a tru n k  and a retractable in trovert w ith 
an array of tentacles at the anterior end, they show  little 
sim ilarity to  any other polychaete group. In the m olecu
lar analyses, support for a sister group relationship w ith 
any other polychaete taxon  is low. The m onophyly of the 
Sipuncula is uncontested, and solid hypotheses of w ithin- 
group relationships have been published (M axm en et ah, 
2003; Schulze et ah, 2005, 2007; Staton, 2003).

Sipuncula are an interesting case in the field of 
“EvoDevo,” or the interface of evolution and development. 
Embryonic and larval characters have often been cited as 
support for phylogenetic hypotheses. Rice ( 1985) listed sev
eral similarities between sipunculan and annelid develop
m ent, such as the larval prototroch and m etatroch and the 
retention of the egg envelope to form  the larval cuticle. She 
also noted tha t in some sipunculan larvae the ventral ner
vous system develops in paired cords, similar to  m ost poly
chaetes. O n the other hand, Scheltema (1993), com paring 
embryos and larvae of annelids, mollusks, and sipunculans, 
argued tha t sipunculan development shows m ore similarity 
w ith that of mollusks. The development of all three taxa 
includes spirally cleaving embryos and a trochophore larva. 
A long-held view is tha t annelid and m ollusk embryos can 
be distinguished at the 64-cell stage by the arrangem ent of 
the micromeres around the animal pole: they form  either an 
“annelid cross” or a “m olluskan cross.” Reproducing Ger
o u ld i (1906) drawing of the embryo of Golfingia vulgaris 
w ith a m olluskan cross, Scheltema concluded tha t sipuncu
lans and mollusks were sister groups. However, M aslakova 
et al. (2004) showed tha t the annelid and m olluskan crosses 
are far from  universal w ithin the respective taxa and p rob
ably hold no phylogenetic significance.

The prim ary reason w hy few past researchers have 
recognized sipunculans and echiurans as annelids is tha t 
adults of both  taxa show  no sign of segm entation, either 
externally or internally. It took  advanced techniques in im- 
m unohistochem istry and confocal laser scanning m icros
copy to  dem onstrate segm entation in the nervous system 
of echiuran larvae (Hessling and Westheide, 2002). Similar 
techniques initially failed to  show  segm entation in sipun
culan larvae (W anninger et ah, 2005) but a recent study 
showed a segmental m ode of neural patterning in the early 
pelagosphera stage (Kristof et ah, 2008).

If the Sipuncula fall into the annelids, they m ust have 
secondarily lost segm entation in the later larval stages and 
the adult. If no m orphological segm entation is evident, 
w hat happened w ith the m olecular pathw ays responsible 
for segment form ation in other annelids? By com parison 
w ith o ther species, sipunculans are valuable for the identi
fication of the genetic and cellular basis of segment form a
tion  in annelids.

The recent developm ents in m etazoan phylogeny have 
thus sparked a renewed interest in sipunculan develop
m ent. A model species is needed to  study fundam ental 
developm ental processes. A good m odel species has to 
be readily available, be easy and inexpensive to  m aintain 
in the laboratory, lend itself to  a variety of exam ination 
techniques, and be representative for its taxonom ic group. 
H ere we describe the developm ent of N ephasom a pel
lucidum  and explore its potential as a m odel species. N . 
pellucidum  is a relatively com m on species th a t inhabits 
cracks and crevices in hard  substrates in shallow  w arm  
w aters. The species exhibits the m ost com m on develop
m ental m ode w ithin the Sipuncula, w hich includes a leci- 
tho trophic  trochophore stage and a p lankto trophic  pela
gosphera larva (Rice 1967, 1975a, 1975b, 1976, 1989). 
We have accum ulated these data between 1972 and 1984 
and, m ore recently, between 2003 and 2006.

MATERIALS A N D  M ETHODS

Specimens of N ephasom a pellucidum  were collected 
from  num erous localities offshore from  Fort Pierce, Flor
ida, extending from  C apron Shoal and Pierce Shoal 4 and 
6 miles, respectively, southeast of the Fort Pierce Inlet to 
the Sebastian Pinnacles approxim ately 32 miles north  
of the Inlet. At the Pinnacles, worm s inhabited rubble 
of oculinid coral a t depths of 70 to  100 m, whereas on 
the m ore southern shoals they occurred in depths of 9 to 
15 m  in rubble com posed of m ollusk shells, sand dollar 
tests, and rocks. Occasionally specimens were found in the 
Fort Pierce Inlet in in tertidal clumps of oyster shells. The 
w orm s were carefully rem oved from  the rubble w ith ham 
m er and chisel. M ultiple adults from  each collection were 
kept in glass dishes in approxim ately 200 mL seawater 
at room  tem perature. Spawning occurred in the lab, gen
erally after changing the water. W henever eggs were ob
served in the culture dishes, they were pipetted into a clean 
dish and observed for developm ent. Farval cultures were 
kept until the larvae either died or m etam orphosed. W ater 
was changed at least every tw o days. The larvae were peri
odically fed w ith unicellular algae or diatom s (Isochrysis,



N U M B E R  3 8 • 2 11

Dunaliella, or Nanochloropsis). To induce m etam orpho
sis, larvae were pipetted into dishes w ith m uddy sediment 
previously inhabited by conspecific adults.

For scanning electron m icroscopy (SEM) and transm is
sion electron m icroscopy (TEM), specimens were fixed in 
2 .5%  glutaraldehyde in M illonig’s phosphate buffer (Mil- 
lonig, 1964) for at least 1 h and up to  several days at 4°C. 
F ixation was followed by three washes in a 1:1 m ixture 
of M illonig’s phosphate buffer and 0.6 M  sodium  chlo
ride and postfixation in 1% osmium tetroxide (1:1:2 mix 
of 4%  0 s 0 4 : M illonig’s buffer : 0.75 M  N aC l). Samples 
were then dehydrated in an ethanol series up to  100% . 
For SEM, they were critical po in t dried and m ounted on 
SEM stubs using double-sticky tape and viewed in either 
a N ova Scan or a JEOL 6400 Visions scanning electron 
m icroscope. Images were either scanned from  negatives 
or stored digitally. For TEM , the dehydrated specimens 
were transferred to  propylene oxide and subsequently em 
bedded in Epon resin and sectioned. Thin sections were 
stained w ith uranyl acetate and lead citrate and viewed in 
a JEO L 100CX transm ission electron m icroscope.

RESULTS

G am etes

The sperm atozoan of N ephasom a pellucidum  is of the 
prim itive type according to  Franzén’s classification (Fran- 
zén, 1958). The nuclear region is rounded and capped by 
a doughnut-shaped acrosom e w ith a central nipple-like 
protuberance. The head, including nucleus and acrosom e, 
measures 1.5 X 1.7 p.m. Posterior to  the nucleus, four 
m itochondrial spheres are arranged in a circle, from  the 
center of w hich extends the flagellum (Figure 1A).

The egg at the time of spaw ning is spherical, m easur
ing 105 p.m in diam eter (Figures IB, 2A). In direct light 
the surface appears opalescent, and the color is pale gray. 
The egg envelope, up to  6 p.m in thickness, is m ultilayered 
and perforated  by num erous pores (Figure 3).

S p a w n in g

As in m ost sipunculans, sexes are separate; eggs and 
sperm  are spaw ned freely via the nephridipores into the 
surrounding w ater w here fertilization occurs. From  data 
accum ulated on spaw ning in the laboratory, tw o spaw n
ing peaks are evident: one in the spring (A pril-M ay) and 
the o ther in the fall (Septem ber-N ovem ber). O bservations 
of spaw ning were carried out on anim als in the laboratory, 
usually for a period of one m onth  after collection from

the field: 139 spawnings were recorded over a period of 8 
years (1972-1980), and spaw ning occurred every m onth  
of the year except January. A lthough a few animals were 
observed to  spaw n after m aintenance in the laboratory  
for as long as 18 m onths, 88%  of the spawnings were re
corded w ithin 30 days of collection.

C leavage

The eggs at spaw ning m ay be arrested  in the first 
m eiotic m etaphase, or they m ay possess an in tac t germ i
nal vesicle. In the la tte r case, the germ inal vesicle breaks 
dow n soon (w ithin a t least 30 min) after spaw ning, re
gardless of w hether the egg is fertilized. W ithin  40 m in 
after fertilization (23°C), the first po la r body is form ed 
(Figure 2B), and  at 55 m in the second po lar body m akes 
its appearance. The first cleavage, occurring a t 90 min, 
is unequal, the CD cell exceeding the AB cell in size (Fig
ure 2C). The next three cleavages occur at approxim ately  
half-hour intervals, and  the 16 cell stage is a tta ined  
w ith in  3 h after fertilization. The th ird  cleavage, from  
4 to  8 cells, is spiral and unequal. The A, B, and  C cells, 
all approxim ately  the same size, divide sim ultaneously, 
preceding the in itia tion  of division of the larger D cell by 
abou t 1 m in and  com pleting their divisions 5 m in before 
th a t of the D cell. In the 8 cell stage, the m icrom eres 
and  m acrom eres of the A, B, and  C quad ran ts  are ap 
proxim ately  the same size, the C som etim es being slightly 
larger, bu t all are sm aller th an  the d cell w hich, in tu rn , is 
sm aller th an  the D cell.

After the first few cleavages, the divisions are m ore 
frequent, and by 7 h after fertilization the egg has devel
oped into an early blástula; cilia from  the pro to trochal 
cells p ro trude through the pores of the egg envelope and 
the embryo begins to  ro ta te  slowly on the bo ttom  of the 
container. By 16 h the embryos are swim m ing th roughout 
the dish, no longer confined to  the bottom . At this time the 
stom odaeal invagination is evident, and the embryos show  
the first signs of positive photo trop ism  (Figure 2D).

T r o c h o p h o r e : M o r p h o l o g y  a n d  M etam o rph o sis  

to  the  Pelag o spher a

By 48 h the em bryo has reached the stage of tro ch o 
phore. The shape has changed from  spherical to  oval, as 
a result o f a slight posttrochal elongation (see Figure 1C). 
A pair of dorsolateral red eyespots is present in the pre- 
trochal hemisphere. P rototrochal cavities are evident to the 
inner side of the pro to troch  cells, and the gut is differenti
ated into three regions: esophagus, stom ach, and intestine.
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FIGURE 1. Scanning electron micrographs showing development o í N ephasom a pellucidum  (scale bar lengths here in parentheses). A. Sperm 
on the surface of the egg (5 pan). B. Egg with sperm on surface (20 pan). C. Trochophore larva; note cilia extending through egg envelope 
(20 (xm). D. Early pelagosphera larva (20 (xm). E. Fully formed pelagosphera larva, ventral view (50 (xm). F. Head of a pelagosphera larva, 
lateral view (20 pan). G. Terminal organ of the pelagosphera larva (10 (xm). H. Metamorphosed juvenile (100 (xm). I. Tip of juvenile introvert 
with tentacle buds and lobes of nuchal organ (50 (xm). Abbreviations: at = apical tuft; h = head; 11 = lower lip; m = mouth; me = metatrochal 
collar; m t = metatroch; no = nuchal organ; pt = prototroch; t = tentacles; to = terminal organ; tr = trunk. (Images A, B from Rice, 1989: 
fig. 4E,F; used with permission)

FIGURE 2. (facin g  p a g e ) Light micrographs showing development of N ep h a so m a  pe llu c id u m  (scale bar lengths here in parentheses). 
A. Unfertilized egg (20 (xm). B. Egg with polar body (arrow) (20 pan). C. Two-cell stage; note size difference between CD and AB blasto- 
meres (20 pan). D. Blástula stage; beginning invagination of stomodaeum (arrow) (20 pan). E. Early trochophore; note eyespots at anterior 
end (top) (20 pan). F. Trochophore shortly before metamorphosis to pelagosphera (20 (xm). G. Early pelagosphera in the process of elonga
tion (20 (xm). H. Fully metamorphosed pelagosphera larva (20 pan). I. Feeding pelagosphera, 10 d old (50 (xm). Abbreviations: bo = buccal 
organ; es = esophagus; in = intestine; lg = lip gland; m t = metatroch; st = stomach; to = terminal organ.
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FIGURE 3. Transmission electron micrographs showing egg envelopes 
of N ephasom a pellucidum  (scale bars = 1 pm). A. Section through 
multilayered egg envelope. B. Cilium growing through pore in egg en
velope of trochophore larva. Abbreviations: ci = cilium; po = pore.

The trochophore is lecithotrophic, being com pletely en
closed by the egg envelope (Figure 2E,F).

M etam orphosis of the trochophore to  the pelago
sphera larva occurs at 60 to  65 h (23°C) and extends over 
a period of 6 to  8 h. The body elongates from  140 p,m to 
250 p,m, by an increase in the length of the posttrochal 
hem isphere. The lum en of the gut is com pleted, and m outh  
and anus break through the overlying egg envelope (Fig
ures ID , 2G). The ventral ciliated surfaces of the head and 
the low er lip are form ed apparently  by an évagination and 
expansion of the anterior stom odaeum . Larval organs of 
the low er lip become functional: the buccal organ is pro- 
trusible, and the pore of the lip glands opens (Figure 2H). 
The m etatrochal cilia project from  a prom inent m etatro- 
chal collar posterior to  the m outh  and low er lip. As the 
retracto r muscles become functional, the entire pretrochal 
body is retractable into the posterior or posttrochal re
gion of the larva. The coelom  is considerably expanded, 
and the posttrochal body is capable of great extension 
and contraction. W hereas the posttrochal egg envelope 
is transform ed into the larval cuticle, the pretrochal egg 
envelope is gradually sloughed off, leaving a th in  cuticle 
covering the head. The term inal organ appears first as an 
évagination of the posterior extrem ity of the trunk  and 
w ithin a few hours differentiates into a m ore discrete elon
gate structure (40 p,m) th a t is retractable into the trunk

and provides a tem porary  a ttachm ent for the larva to  the 
substratum  (Figure 1G).

Pelagosphera: M o r p h o lo g y , Behavior, and  
M etamorphosis to  the J uvenile

Four regions of the body can be distinguished: head, 
m etatrochal collar, trunk , and term inal organ (see Figures 
1E,F, 2H ). The term inal organ is well developed w ith an 
unusually long neck, term inated by a bulbous posterior 
expansion (Figure 1G). The term inal organ of a 10-day 
larva may be extended to  a length one-third th a t of the 
entire larva.

For approxim ately tw o weeks after m etam orphosis, 
the m ajority  of larvae are attached by their term inal or
gans; some continue to swim, or else a ttach and swim 
interm ittently. At tw o weeks there is a high rate of m or
tality  and, in the absence of substratum , m ost larvae die 
w ithin tw o m onths; the m axim um  survival time of larvae 
reared  in culture dishes is 103 days. Surviving larvae of 
one m onth  of age a tta in  a m axim um  size of 1.2 mm. At 
this age the body proportions have changed, the head be
ing relatively smaller than  in the younger stages. The ex
ternal body wall is sm ooth, glistening in reflected light, 
and through the relatively transparen t body wall the gut is 
apparent as an elongate dark  yellow stom ach and a lighter 
yellow recurved intestine, ending at the dorsal anus in the 
anterior trunk . Usually larvae are still attached by the ter
m inal organ at these later stages, although some may lie 
on the bottom , relatively quiescent. Swimming occurs only 
rarely, although m etatrochal cilia are still present.

Attached larvae are observed to  feed on the substratum  
surrounding their points of attachm ent (Figure 21). The 
body may be bent dow nw ard so th a t the ventral surface of 
the head is applied to  the bottom  of the dish, or the body 
m ay be stretched out from  the point of attachm ent paral
lel to  the substratum . In culture dishes in w hich there is 
an algal grow th covering the bottom , the area surrounding 
the attached larva is often bare, indicative of larval grazing 
activity. The area of attachm ent is often m arked by clumps 
of feces on w hich the larva may graze and ingest. O cca
sionally larvae release themselves from  the attachm ent and 
swim or move along the bottom  to a new site. Free larvae 
sometimes move w ith head applied to  the substratum  and 
posterior end directed upw ard, either exploring or feeding 
on the bottom . Frequently the term inal organ is placed in 
or near the m outh. O lder larvae detach and move to  new 
locations less often than  younger larvae. A larval behavior, 
com m on to all sipunculans but of unknow n function, is 
placem ent of the term inal organ in or near the m outh.
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M etam orphosis of larvae reared in culture dishes 
could be induced at the age of 5 to  6 weeks by exposure 
to  a fine, m uddy sedim ent th a t had  been occupied previ
ously by adults. A ttem pts to induce m etam orphosis before 
this age were no t successful. Before m etam orphosis, larvae 
buried themselves in the sedim ent and in 3 d underw ent 
m etam orphic changes to  the juvenile stage.

The process of m etam orphosis is in itiated by the loss 
of the m etatrochal cilia, reduction in the size of the lower 
lip, narrow ing  of the head, and elongation of the p re tro 
chal body. At the end of 3 d, both  posttrochal and p re
trochal regions of the body are narrow ed and elongated, 
the m etatrochal collar is reduced, the term inal organ and 
lip are partly  regressed, the m outh  moves to  a term inal 
position, and dorsal to  the m outh  a pair of developing ten 
tacular lobes is apparen t (Figure 1H,I). These m orphologi
cal m odifications, along w ith the behavioral changes of 
in itiation of burrow ing and cessation of swimming, m ark 
the beginning of the juvenile stage. Regions of the body of 
the juvenile are reduced from  the four found in the larva 
to  two: (1) the broader and longer posterior trunk , form ed 
from  the posttrochal larva, and (2) the m ore narrow  an te
rior in trovert, w hich is term inated by m outh  and develop
ing tentacles and form ed from  the pretrochal larva. Similar 
to  the pretrochal larval body, the in trovert of the juvenile 
is retractable into the trunk.

The m ost im m ediate m odifications are found in the 
head and m etatrochal regions. As the m outh  becomes ter
m inal, the dorsal surface of the head is foreshortened. The 
ventral lip is lost, but ciliation of the ventral surface of 
the head persists to  surround the m outh  and the ventral 
surface of the developing dorsal lobes. O n the dorsal head 
tw o heavily ciliated patches th a t will give rise to  the paired 
nuchal organ have m oved further anteriorly as the head 
foreshortens. In the 7- to  9-day-old juveniles the buccal 
organ is no longer apparent. O ne to  four rings of sim 
ple hooks appear in the region of the form er m etatrochal 
band. Papillae, already apparen t in older larvae, are m ore 
prom inent and num erous. Scattered am ong the hooks, the 
papillae are dom e shaped and, as seen in scanning elec
tron  m icrographs, have central pores from  w hich several 
cilia p ro trude. Papillae of similar structure, bu t som ew hat 
larger, cover the entire tru n k  (Figure 1H). A vestigial ter
m inal organ may persist for one or tw o weeks. W ithin tw o 
to  four weeks a second pair of rudim entary  tentacles ap 
pear ventral to  the m outh.

The body wall of the juvenile thickens, losing its 
transparency. Externally circular constrictions, also seen 
in late larval stages, are m ore prom inent. Juveniles of one 
week also show  longitudinal “ fo lds” of the body wall,

resulting in a checkered appearance of the integum ent in 
some regions.

D ISCU SSIO N

N ephasom a pellucidum  is one of the few sipunculan 
species in w hich the life cycle has been observed from  
spaw ning to  juvenile stage. O ther species are Siphono
som a cum anense  (Rice, 1988), Thysanocardia nigra 
(Rice, 1967), Them iste pyroides (Rice, 1967), Them iste  
lageniformis (Pilger, 1987), Them iste alutacea  (Rice, 
1975c), Phascolion strom bus  (Akesson, 1958; W anninger 
et ah, 2005), and Phascolion cryptum  (Rice, 1975c). M ost 
of these species show  abbreviated developm ent, either 
om itting both  the trochophore and pelagosphera stage, or 
om itting the pelagosphera stage, or having a lecithotro- 
phic pelagosphera (Rice, 1976). The oceanic, plankto- 
trophic pelagosphera larvae of m any aspidosiphonid and 
phascolosom atid larvae have been recovered in p lankton  
tows; however, their com plete life cycles are unknow n 
(Rice, 1981; H aii and Scheltema, 1975).

We argue th a t a m odel species should show  the ances
tra l developm ental m ode for the taxon . Cutler ( 1994) con
cluded th a t indirect developm ent w ith a p lankto trophic  
pelagosphera was ancestral in Sipuncula. The m ost recent 
phylogenetic analyses (Schulze et ah, 2007; Schulze and 
Rice, 2009) seem to confirm  this view. The genera Sipun
culus and Siphonosom a , which to our present knowledge 
only contain  species w ith p lankto trophic  pelagosphera 
larvae, represent the tw o basal clades in bo th  analyses. 
The rem aining three m ajor clades have species of Phas
colosom a  and A pionsom a  as their basal branches, two 
additional genera in w hich abbreviated developm ent is 
unknow n.

O f the species listed above, only the life cycle of Si
phonosom a cumanense  includes a p lankto trophic  pelago
sphera as N . pellucidum  does. Siphonosom a cumanense  is 
a large, sand-burrow ing species. Like o ther sipunculans, it 
survives well under laboratory  conditions, w hen supplied 
w ith sedim ent and adequate aeration. However, its po ten
tial for use as a model species is lim ited by tw o factors. 
First, even though the species has a wide geographic dis
tribution, it is rarely found in significant num bers, and the 
establishm ent of a viable population  w ould require m ajor 
efforts. Second, larvae do no t seem to be com petent to 
m etam orphose until abou t 8 weeks old (Rice, 1988).

Nephasom a pellucidum  is geographically w idespread, 
m ostly in shallow  w arm  w aters, although it does no t seem 
to be as abundant in m ost places as at our collecting station
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near Fort Pierce, Florida. Collection of a significant num 
ber of individuals can be time consum ing because they 
have to  be carefully rem oved from  the cracks and crevices 
of rubble; the rem oval process can dam age the animals, 
often causing their death. After successful retrieval, how 
ever, adults are easy to  m aintain  in laboratory  conditions. 
Rem oved from  their shelter, they survive in simple glass 
bowls w ithou t aeration or food supplem ent for at least a 
year, feeding only on the biofilm at the bo ttom  of the dish. 
We assume that, left in their shelter or in sediment, w ith 
proper aeration  and occasional food supply, they w ould 
survive for years. This assum ption is based on the longev
ity of other sipunculans: individuals of A pionsom a m isaki
anum  have been kept in holding tanks a t the Sm ithsonian 
M arine Station for nearly 30 years.

N ephasom a pellucidum  spawns frequently during the 
w arm er m onths of the year. Spawning can be induced by 
changing the seaw ater in the dish, although this procedure 
does no t reliably yield the desired results, leaving some 
uncertainty as to  w hen the spaw ning occurs. Em bryos and 
larvae are easy to  observe w ith different microscopic tech
niques. M ortality  before the first m etam orphosis, from  
trochophore to  pelagosphera, is minor. The pelagosphera 
larvae are m ore transparen t than  other sipunculan larvae, 
facilitating observation by light and confocal laser scan
ning microscopy. In contrast to  the pelagosphera larvae of 
some other sipunculan species, they relax relatively well 
w hen tem porarily  cooled to  4°C and treated  w ith m en
thol, m agnesium  chloride, or 10% ethanol, leaving their 
head and term inal organ exposed.

The increase in m ortality  during the prolonged pelago
sphera phase presents some difficulties. By the time meta- 
m orphic com petence is reached, the percentage of surviv
ing larvae is low. A further reduction in num bers occurs 
at m etam orphosis, because no t all larvae respond to  the 
settlem ent cue, tha t is, adult-conditioned sediment. There
fore, postm etam orphic juveniles are only rarely observed. 
Com m on m etam orphosis-inducing agents such as po tas
sium chloride, cesium chloride, gam m a-am inobutyric acid, 
3,4-dihydroxy-L-phenylalanine (L-dopa), and isobutylmeth- 
ylxanthine (Bryan et ah, 1997; M orse et ah, 1979; Yooi 
et ah, 1986) seem to have no effect on m etam orphosis in 
N . pellucidum .

As a conclusion, am ong the sipunculans for w hich de
velopm ent has been studied, N . pellucidum  is a good can
didate for a m odel species. R earing larvae th rough m eta
m orphosis still presents some difficulties, and future w ork 
should focus on optim izing the conditions. Recently the 
cold-w ater species Phascolosoma agassizii from  the Sea 
of Japan, w hich also has a p lankto trophic  pelagosphera,

has been reared  th rough m etam orphosis (A. S. M aiorova 
and A. V. Adrianov, Institute of M arine Biology, Far East 
Branch of the Russian Academy of Sciences, Russia, per
sonal com m unication) and m ight be another appropriate 
candidate for a m odel species, even though m etam orpho
sis could never be observed in individuals of the same spe
cies collected in the Pacific N orthw est and reared at the 
University of W ashington Friday H arb o r Taboratories.
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Mitochondrial Phylogeography of the 
Intertidal Isopod Excirolan
on the Two Sides of the Isthmus of Panama

Renate Sponer and Harila

ABSTRACT. The intertidal isopod Excirolana braziliensis Richardson possesses limited 
means of dispersal; there is no larval stage, and adults remain sedentary under the sand. 
It is represented on the two coasts of Panama by three morphs, two in the Pacific (P and 
C') and one in the Atlantic (C). Previous w ork has quantified morphometric differences 
between the morphs, found that there are multiple allozyme differences between them, 
and produced indirect evidence that they are reproductively isolated from each other. 
Here we report comparisons of 345 bp of 12S and 678 bp of cytochrome oxidase I (COI ) 
mitochondrial DNA (mtDNA) from three populations of each morph. The m tDNA se
quences from the three morphs are reciprocally monophyletic, strengthening the case for 
recognizing them as separate species. As in morphology and isozymes, the C m orph and 
the C ' morph are sister clades, and the P morph is an outgroup. In contrast to w hat was 
previously supposed, the C and C ' morphs neither are the result of a recent introduction 
from one ocean to the other, nor were separated at the final stages of the completion of 
the Isthmus of Panama three million years ago, but rather are anciently separated sister 
clades that now exist on separate shores. Patterns of mitochondrial gene flow between 
populations of the same morph vary. The C and C ' morphs show large genetic differences 
between local populations, as would be expected from an organism with such limited 
vagility. In the P morph, on the other hand, populations from localities 5 km apart are 
identical in mitochondrial DNA, even though they differ in one allozyme locus, suggest
ing the possibility of sex-biased migration.
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Balboa, Panama. Corresponding author: H. Lessios 
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Many marine organisms are capable of dispersing over large distances at some 
point of their life cycle. The population genetics of such organisms usually reveal 
a genetic neighborhood size in the order of thousands or tens of thousands of ki
lometers. Some marine species, however, provide a contrast to this picture of wide 
dispersal in that they lack any means of transferring their genes by either vagile 
adults or free-swimming larvae, yet have wide geographic ranges. How much gene 
flow may occur between noncontiguous populations of such species and whether 
species cohesion is maintained in the face of limited vagility is of special interest to 
population genetics. The tropical isopod Excirolana braziliensis is an example of a 
species apparently spread over the tropical seas of Americas, even though it lacks 
the means of maintaining genetic contact between distant populations.

mailto:Lessiosh@post.harvard.edu
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Excirolana braziliensis Richardson is a common iso
pod of intertidal beaches on both sides of the Americas, 
from the Pacific coast of Mexico (30°N) to S. Chile (40°S) 
and from the northern Caribbean (31°N) to Uruguay (25°S) 
(Cardoso and Defeo, 2003). It is a small (approximately 
3-4  mm in length), dioecious species, which reaches its 
highest abundance just above the high-tide mark, where 
it lives buried in the sand during low tide and rises to the 
water column at high tide to feed on live and dead fishes 
and invertebrates (Brusca and Iverson, 1985). E. brazilien
sis has very limited means of dispersal. The female carries 
broods of 4 to 17 offspring per reproductive event. Young 
are released directly into the adult habitat (Klapow, 1970). 
The frequency of reproduction is such that a population 
may turn over every four months (Brusca and Iverson, 
1985). In Panama, recruitment occurs throughout the year 
(Dexter, 1977). Dispersal in E. braziliensis may occur as a 
result of feeding events, during which individuals of this 
genus have been observed attached to fish or other prey 
items for several minutes (Brusca, 1980). This behavior 
may represent the only means of transport of this organ
ism between beaches because free-swimming individuals 
are likely to be eaten by fish.

Weinberg and Starczak (1988, 1989) reported the ex
istence of three morphological variants of E. braziliensis 
from Panama. Two similar and presumably closely related 
types, termed C and C ', are found on the Caribbean and 
Pacific coasts, respectively. The third type (P) is m orpho
logically distinct from C and C'; its distribution overlaps 
with that of C' throughout most of its range (Weinberg 
and Starczak, 1989). In general, Pacific beaches contain 
only one of the two morphotypes. Nevertheless, 2 of 43 
beaches sampled by Weinberg and Starczack (1989) were 
found to contain C' and P morphs in approximately equal 
numbers. The geographic patterns of morphotype distri
bution and genetic composition remain stable over time, 
but there are occasional complete replacements of entire 
beaches by a different morph, presumably as the result of 
extirpation and subsequent recolonization (Tessios et ah, 
1994). Morphological and genetic divergence (based on 
allozyme data) between morphs are highly correlated and 
large enough to suggest that the P morph constitutes a dis
tinct species (Lessios and Weinberg, 1994). The allozyme 
data are also consistent with the hypothesis that the C and 
C' morphotypes are geminate species that resulted from 
the rise of the Panamanian Isthmus three million years ago 
(Lessios and Weinberg, 1994).

Allozyme analyses indicate that the three m orpho- 
types of E. braziliensis are probably reproductively iso
lated, because they form few hybrids even when they

co-occur at the same beach. Even within m orphotypes, 
gene flow between populations from different beaches 
is low, as deduced from the predominance of distinct 
alleles in one or more loci, even among beaches situated 
less than 5 km apart. However, dispersal (as measured 
by individuals homozygous for alleles that otherwise oc
cur on a different beach) is rather high, suggesting that 
some form of reproductive isolation prevents them from 
m ating with individuals from the local population (Les
sios and Weinberg, 1993).

The purpose of the present study is to investigate the 
phylogenetic and phylogeographic relationships within and 
between the three morphotypes of Excirolana braziliensis 
using sequences of mitochondrial DNA (mtDNA). Specifi
cally, we are addressing the following questions: (1) Does 
mtDNA show patterns of genetic divergence, phylogeny, 
and geographic distribution congruent with those suggested 
by isozymes and morphology? (2) When did the three lin
eages diverge? (3) W hat are the patterns of population 
genetic structure? Do mtDNA data show similar levels of 
gene flow as isozymes within and between morphotypes? 
(4) W hat processes can explain mtDNA discrepancies be
tween patterns from mtDNA and allozyme markers?

MATERIALS A N D  M ETHODS

Sample C ollection

Excirolana braziliensis were obtained from nine loca
tions along the Pacific and Caribbean coasts of Panama 
(Figure 1). Each of the three morphotypes was represented 
in our collections by three populations. Isopods were col
lected on beaches during low tide. The top 10 cm of sand 
at haphazard locations above the high-tide mark were 
sifted through a 500 |xm sieve, and isopods were placed 
in plastic bags with wet sand. The collected isopods were 
brought alive to the laboratory and frozen at — 80°C. The 
majority of samples used in this study were from collec
tions made in 1988, the same collections used to assay 
isozymes (Lessios and Weinberg, 1993, 1994). Additional 
individuals were collected in 1998 from Isla Culebra. 
Specimens of Excirolana mayana were also collected at 
Isla Culebra to be used as outgroups.

DNA Extraction , Polymerase C hain Reactio n , 
a nd  mtDNA S eq u en c in g

Genomic DNA was extracted using a standard phe
nol/chloroform protocol (Sambrook et ah, 1989) with 
ethanol precipitation. For amplification and sequencing
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FIGURE 1. Map of Panama, indicating localities in which Exciro
lana braziliensis was sampled (sample size in parentheses). 1, Bocas 
del Toro (14); 2, Shimmey Beach (10); 3, Maria Chiquita (9); 4, Isla 
Santelmo (18); 5, Isla Adentro (15); 6, Causeway (6); 7, Lab (8); 8, 
Perico (10); 9, Isla Culebra (14).

of 345 base pairs (bp) of the 12S mtDNA gene, we used 
the universal primers 12Sa and 12Sb (Simon et al., 1994). 
A 678 bp fragment of cytochrome oxidase I (COI) was 
amplified and sequenced with combinations of the for
ward primers BWBK (5'-GAG CTC CAG ATA TAG CAT 
TCC-3') and ISO-FI (5'-CYC TTT TAT TAG GRA GGG 
GG-3') and the reverse primers BWBJ (5'-CAA TAC CTG 
TGA GTC CTC CTA-3') and ISO-R2 (5'-ACR GCA ATA 
ATT ATG GTA GC-3'). The following conditions were 
used for polymerase chain reaction (PCR): initial dénatur
ation for 2 min at 94°C, then 30 cycles of dénaturation for 
30 s at 94°C, annealing for 30 s at 50°-53°C, extension 
for 1 min at 72°C, and final extension for 10 min at 72°C. 
PCR products were cleaned for sequencing using silica gel 
purification columns. Cycle sequencing was carried out in 
both directions, with the ABI PRISM d-Rhodamine Ter
m inator Cycle Sequencing Ready Reaction Kit (Applied 
Biosystematics). Sequences were obtained on an ABI 377 
automated sequencer and verified and aligned by eye in 
the program Sequencher (Gene Codes Corporation). 12S 
was sequenced in 104 individuals; a subset of 22 individu
als was also successfully sampled for COI, whereas the 
rest failed to amplify for this locus.

Phylogenetic A nalysis

For phylogenetic analysis, identical haplotypes from 
multiple individuals were collapsed. We applied the p ro

gram M odeltest 3.0 (Posada and Crandall, 1998) to 
calculate the goodness of fit of various models of DNA 
evolution. The selected model for the 12S data was that 
of Tamura and Nei (1993), with equal base frequen
cies, a gamma distribution with a shape param eter of 
0.443, and the following substitution rates: [A— C] = 
1.00; [A—G] = 6.00; [A— T] = 1.00; [C— G] = 1.00; 
[C—T] = 11.71; and [G—T] = 1.00. The selected model 
for the COI sequence was a transversional model (TVM 
+ I; Posada and Crandall, 2001), with a proportion of 
0.69 of invariable sites and the following substitution 
rates: [A— C] = 8908.76; [A—G] = 258211.81; [A— T] 
= 26092.37; [C—G] = 0.0001; [C— T] = 258211.82, and 
[G—T] = 1.00. A partition homogeneity test, executed in 
version 4 .0 b l0  of PAUP* (Swofford, 2000), indicated that 
phylogenetic signals in the COI and 12S data were not 
significantly different (P = 0.256). The best fitting model 
for the combined 12S and COI data was FdKY (Fdasegawa 
et al., 1985) with a transition/transversion ratio of 11.46 
and a gamma distribution shape param eter of 0.782. 
Employing these parameters, we ran phylogenetic analy
ses for 12S and COI separately and with the two DNA 
regions concatenated. We used the BioNJ algorithm 
(Gascuel, 1997) and heuristic searches in maximum par
simony and maximum likelihood with PAUP* (Swofford,
2000). Bootstrap confidence values for distance and like
lihood trees were calculated in 5,000 and 500 iterations, 
respectively. Bayesian phylogeny inference was carried 
out in the program  MrBayes v.3.04b (Fduelsenbeck and 
Ronquist, 2001). Bayesian analyses on the COI and the 
combined data sets were run for 800,000 generations, of 
which the first 20,000 (2,000 trees) were discarded. For 
12S, 2,760,000 generations were run, and 67,500 (6,750 
trees) were discarded. Convergence of chains was deter
mined by average standard deviations of split frequen
cies less than 0.01 and by potential scale reduction fac
tors approximately equal to 1.0. The trees were rooted 
on sequences of Excirolana mayana. Clock-like evolution 
of sequences was tested with likelihood ratio tests. The 
tests were carried out in PAUP* 4 .0 b l0  by calculating the 
difference in log-likelihood of the neighbor-joining trees 
(see above) with and without the enforcement of a m o
lecular clock and comparing the likelihood ratios to the 
X 2 distribution.

G eographic  D istribution o f  G enetic Variation 
within M orphs

Genealogical relationships of haplotypes within spe
cies may be better represented by networks than trees, as



2 2 2  • S M I T H S O N I A N  C O N T R I B U T I O N S  TO T H E  M A R I N E  SCI ENCES

ancestral haplotypes may still be present in the population 
(Crandall and Templeton, 1993; Posada and Crandall,
2001). We calculated unrooted parsimony haplotype net
works based on 12S for each of the three morphotypes 
separately, using the computer program TCS (Clement et 
ah, 2000). In this method the parsimony limit (the maxi
mum number of differences among haplotypes as a result 
of single substitutions) is calculated with 95% statistical 
confidence, and haplotypes are connected in order of in
creasing number of substitutions. To investigate the popu
lation genetic structure within each morphotype, we ap
plied analysis of molecular variance (AMOVA; Excoffier 
et ah, 1992) to the 12S data. Genetic variation for this 
analysis was assessed based on the Kimura (1980) two- 
parameter distance between haplotypes. The significance 
of fixation indices was tested by 10,000 rearrangements of 
haplotypes between populations. Calculations were car
ried out in version 2000 of the computer program ARLE
QUIN (Schneider et ah, 2000).

RESULTS

D escriptive Statistics and  Phylogenetic A nalysis

Although we sampled many more individuals of E x
cirolana braziliensis for 12S than for COI, trees based on 
the former DNA region (Figure 2) displayed less resolu
tion than the combined analysis of both genes together. 
Despite this, all analyses of the 12S segment alone re
sulted in three distinct lineages, which correspond to 
the previously described C, C ', and P morphs. The 12S 
sequences of each m orph were monophyletic in all analy
ses. The node joining C and C ' was well supported by 
m aximum-parsimony analysis but fairly weakly sup
ported by neighbor-joining, maximum-likelihood, and 
Bayesian analysis. The three main lineages were pres
ent in more than one beach, but each beach contained 
representatives of only one lineage. Although Santelmo 
had previously been found to contain a mixture of C' 
and P m orphotypes and the allozymes corresponding 
to these morphs (Weinberg and Starczak, 1989; Lessios 
and Weinberg, 1994), all nineteen 12S sequences from 
Santelmo, differing from each other by a maximum of 
three substitutions, belonged to the C ' morph. The tree 
based on fewer sequences of COI (not shown) and the 
tree based on the combined data (Figure 3) were well re
solved and gave strong support to the expected grouping 
of the C and C' lineages as sister groups, irrespective of 
the type of phylogenetic algorithm used.

The 12S Tamura and Nei average distances ranged 
between 11% and 18% between morphs (Table 1). 
W ithin morphs, distances varied between 0% and 2.3% . 
For COI, average distances (TMV) among lineages were 
17.4% -26.1%  and within lineages 0% -1 .5% . There 
were five amino acid changes in the COI fragment, of 
which four were substitutions of nonpolar for nonpolar 
residues (Met/Ileu; Val/Ileu) and one was a nonpolar for 
a polar residue (Ala/Thr). Three of the changes differen
tiate the C/C' and P lineage; one groups C and P, versus 
C ', and one is shared between C ' and P, compared to 
C. Likelihood ratio tests failed to reject the hypothesis 
of clock-like evolution of either the 12S or the COI se
quences (P >  0.05).

G enetic Variation within M orphs

Parsimony haplotype networks showed that popula
tions of the C and C' morphs, but not the P morph, were 
genetically structured (Figure 4). The most common and 
(presumably) ancestral haplotype of the P morph was 
shared by all three populations. Two derived haplotypes 
were also shared, one between all populations and the 
other between two populations. In the C' m orph two hap
lotypes, including the ancestral one, were shared between 
Santelmo and Isla Culebra. Although Isla Adentro con
tained three haplotypes not found in any other population, 
the majority of specimens from this island were of a single 
haplotype, leading to a low haplotype diversity compared 
to other populations (H = 0.14). The population at Bocas 
del Toro (C morph), was characterized by high nucleotide 
diversity compared to other populations ( i t  = 0.0077 ± 
0.0045). Haplotypes from Bocas del Toro were differen
tiated from M aria Chiquita and Shimmey Beach by one 
to eight substitutions whereas the latter two populations 
shared the ancestral haplotype.

In the C morph, AMOVA (Table 2) found that 67.44% 
of genetic variance was partitioned among populations; 
population pairwise FSt comparisons (Table 3) showed that 
all populations of this morph were significantly differen
tiated from each other. In the C' morph, 35.62% of the 
variance was the result of differences between populations. 
The population at Adentro had significantly high FST values 
when compared to both Santelmo and Culebra, whereas 
the latter two were not significantly different from each 
other (Table 3). In the P morph, all the genetic variance 
was contained within populations, a result in stark contrast 
with high levels of population subdivision seen in the other 
two morphs.
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FIGURE 2 . 12S mitochondrial DNA (mtDNA) maximum-likelihood bootstrapped consensus tree relating three morphotypes (C, C', and P) of 
Excirolana braziliensis. Numbers above branches indicate maximum-likelihood bootstrap confidence values; numbers below branches refer to 
posterior probabilities (Bayesian analysis), neighbor-joining bootstrap support, and maximum-parsimony bootstrap support, respectively, from 
top to bottom. Support values <50%  are not shown. Locality codes of specimens: prco = Perico; csw = Causeway; lb = Lab; bca = Bocas 
del Toro; mcq = Maria Chiquita; shmy = Shimmey Beach; ade = Isla Adentro; bs = Isla Culebra; selm = Santelmo; xbs = Isla Culebra (xbs 
specimens were collected in 1998; all other samples were collected in 1988). See Figure 1 for the position of each locality.
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FIGURE 3. Combined 12S/cytochrome oxidase I (COI) mtDNA 
maximum-likelihood bootstrapped consensus tree relating three 
major lineages (C, C', and P) of Excirolana braziliensis in Panama. 
Numbers above branches indicate maximum-likelihood bootstrap 
confidence values, numbers below branches refer to posterior prob
abilities (Bayesian analysis), neighbor-joining bootstrap support, 
and maximum-parsimony bootstrap support, respectively, from top 
to bottom. Localities: BCA = Bocas del Toro; M CQ = Maria Chi
quita; SHMY = Shimmey Beach; SELM = Santelmo; LB = Lab; 
PRCO = Perico.

DISCUSSION

The mtDNA data presented here confirm the results 
from analysis of both morphology (Weinberg and Starczak, 
1988, 1989; Lessios and Weinberg, 1994) and allozymes 
(Lessios and Weinberg, 1994) that Excirolana brazilien
sis populations from the Pacific and Caribbean coasts of 
Panama consist of three distinct lineages. Allozymes sug
gest that these lineages are reproductively isolated (Lessios 
and Weinberg, 1993) and should, therefore, be considered 
separate species. Although mtDNA data agree with mor
phological and allozyme data on the grouping of the C and

TABLE 1. Genetic distances within (along diagonal) and between 
(below diagonal) morphs of Excirolana braziliensis, for 12S 
(Tamura and Nei, 1993) and cytochrome oxidase I (COI) mito
chondrial DNA (mtDNA) (in parentheses; TVM + I [Posada and 
Crandall, 2001]).

M orph C C' P

C 2.25 (1.52) _ _
C' 11.03 (17.38) 1.36 (0.49) -
P 16.21 (24.32) 17.84 (26.12) 1.19 (0.84)

C' lineages as sister groups with respect to P, the relative 
magnitude of the measures of differentiation in the three 
sets of characters is different. Mahalanobis generalized 
distance from morphometric characters and Nei’s D from 
allozymes indicate that the P morphotype is three times 
more distant from C and C' than the latter are from each 
other (Lessios and Weinberg, 1994). M itochondrial DNA, 
on the other hand, gives a P/(C, C') distance that is only 
1.2 to 1.3 times higher than that between C / C I t  is clear 
that each type of character evolves at a different rate.

A review of molecular divergence across the Isthmus 
of Panama in 34 lineages likely to have been separated 
by the final closure of the Isthmus of Panama (Lessios, 
2008) has shown that during 3 million years of indepen
dent evolution (Coates and Obando, 1996; Coates et ah, 
2005), crustacean COI has accumulated genetic distances 
ranging from 4.1% to 8.7% (Knowlton and Weigt, 1998; 
Schubart et ah, 1998; Williams et ah, 2001; M orrison et 
ah, 2004) and 12S ranging from 2% to 3% (Robles et ah,
2007). Based on these calibrations, and given the differ
ences we determined in COI and 12S, the divergence of 
the P morph from the two C morphs occurred between 9 
and 25 million years ago and that of C from the C' morph 
between 6 and 17 million years ago. Thus, in contrast to 
what was surmised by Lessios and Weinberg (1994) on the 
basis of isozymes, mtDNA data do not support the idea 
that the C and C' morphotypes were isolated at the final 
stages of the closure of the Panamanian Isthmus, 3 million 
years ago, but rather that their populations were separated 
well before the final closure. On the basis of molecular 
divergence, this appears to be also the case in 73 other 
amphi-isthmian sister lineages of crustaceans, sea urchins, 
fishes, and mollusks (Lessios, 2008).

The combination of large mitochondrial differences 
and evidence for reproductive isolation from allozyme data 
(Lessios and Weinberg, 1993, 1994; Lessios, 1998) rules 
out the hypothesis that C' merely represents a recently
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FIGURE 4. Parsimony network of 12S mtDNA haplotypes of the three morphs (clades) of Excirolana 
braziliensis. Each large oval represents a unique haplotype, boxes represent ancestral haplotypes, and 
small ovals indicate hypothetical, intermediate haplotypes not observed in the populations. The size of 
each shape represents the frequency of each haplotype. Numbers within each symbol indicate the num
ber of individuals bearing each haplotype. Localities: Prco = Perico; Lab = Lab; CSW = Causeway; 
ADE = Isla Adentro; BS = Isla Culebra; SELM = Santelmo; M CQ = Maria Chiquita; BCT = Bocas 
del Toro; SHMY = Shimmy Beach.
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TABLE 2. Analysis of molecular variance (AMOVA) of Pana
manian populations of Excirolana braziliensis based on 12S 
m tDNA sequences. Partitioning of genetic variance within and 
between populations (beaches) was estimated for each m orph 
(clade) separately. The significance of fixation indices was tested 
by 10,000 permutations.

M orph

Variance

Between
populations

(%)

Within
populations (J)CT P

C 67.44 32.56 0.67 <0.001
C' 35.62 64.38 0.36 <0.001
p -2.39 L02.39 -0.02 >0.05

introduced population of C from the Caribbean into the 
Pacific, as had been suggested by Weinberg and Starczak 
(1988, 1989) and strengthens the case that each of the 
three lineages represents a distinct species.

Population  Structure and  D ispersal

Populations of the C and C' morphs were character
ized by population subdivision, as illustrated by high F St  
estimates (overall values of 0.67 and 0.36, respectively), 
whereas samples from different localities of the P morph 
can be considered as belonging to the same genetic popu
lation (Fs t = —0.02). Populations from Isla Adentro (C' 
morph) and from Bocas del Toro (C morph) stand out for 
their lack of alleles shared with individuals from other lo
calities. M aria Chiquita and Shimmey Beach (C morph) 
also have significantly different allele frequencies, whereas 
the populations at Santelmo and Isla Culebra, as well as 
at Perico, Lab and Causeway, are not significantly differ
entiated. The two populations most divergent from oth
ers in the same morph, Adentro and Bocas del Toro, are 
also the most geographically distant from other localities 
containing individuals of their respective morphs, raising 
the possibility that dispersal to and from these localities is 
restricted as a result of physical distance. With only three 
populations per morph, statistical verification of a cor
relation between geographic and genetic distances is not 
meaningful.

We observed several differences in the degree of pop
ulation subdivision when comparing mtDNA and allo
zyme markers (Lessios and Weinberg, 1994). Based upon 
mtDNA sequence, the populations at Bocas del Toro and

TABLE 3. Excirolana braziliensis population pairwise FSt  values 
from 12S m tDNA sequences. Bold values are significant at the 
P <  0.01 level.

P M orph

Locality Lab Perico
Perico -0.02 -

Causeway -0.02 -0.04

C M orph

Locality Maria Chiquita Bocas del Toro
Bocas del Toro 0.69 -

Shimmey Beach 0.27 0.71

C' M orph

Locality Isla Adentro Isla Culebra
Isla Culebra 0.58 -

San Telmo 0.50 -0.02

Shimmey Beach were the most different of all (FST = 0.71), 
whereas their allozyme allele frequencies were rather simi
lar (FSt = 0.097, as calculated from data in Lessios and 
Weinberg, 1993). On the whole, mtDNA data suggest a 
higher divergence between the morphs, but a lesser degree 
of subdivision between populations of the same morph, 
compared to data on allozymes. These results support Les
sios and Weinberg’s (1993) findings that dispersal among 
populations is much higher compared to gene flow, be
cause even individuals of the same morph show some sort 
of reproductive isolation. According to their estimates, up 
to 2.5% of individuals in a locality consist of new immi
grants that do not inject their genes into the host popula
tion, indicating that some form of reproductive isolation 
exists between populations of the same morph, even at 
the scale of a few kilometers. The data from Santelmo are 
interesting in this connection: This is the only locality in 
which two morphs, P and C ', coexist (Lessios and Wein
berg, 1993, 1994). The number of hybrids between them, 
as judged by allozymes, is lower than would be expected 
from random mating (Lessios and Weinberg, 1993), but 
hybrids do exist. However, all 19 mitochondrial haplo
types from this locality belong to the mtDNA clade that 
corresponds to the C' morph, despite having been sampled 
from the same collections as the allozymes. Barring the 
unlikely possibility of a sampling accident, this finding in
dicates that some individuals with a P nuclear genotype, 
as manifested in morphology and isozymes, actually carry
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a C' mitochondrial DNA. This, in turn, suggests that hy
bridization between the morphs, when it occurs, is suc
cessful in only in one direction, that is, only if the mother 
belongs to the C' clade.

In conclusion, E. braziliensis in Panama consists of 
at least three lineages (C, C ', and P), which diverged well 
before the final closure of the Isthmus and warrant sepa
rate species status. Populations that are more than 30 
km distant from each other (C, C') are genetically diver
gent, whereas those at less than 5 km (P) are panmictic 
in mtDNA, even though they are different in at least one 
allozyme locus (Lessios and Weinberg, 1994). It remains 
to be seen whether population structure is a result of isola
tion by physical factors or whether the three species have 
inherently different dispersal potential, and whether the 
higher degree of gene flow in mtDNA relative to isozymes 
is the result of sex-biased migration.
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Stability and Change in the Indian River 
Area Bryozoan Fauna over a 
Twenty-Four Year Period

Judith E. Winston

ABSTRACT. Two surveys describe changes and stability in bryozoan assemblages at 
sites in the temperate to tropical transition zone of the Florida Atlantic coast over a 
24-year interval in which seawater temperatures increased. Results of a monthly survey 
of the Indian River Area bryozoan fauna carried out in 1974-1975 as part of a postdoc
toral fellowship at the Smithsonian M arine Station were published in 1982. The exis
tence of this baseline w ork made it possible to resurvey some of the same areas during 
1998-1999 to determine whether the bryozoan communities at three of the sites in the 
original study had changed or remained stable. Results showed that most of the species 
that had been abundant at a site still occurred at that site 24 years later, indicating a 
high degree of stability. However, there were some im portant changes. Temperate spe
cies such as Hippoporina verrilli, Cryptosula pallasiana, and Bugula stolonifera, which 
had been abundant in 1974, were rare or absent in 1998. Those species were replaced 
by Caribbean species, such as Exechonella antillea and Caulibugula armata. Although 
local seawater temperatures during the time period were not available, the Fort Pierce air 
temperature records indicated that despite the year-to-year variability in both minimum 
and maximum temperatures over the seasons, mean w inter air temperatures maintained 
a slow increase from 1974 to 1999.

INTRODUCTION

M ost ecological research projects are carried out over a very short time 
period, the length of a research grant or dissertation project, a few years at 
most, and once the researcher moves on to new studies these research efforts are 
seldom repeated. Long-term studies are essential to document effects of climate 
change in communities over time, but the number of such publications for ma
rine communities is extremely low compared with the number documenting the 
effects of climate change in terrestrial systems (e.g., Richardson and Poloczan- 
ska, 2008). This paper describes a repeated survey of coastal and lagoon sites 
conducted 24 years after the original survey was completed.

In 1974 and 1975, as part of my research as a postdoctoral fellow at the 
Virginia Museum of Natural Hi.story, 21 Starling Smithsonian M arine Station, I carried out monthly surveys of the bryozoan fauna
Avenue, Martinsville, Virginia 24112, USA (juditb at five intertidal sites in the Indian River Lagoon region, both in the lagoon itself
.winston@vnmh.virginia.gov). Manuscript received and on the coasts of N orth and South Hutchinson Islands. Descriptions of the
13 May 2008; accepted 20 April 2009. species found at these sites, together with descriptions of species taken in one-time

mailto:winston@vnmh.virginia.gov
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collections at 18 additional localities in the region and 
notes on their distribution and ecology, were published in 
a taxonomic paper, “Marine Bryozoans (Ectoprocta) of 
the Indian River Area (Florida)” (Winston, 1982). Over 
the years I returned to the area many times to study vari
ous aspects of the biology and ecology of the bryozoans 
of the region. The apparent persistence of species at par
ticular sites year after year led me to believe that bryozoan 
communities in the area might be very stable. Yet, the 
patchiness and limited extent of the hard substrata avail
able for settlement, combined with the fact that certain 
species were found consistently at only a single site, made 
me wonder about the potential effect of a man-made or 
natural disturbance. If a site were to be destroyed, would 
that mean the regional extinction of the bryozoan species 
uniquely found there, or did they, in fact, have additional 
refuges at other sites in the area? To begin to answer these 
questions, 24 years after the first study, I resurveyed three 
of the original sites over a one year period in 1998-1999 
to learn how stable was the species composition and to 
look for additions or losses of species at each site.

STUDY AREA

The Indian River Lagoon system, including Mosquito 
Lagoon, extends along about a third of the Atlantic coast 
of Florida, from Ponce de Leon Inlet to Jupiter Inlet, a 
distance of 295 km. Its western boundary is the Florida 
mainland, while a barrier island complex broached by sev
eral inlets forms its eastern boundary. The Indian River 
Lagoon proper is a shallow microtidal lagoon 195 km in 
length. It is believed to have the highest biodiversity of 
any estuarine system in N orth America, perhaps in part 
because of its location at the transition between two bio
geographic provinces, the warm temperate Carolinean 
and the tropical Caribbean (Swain et ah, 1995).

M ETHODS

The samples taken in the original survey had been 
gathered at first only to acquire living colonies of as many 
species as possible for behavioral and morphological stud
ies (Winston, 1978). As I became interested in the life 
histories of the species involved, I began collecting at the 
most convenient and interesting sites in the south central 
part of the Indian River Lagoon area on an approximately 
monthly schedule from the fall of 1974 through the sum
mer of 1975. The sites studied were the inner breakwater

at Sebastian Inlet, the Johnson House seagrass bed at 
H arbor Branch Oceanographic Institution at Link Port, 
the N orth Beach breakwater at Fort Pierce Inlet, Walton 
Rocks, South Hutchinson Island, and Seminole Shores, 
South Hutchinson Island. Collections from those sites 
were taken in all seasons, an im portant consideration in 
the seasonal environment of the Indian River Lagoon re
gion. For bryozoans, as for many organisms inhabiting 
the area, the highest diversity is achieved and the great
est amount of reproduction, recruitment, and growth 
of colonies of most species take place during the cooler 
months (Winston, 1982, 1995). However, tropical species 
are more apt to be present or active in summer. It was 
not possible to return to Florida monthly in 1998-1999, 
but for the best comparison to 1974-1975, the sampling 
dates were selected to span the seasons and thus reflect the 
known seasonality of the bryozoan fauna.

Collections were made quarterly (in November 1998, 
and February, April, and July 1999) at four sites: two 
within the lagoon and two on the open coast.

S ites Sampled

It was not possible to resurvey all the sites sampled 
in the original study, for reasons of time and because 
changes such as the development of some sites into of
ficial county or state parks had increased restrictions on 
scientific collecting. The coastal sites sampled in the re
study were the N orth Beach breakwater, Fort Pierce Inlet 
State Park (by special permit), and the Walton Rocks area, 
South Hutchinson Island, plus one site in the Indian River 
Lagoon, the Johnson House seagrass bed. One additional 
site was chosen for the 1998-1999 survey: the intertidal 
bridge pilings on the east side of the Route A1A causeway 
to the N orth Beach in Fort Pierce. This site was added 
because it was within the Lagoon, yet was close enough 
to the Fort Pierce Inlet, local marinas, and the commercial 
port in Fort Pierce to be a likely settlement spot for any 
newly arrived bryozoan species.

C ollecting  M ethods

Some bryozoan species have colonies several centime
ters or more in size and are recognizable in the field, but 
in many other species the colonies are microscopic and 
cryptic. Therefore collections were made by scraping hard 
surfaces and by gathering encrusted substrata: algae, hy- 
droid stems, rocks, shells, or trash. As in the original study, 
sampling was not quantitative but was thorough. At each 
locality all microhabitats available—crevices of break
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waters, surfaces of rocks, shells, wood, algae, hydroids, 
octocorals, sabellariid worm tubes, etc.—were examined 
carefully for bryozoans. In addition, encrusted examples 
of each kind of substratum available were taken back to 
the laboratory and examined alive in seawater; attached 
bryozoans were identified under a dissecting microscope 
at 12-lOOX. Careful microscopic examination made it 
possible to identify the many tiny and/or uncalcified speci
mens that could not be identified or even detected in the 
field. The condition of the colonies and the presence of 
reproductive structures and/or embryos were also noted, 
as was the relative abundance of each species at a site. 
Voucher samples for the project are deposited at the Vir
ginia Museum of Natural History.

T emperature and  Salinity Data

Seawater temperatures and salinities were recorded at 
each census in this study. Temperature ranges are given in 
the results for each site. Salinity varied little. All readings 
were in the normal ocean range of the area (35-37%o). 
The salinity range in the Indian River Lagoon can be more 
variable than that recorded at any of the sites during the 
resurvey, but low salinities are connected with periods of

heavy rainfall, and 1998-1999 was a drought year. No 
temperature or salinity data were collected in the original 
study, and no seawater temperature data were available 
for the area that covered the entire time period. Air tem
peratures for Fort Pierce were available (Figure 1) and are 
summarized in the Discussion section.

RESULTS

N orth Beach Breakwater, N orth H utchinso n  
Island , Fort P ierce Inlet

This site was located at the southern tip of N orth 
Hutchinson Island. Specimens were collected from the in
tertidal rocks on the north side of the north breakwater 
that protects Fort Pierce Inlet. Habitats sampled included 
the rocks of the breakwater; sabellariid tubes, hydroids, 
octocorals, and algae attached to the rocks; and driftwood 
and other debris wedged among the rocks. The bryozoan 
diversity at the breakwater is largely dependent on the 
presence of the hydroid Thyroscyphus ramosus Allman, 
1877 and the soft coral Carijoa riisei (Duchassaing and 
Michelloti, 1860), whose colonies provide habitat for 
most of the epifaunal invertebrates at the site. The large
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FIGURE 1. Mean annual (A), high (B), and low (C) air temperatures (in degrees Fahrenheit) for Fort Pierce, 
Florida, from 1974 to 1998. Note: lowest, 54°F = 12.2°C; highest, 83.6°F = 28.7°C.
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mounds produced by the sabellariid worm Phragmato
poma lapidosa Kinberg, 1867 stay clean and unfouled 
when the worms are growing actively but break down as 
they age, the mounds dissolving or becoming riddled with 
holes and channels in which other organisms settle.

At the November census, water temperature was 23.3 °C. 
New sabellariid tubes were covering the old eroded sabel
lariid mounds on many of the rocks. The hydroids Thy
roscyphus ramosus and Eudendrium carneum Clarke, 1882 
were in an active phase of growth. The cyclostome Crisia 
elongata Milne-Edwards, 1838 was the most common 
bryozoan found; masses of short young Crisia colonies 
were attached to hydroid roots and branches. Colonies 
of the encrusting cheilostome Watersipora subtorquata 
d’Orbigny, 1852 were also common, attached directly to 
the rocks near the low water mark.

At the February census the water temperature was 
23.1°C. Hydroids had proliferated. Thyroscyphus and 
Eudendrium  colonies were thriving, and Tubularia sp. 
and Elalocordyle disticha (Goldfuss, 1820) were also pres
ent along with colonies of the octocoral Carijoa riisei. The 
worm reef was extensive and in healthy condition. Water
sipora was abundant, with some small, recently recruited 
colonies present along with large mature colonies. Crisia 
was still a dominant, with large mature colonies produc
ing gonozooids containing yellow embryos.

At the April census water temperature was 25.3°C. 
Old fouled colonies of Watersipora were still present, but 
the most abundant encrusting cheilostome was Thalamo
porella floridana Osburn, 1940, which formed thin whit
ish crusts and bilaminate expansions around the stems of 
Thyroscyphus. Crisia colonies with gonozooids were still 
abundant.

At the July census the water temperature was 29.2°C. 
The worm reef mounds were crumbling in places but still 
showed areas of active growth. Carijoa was abundant, and 
there were large, well-grown colonies of Thyroscyphus, 
still active, with functional polyps and characteristic gar
licky smell. The most abundant bryozoan at this census 
was the primitive cheilostome Aetea sica (Couch, 1844). 
This bryozoan has a runner-like growth form, producing 
uniserial rows of semierect zooids, and an ephemeral life 
history. Species of Aetea occasionally appear in an area 
in large numbers, encrusting almost every substratum. At 
other times they may be rare or absent at the same locality. 
At this census Aetea colonies were attached to sabellariid 
worm tubes, sponges, and Codium  species of algae, as well 
as to hydroid stems. Crisia was still abundant, but colonies 
were short and there were very few gonozooids. The other 
species common at this census was the branching cteno-

stome Amathia distans Busk, 1886, whose colonies form 
limp yellow-speckled clumps. They were attached to vari
ous substrata, including the senescent worm reef mounds.

Overall, the N orth Beach Breakwater site was re
markably stable in its bryozoan fauna over the 24-year 
interval. Thirty species were recorded at the site during 
this study, including 20 of the 31 species originally found 
there (Table 1). The species that were dominant in the 
original survey—Amathia vidovici (Heller, 1867), Bea
nia hirtissima (Heller, 1967), Beania klugei Cook, 1968, 
Celleporina hassalli (Johnston, 1848), Crisia elongata, 
Pasythea tulipifera (Ellis and Solander, 1786), Savignyella 
lafontii (Audouin, 1826), Synnotum aegyptiacum  (Aud- 
ouin, 1826), Thalamoporella floridana, and Watersipora 
subtorquata—were still abundant and were present dur
ing at least three of the four censuses. In addition, two 
new species were common at this site. Amathia alternata 
Lamouroux, 1816 was present at other Indian River sites 
in the past and still occurs at those sites, but it had not 
previously been recorded at the N orth Beach Breakwater. 
Caulibugula armata Verrili, 1900 is new to the region 
since the original study was carried out.

W alton Rocks

This site is located about 13.7 km south of Fort Pierce 
Inlet on South Hutchinson Island, on the beach just south 
of the Hutchinson Island Nuclear Power Plant (which was 
not yet constructed at the time of the original survey). The 
habitat consists of exposed sandy beach, with intertidal 
beach rock ledges; their upper surfaces are covered year- 
round by a macroalgal turf and seasonally by mounds of 
sabellariid worm reef. Numerous loose slabs of beach rock 
are present in a sandy trough in the surf zone between the 
ledges and the low water line. The exposed location makes 
collecting at this site difficult or impossible under high surf 
or wind conditions, and the full extent of the ledges is re
vealed only during the lowest tides of the year, and then 
only under calm sea conditions. Encrusting bryozoan spe
cies and branching species such as Scrupocellaria regularis 
Osburn, 1940 occur on the undersides of both the beach 
rock ledges and loose beach rock slabs and stones. Other 
branching and encrusting species grow on the algae and 
hydroids attached to the ledges.

At the November census the water temperature was 
23.3°C. M ost common were the spiny mats of the cheilo
stome Beania hirtissima, which were found on the under
side of almost every piece of beach rock. Also common 
were the beach rock-encrusting species Exechonella an
tillea (Osburn, 1927), Schizoporella “unicornis,” and
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TABLE 1. Bryozoans found ( +) in 1998-1999 four-season resurvey in comparison with those found in 
original survey at the N orth Beach Breakwater, N orth Hutchinson Island, Fort Pierce, Florida. Domi
nant species are shown in bold type; a dash (-) indicates species not found during the resurvey.

Species November 1998 February 1999 April 1999 July 1999

Aetea sica
Species found in 1974-1975 survey

+
Aeverrillia armata + + - -
Amathia distans - - - -
Amathia vidovici + + + -
Anguinella palmata - - - -
Antropora leucocypha - - + -
Beania hirtissima + + + -
Beania klugei - + + +
Beania mirabilis - - - -
Bowerbankia imbricata + - - +
Bowerbankia maxima + + - -
Bugula minima - - - -
Bugula turrita - - - -
Celleporina hassalli + + + +
Crisia elongata + + + +
Cryptosula pallasiana - - - -
Exechonella antillea - - - -
Hippoporina verrilli - - - -
Jellyella tuberculata a + - - -
Nolella stipata + - - -
Pasythea tulipifera + + + +
Pourtalesella incrassata a - - - -
Savignyella lafontii + + - +
Scrupocellaria regularis - - - +
Synnotum aegyptiacum + + + +
Thalamoporella floridana + + + +
Valkeria atlantica - - - -
Vittaticella contei + + - -
Vittacella uberrima - - - +
Watersipora subtorquata a + + + +
Zoobotryon verticillatum - - - -

Amathia alternata
Additional species 

+
: found, 1998-1999

+ +
Caulibugula armata + + + +
Caulibugula pearsei - - + -
Biflustra arborescens a - - - +
Biflustra denticulata a - + + -
Bugula neritina - + - -
Bugula stolonifera - + + -
Parasmittina sp. 3 - - - +
Rhynchozoon sp. - - - +
Schizoporella “ unicornis” - + - -

a Species for which nomenclature has been revised since Winston ( 1982).

Pourtalesella incrassata (Canu and Bassler, 1928), actively 
growing peach or pink colonies with red embryos pres
ent in ovicells, along with the ctenostome Nolella stipata 
Gosse, 1855. Nolella zooids are straight mud-covered 
tubes resembling miniature polychaete tubes. They are 
connected by a thin stolon, but at this site zooids were so

thickly aggregated that the stolons were invisible and the 
colony appeared as a fuzzy mat of tubes.

At the February census the water tem perature was 
23.0°C. The wind was strong because of a cold front, 
and the surf was high, making collection difficult. The 
macroalgal turf was thriving and mostly unfouled except
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by epiphytic hydroids. There were few branching bryozo
ans. Loose rock in the trough was almost all buried under 
sand. The colonies of beach rock-encrusting bryozoans 
collected were abraded and bleached in color.

At the April census the water temperature was 23.7°C. 
The algal turf was growing luxuriantly. Many more beach 
rock stones, some freshly broken off the ledges, were uncov
ered. The undersides of most rocks were completely covered 
by a cryptic community that included zooanthids, didemnid 
ascidians, sponges, anemones, and branching and encrusting 
bryozoans. Beania hirtissima was again dominant, but other 
colonies of encrusting bryozoans, including Schizoporella 
“unicornis,” Exechonella antillea, Watersipora subtorquata, 
and Cryptosula pallasiana (Moll, 1803), were brightly col
ored and healthy. Nolella stipata zooids were clean and 
translucent, less mud-coated than in February. Colonies 
were sexually reproductive, as well; many zooids brooded 
two or three yellow-ochre eggs near their distal ends.

At the July census water temperature was 30.9°C. 
Surf was moderate, sand had filled in around ledges again, 
and a considerable amount of detached beach rock ledge 
algae was washed up on the beach. The undersides of large 
beach rock slabs still had a healthy cryptic fauna consist
ing of zooanthids, ascidians, sponges, and bryozoans on 
their undersides, despite being buried in sand. Dominant 
bryozoans were Exechonella antillea, Biflustra denticulata 
(Busk, 1856), and Beania hirtissima, as well as Nolella sti
pata (which was still reproducing), plus two erect branch
ing species, the ctenostome Amathia vidovici and the cy- 
clostome Crisia elongata, both present as large, old, fouled 
colonies.

This site, Walton Rocks, had been the most diverse 
intertidal site in the original study, with 36 species re
corded at that time. Twenty-five of the same species were 
found in 1998-1999 (Table 2). Of the dominant species in 
the original survey, all were still present in at least two of 
the four censuses, and all but one, Parasmittina betamor
phaea Winston, 2005, was present at three of the four.

The biggest change at this site was a decline in abun
dance of Cryptosula pallasiana and its apparent replace
ment in beach rock undersurface habitats by Exechonella 
antillea, which in 1974 had been found only once, at the 
N orth Beach Breakwater, and which had not been col
lected at Walton Rocks.

J o h n s o n  H ouse  S eagrass Bed , Indian River La g o o n

This seagrass bed is located about 9.7 km north of Fort 
Pierce Inlet. It lies in a shallow cove just north of the H arbor 
Branch Canal, behind the Johnson residence on the campus

of H arbor Branch Oceanographic Institution. The grass 
bed has been the site of several studies of seagrass and soft 
substratum communities (e.g., M ook, 1976; Kulczycki et 
ah, 1981; Virnstein and Carbonara, 1985; Virnstein and 
Howard, 1987) and was one of the bryozoan sites studied 
monthly in 1974-1975. The turtle grass, Thalassia testu
dinum  Banks and Soland. ex Koenig, is the most abundant 
seagrass at this site, but manatee grass, Syringodium fili
forme Kuetz., is also common. Drift algae float among the 
grass blades.

At the November census water temperature was 
24.4°C. Collections were made of all substrata: Thalas
sia, Syringodium, and drift algae. M ost drift algae were 
fouled by a colonial ascidian, Lissoclinum fragile (Van 
Name, 1902). The stoloniferous ctenostome Bowerbankia 
maxima Winston, 1982, and the encrusting cheilostome 
Conopeum tenuissimum  (Canu, 1908) were the dominant 
bryozoans.

At the February census, the water temperature was 
15.2°C, with a strong north wind. Masses of drift algae 
had been cast up on shore. Bowerbankia maxima, Cono
peum tenuissimum, and the branching cheilostome Bugula 
neritina (Linnaeus, 1758) were the dominant bryozoans 
on seagrass and drift algae, respectively.

At the April census the water temperature was 23.5°C. 
Drift red algae appeared bleached in color compared with 
their February condition; other algal species appeared to 
be thriving. There had been a new settlement of spirorbid 
polychaetes onto the seagrass since February, and Cono
peum  had decreased in abundance on Thalassia. However, 
there were larger numbers and larger sexually reproduc
tive colonies of Bugula neritina on the Syringodium, along 
with small recent recruits.

At the July census the water temperature was 29.7°C. 
Thalassia and Syringodium  blades were heavily fouled by 
filamentous algae and hydroids. Large colonies of Bower
bankia maxima, clean and healthy in appearance, with 
long free-trailing masses of stolons and zooids, occurred 
on the drift algae. Conopeum tenuissimum  and Schizo
porella floridana Osburn, 1914, with recently settled re
cruits and with embryos in mature colonies, were found 
on the Thalassia.

In the original study nine species of bryozoans were 
recorded from this site. Six of these were collected at 
least once in the re-study (Table 3). The dominant spe
cies, Conopeum tenuissimum, Schizoporella floridana, 
and Bowerbankia maxima, remained unchanged. Four 
additional species, Aetea sica, Aeverrillia armata (Verrili, 
1873), Elippoporina verrilli M aturo and Schopf, 1968, 
and Scrupocellaria “bertholleti,” not recorded here in
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TABLE 2. Bryozoans found ( +  ) in 1998-1999 four-season resurvey in comparison with those found in 
original survey at W alton Rocks, South Hutchinson Island, St. Lucie County, Florida. Dominant species 
are shown in bold type; a dash (-) indicates species not found at this location during the resurvey.

Species November 1998 February 1999 April 1999 July 1999

Species found in 1974-1975 survey
Aetea sica - - - +
Alcyonidium polypylum + + + -
Amathia alternata - - + +
Amathia distans - - + +
Anguinella palmata - - - -
Antropora leucocypha - + - -
Beania hirtissima + + + +
Beania klugei - + + +
Biflustra denticulata a - - + +
Bowerbankia gracilis - - - -
Bowerbankia imbricata - - - -
Bowerbankia maxima - + - -
Bugula neritina - + - -
Bugula stolonifera + + + -
Bugula turrita - - - -
Bugula uniserialis - - - -
Caulibugula pearsei - - - -
Celleporella carolinensis - - - +
Crisia elongata + + + +
Cryptosula pallasiana + + +
Electra bellula - - - -
Jellyella tuberculata a + + - +
Microporella umbracula - - - -
Nolella stipata + + + +
Parasmittina betamorphaea a - + + -
Pourtalesella incrassata a + + +
Savignyella lafontii - - - -

Schizoporella “unicornis” + + + +
Scrupocellaria regularis + - + +
Sundanella sibogae + - - -

Synnotum aegyptiacum - + - +
Thalamoporella floridana - - - +
Vittaticella contei - - - -

Vittacella uberrima - - - -

Watersipora subtorquata - + + +
Zoobotryon verticillatum - - - -

Additional species found, 1998-1999
Aimulosia spp + - + +
Amathia vidovici + + + +
Celleporaria sp. 2 + + +
Escharoides costifer - - - +
Exechonella antillea - + + +
Biflustra arborescens - + - +
Lichenopora sp. - - - +
Parasmittina sp. 2 - - - +
Pasythea tulipifera + + - -

Scrupocellaria “ bertholletii” - + - -

a Species for which nomenclature has been revised since Winston (1982).
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TABLE 3. Bryozoans found ( + ) in 1998-1999 four-season resurvey in comparison with those found 
in original survey at the Johnson House Seagrass Bed, Harbor Branch Oceanographic Institution, Link 
Port, Fort Pierce, Florida. Dominant species are shown in bold type; a dash (-) indicates species not 
found at this location during the resurvey.

Species November 1998 February 1999 April 1999 July 1999

Species found in 1974-1975 survey
Amathia distans 
Beania klugei 
Bugula neritina 
Bowerbankia gracilis 
Bowerbankia maxima 
Conopeum tenuissimum 
Electra bellula 
Nolella stipata 
Schizoporella floridana

Aetea sica 
Aeverrillia armata 
Hippoporina verrilli 
Scrupocellaria “ bertholletiix

Additional species found in resurvey

1974-1975, were also found at one or more censuses in 
1998-1999. The three species not found during the re
study, Amathia distans, Bowerbankia gracilis Leidy, 1855, 
and Electra bellula (Hincks, 1881), were still present in 
the lagoon at other sites.

AÍ A C auseway

In addition to the three sites from the original study, 
one new site was also surveyed quarterly. The site is a 
shaded spot under the east end of the Route A Í A causeway 
bridge to N orth Hutchinson Island. This site was chosen 
because of its position in the Indian River Lagoon, about 
3 km north of the mouth of Fort Pierce Inlet, and close to 
Little Jim Island, where in 1989 a Scrupocellaria species 
previously unrecorded in the region had first been collected 
(Winston, 1995). M aterial was collected from bridge pil
ings, from drift algae, and from submerged wood.

At the November census water temperature was 
23.3°C. The most abundant species were Bugula neritina, 
Caulibugula armata, Bugula stolonifera Ryland, 1960 (the 
latter two reproductive), and Zoobotryon verticillatum 
(Delle Chiaje, 1828). Medium-sized Zoobotryon  colo
nies had some areas of new growth with actively feeding 
polypides.

At the February census the water temperature was 
21.1°C with a cold north wind and turbid water condi
tions. Bugula neritina was again dominant, with large,

bright wine red-colored, sexually reproductive colonies. 
Other abundant species were Amathia vidovici (colonies 
mostly mud coated, but with clean actively growing branch 
tips) and long stalks of Caulibugula armata. Zoobotryon  
verticillatum  was present only as short, heavily fouled, 
and senescent clumps.

At the April census water temperature was 23.2°C, 
with almost no wind and extremely clear water. Bugula 
neritina was still dominant on bridge pilings, with more 
mature and senescent colonies than in February. Zoobo
tryon verticillatum  was still present, as large colonies drift
ing among seagrasses and short clumps attached to pilings, 
all of them heavily fouled, but with some young actively 
growing branches. Caulibugula armata was still present, 
with large and unfouled colonies. Amathia vidovici was 
still abundant, but colonies were heavily fouled.

At the July census water temperature was 28.8°C, 
wind calm, with fairly clear water (visibility about 1 m). 
Bugula neritina and Zoobotryon verticillatum  were absent. 
Dominant species were Caulibugula armata (old, fouled 
colonies, with many brown bodies in the lower parts of 
branches, but with zooids containing feeding polypides 
and ovicelled zooids containing creamy white embryos 
near branch tips), Savignyella lafontii, a delicate branch
ing cheilostome, Nolella stipata, and Amathia vidovici (as 
small, heavily fouled colonies).

Twelve species were found at this site (Table 4), m ak
ing it less diverse than the open coast sites but more diverse
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TABLE 4♦ Bryozoans found ( + ) in the 1998-1999 four-season survey at the AI A Causeway Bridge, 
North Hutchinson Island, Fort Pierce, Florida. Dominant species are shown in bold type; a dash (-) 
indicates species not found at this location during the resurvey.

Species November 1998 February 1999 April 1999 July 1999

Aetea sica -  + + -
Amathia vidovici + + + +
Beania klugei -  + + +
Bowerbankia gracilis -  — — +
Bowerbankia maxima + + + -
Bugula neritina + + + -
Bugula stolonifera + -  -  -
Caulibugula armata + + + +
Nolella stipata + + + -
Savignyella lafontii + + + -
Scrupocellaria “bertholleti” -  + + -
Zoobotryon verticillatum + -  -  -

than the Johnson House Seagrass Bed site ( 10 species) fur
ther up the lagoon from Fort Pierce Inlet. Species composi
tion was stable; most species found there were collected in 
at least three of the four censuses. Overall dominants were 
Amathia vidovici, Bugula neritina, Zoobotryon verticilla
tum, and Caulibugula armata, a species that had not been 
collected in the area until about 1994.

DISCUSSION

In the 1974-1975 study, 55 species were recorded 
from all lagoon and shallow coastal sites. Forty-nine spe
cies were recorded at the three sites later resurveyed. Dur
ing the 1998-1999 survey, 39 species were found at those 
three sites. Thus, 80% of the bryozoan species known 
originally from those sites were recollected after a 24-year 
interval, despite a smaller sampling effort (4 versus 12 col
lections). Seventy percent of the species found originally 
from all inshore sites combined were also found in the 
four-site resurvey, again with a much smaller sampling 
effort involved. There has been remarkable stability in 
species composition of the bryozoan fauna over the time 
period.

Sixteen species had additional localities (that is, they 
were present in the area originally, but occurred at a dif
ferent site in the second study than that from which they 
had been recorded in the original survey), indicating that 
most species were not restricted to one site and could be 
expected at any or all sites provided the appropriate sub
stratum and environmental conditions were present. Even

though most of the species involved have nonfeeding, rap
idly settling larvae, there is apparently enough dispersal 
and recruitment that disappearance from one site would 
not mean that a species would disappear from the region 
entirely. Only one species, Schizoporella floridana, was 
limited to one site, the Johnson Seagrass Bed, and to one 
substratum, Thalassia testudinum, and was not collected 
elsewhere in 1998-1999.

Species new for inshore intertidal sites, but known from 
offshore hard substrata or algae (Winston and Eisman, 
1980; Winston and Hâkansson, 1986), included Aimulosia 
uvulifera (Osburn, 1914), Aimulosia pusilla (Smitt, 1873), 
and Escharoides costifer (Osburn, 1914). Four species 
were newly recorded for the region during the study: two 
species of Parasmittina, a species of Celleporaria, and a 
Lichenopora species.

Although species composition remained very stable, 
species abundances changed considerably, not only from 
season to season but also between the two studies. The 
most notable changes involved the decline in abundance 
of the warm temperate species Bugula stolonifera, Cryp
tosula pallasiana, and Hippoporina verrilli, all of which 
have western Atlantic distributions extending northward 
to Tong Island or Cape Cod. During the original study 
period abundant Bugula stolonifera colonies were found 
attached to the proximal portions of Bugula neritina colo
nies. In the re-study only a few colonies were found, and 
they were not in association with Bugula neritina. Hip
poporina verrilli was a common species on Indian River 
Tagoon panels (Mook, 1976) and on panels and seagrasses 
in 1974-1975, and it was also found at two coastal sites
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at that time. Reproduction and settlement were heaviest in 
the cooler months (October-January). In the re-study only 
a few small colonies were found at the Johnson Seagrass 
Bed. Cryptosula pallasiana is a cosmopolitan temperate 
fouling species. In 1974-1975 it occurred at four intertidal 
coastal sites. In the re-survey, however, it was found only 
at Walton Rocks where it was much less abundant under 
beach rock stones than originally. Instead, in the under
rock habitat the dominant encrusting bryozoans in 1998— 
1999 included Exechonella antillea, a Caribbean species 
which, in the original study, had been collected only one 
time, at the N orth Beach Breakwater site. That original 
record itself may have indicated a range expansion for the 
species because a distributional survey by M aturo (1968) 
reported the species only from Miami south.

The other new species in the study are similarly 
warm-water species. Caulibugula armata was described 
by Verrili from Bermuda, and it is known from the Tortu
gas, Puerto Rico, and Brazil, according to Osburn (1940). 
Aimulosia pusilla was described from the Tortugas by 
Smitt (1873) and Aimulosia uvulifera and Escharoides 
costifer from the same locality by Osburn (1914). The 
typical Scrupocellaria bertholleti is a circumtropical spe
cies, often associated with coral reefs (Winston, 1986), 
but Indian River and other western Atlantic specimens 
show some morphological differences to those from other 
localities, indicating that Scrupocellaria bertholleti is a 
species complex rather than a single widespread species. It 
was first recorded in the Indian River lagoon in 1989 and 
continues to occur at both coastal and lagoon sites. The 
genera Celleporaria and Parasmittina contain numerous 
species that are extremely successful in both tropical foul
ing and cryptic coral reef communities (Winston, 1986). 
The addition of species in this group is not surprising.

The increase in warm-water species has continued 
since the re-study was completed. Nellia tenella (Tamarck, 
1816), another circumtropical fouling and reef-associated 
species, was first found in the Indian River area in 1999, 
in intertidal collections in Fort Pierce Inlet. It has been 
found every year since then, although its abundance has 
varied. Elippopodina irregularis, a species described form 
Guanica Harbor, Puerto Rico, by Osburn (1940), was 
first found on Syringodium  seagrass in Fort Pierce inlet 
in the summer of 2001. Schizoporella pungens (Canu and 
Bassler, 1928), the massive dark purple, Caribbean-Gulf 
of Mexico Schizoporella, whose colonies are characteristi
cally found on submerged mangrove roots and in harbor 
fouling communities, had been on noted on drift plastic 
items washed ashore in the area for several years, always 
with an associated fauna of small corals and Millepora

species that suggested the debris had been colonized fur
ther south, perhaps in the Straits of Florida or the Flor
ida Keys. Schizoporella pungens colonies first recruited 
to panels in Indian River Tagoon (Faber Cove), as well 
as to num erous benthic substrata in Fort Pierce Inlet be
tween July 2002 and July 2003. Celleporaria sherryae 
W inston, 2005, another Caribbean fouling and shallow 
reef-associated species, has also appeared at some coastal 
sites (2001) and within the Fort Pierce Inlet (2003).

Reasons for the increase in warm-water species are 
harder to identify. One explanation might be global warm
ing. As noted by many recent studies, the decade of the 
1990s was the warmest on record (Tevitus et ah, 2000). The 
effects of warming seawater temperatures on marine organ
isms, including bryozoans (Kelmo et ah, 2004), have been 
noted worldwide. In addition to direct effects on growth and 
survival of benthic organisms, changes in water temperature 
also affect food supply (Menge et al., 2008; Richardson,
2008), as well as producing indirect effects via changes in 
ocean chemistry and circulation (Harley et ah, 2006).

For these collecting sites no records of seawater tem
perature exist for the entire time period of the two studies 
(1974-1999). However, as these sites are all intertidal, it 
seemed reasonable to make use of the published air tem
perature data that were available for Fort Pierce as a sub
stitute. Although mean annual temperatures and mean 
annual high temperatures (based on monthly averages) 
showed no discernible statistically significant pattern (Fig
ure 1A,B), there is a suggestion in the data that mean an
nual low temperatures (Figure 1C) have increased over the 
time period. If warm-water species are more susceptible 
to cold-water shock than high temperatures, as has been 
shown in studies of Florida fish kills after freezes in the 
region (Gilmore et ah, 1978), warmer winter temperatures 
might be a factor permitting the invasion and survival 
of populations of the more tropical species, as has been 
shown to be the case for some introduced marine inverte
brates in other studies (Stachowicz et ah, 2002).

However, other factors are involved. The Indian River 
Tagoon is part of the Intracoastal Waterway, a passage 
for boat traffic moving up and down the Atlantic coast, 
as well as in and out of the Gulf of Mexico and the Ca
ribbean. Fort Pierce has a small commercial port with 
shipping traffic from the Bahamas (especially Freeport, 
where containers from China and other distant sources 
are transferred for transshipment into the USA), the Gulf 
of Mexico, and the Caribbean, as well as U.S. ports along 
the east coast. Species could be introduced through ballast 
water exchange by larger ships, as well as by hull fouling 
of small and large vessels.
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Although the stability of the bryozoan fauna over this 
time period gives a positive picture of the health and sta
bility of the lagoon epifauna overall, there is no way to 
predict the long-term impact of these factors. The depen
dence of many bryozoans on living substrata such as sea- 
grasses, hydroids, and octocorals also makes it clear that 
disturbances affecting substratum organisms would have 
a major impact on the bryozoans and would probably be 
more destructive to their local diversity than the environ
mental fluctuations noted so far.
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The Turtles’ Tale: Flagships and 
Instruments for Marine Research, 
Education, and Conservation

John G. Frazier

ABSTRACT. M arine turtles are classic flagship species. Their remarkable natural his
tory—large body size, dependence on both terrestrial and oceanic environments, delayed 
maturity requiring decades to reach adulthood, regular migrations that crisscross ocean 
basins, massive reproductive output, mammal-like physiology, and other features—make 
them attractive to researchers and the general public alike. This attraction is further en
hanced by the fact that these reptiles are widely recognized as endangered species. They 
are “biomagnets” for people around the world, from various sectors of society; incred
ible amounts of time, energy, and resources go into diverse types of investigation, public 
education, conservation, and international policy directed specifically at these “lowly 
reptiles.” Oceanographers, ecologists, geneticists, marine biologists, and specialists from 
other related disciplines frequently begin basic research projects on marine turtles. These 
activities quickly evolve into large multifaceted programs including conservation activi
ties, community-based approaches, and public education together with other forms of 
development and social projects, and even policy initiatives for promoting regional and 
global cooperation in the conservation of these shared resources and the habitats on 
which they depend. Besides enhancing better understanding of the biology and ecology of 
these animals and nurturing more active and diverse conservation and education initia
tives, w ork on marine turtles also promotes much-needed initiatives in interdisciplinary 
and international cooperation, which are fundamental challenges to marine w ork in gen
eral. This paper provides a summary of the flagship species concept and gives examples of 
how w ork focused on marine turtles has promoted diverse initiatives in marine research, 
education, and conservation at multiple scholarly, social, and political levels; it argues 
that this approach serves as a critical integrating force to nurture a wider comprehension 
and appreciation of the scientific endeavor and its role in society.

FLAGSHIP SPECIES A N D  THE INCREASE 
A N D  DIFFUSION OF KNOW LEDGE

John G. Frazier, Conservation and Research Cen
ter, National Zoological Park, Smithsonian Insti
tution, 1500 Remount Road, Front Royal, Vir
ginia 22630, USA (frazierja@si.edu). Manuscript 
received 9 June 2008; accepted 20 April 2009.

Scientists, educators, and conservationists who specialize on m arine or
ganisms and m arine environments may all be convinced of the fundam en
tal importance of such things as larval nectophores, pedunculate siphono- 
phores, disappearing zooxanthellae, discharged nematocysts, m itochondrial 
cytochrome oxidase 1, maximum parsimony, and other indicators of “good 
science,” but w hat of the rest of society? M arine biodiversity is unique yet 
poorly understood or appreciated by the general public or decision makers;
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and a central question with which we all must contend 
is “H ow  can we prom ote it?”

M any marine organisms have complex, intriguing life 
histories, and marine turtles, comprising just seven living 
species, are classic examples. These air-breathing reptiles 
are typified by highly complex life cycles: they live with fish 
but nest on land, relying on terrestrial, coastal, benthic, 
and pelagic environments during different parts of their 
life cycle; they can occur in extremely dense concentra
tions both on land and in the sea; they are “highly migra
tory,” crossing ocean basins; they take a decade or more 
to reach sexual maturity and can live for half a century or 
more; and they have highly specialized morphological and 
dietary adaptations, including mammal-like physiology. A 
single female often lays more than 100 eggs in a nest and 
can lay several nests in a season. Their large body size (up 
to 1 ton), striking coloration, and primeval appearance all 
add to the attractiveness of these marine reptiles. The fact 
that marine turtles are globally recognized as endangered 
species adds a further level of importance. Hence, these 
reptiles are flagship species: ambassadors of the oceans. 
The attraction has led to not only enormous interest on 
the part of the general public but also disproportionate at
tention in academic circles (Frazier, 2003a, 2005a, 2005b): 
nearly as much research is conducted on just seven species 
of marine turtles as is carried out for the remaining 300- 
some species of chelonians.

In addition, marine turtles are widely valued as sources 
of meat, eggs, oil, skin, and shell, which have been uti
lized, crafted, and traded for millennia. A global trading 
network that supplied elite urbanites of the Mediterranean 
with raw materials from the shores of the Indian Ocean 
and beyond was well established before the time of Christ, 
and the most frequently mentioned commodity was tor
toise shell (the external keratinous scutes of the hawksbill 
turtle, Eretmochelys imbricata Linn.). Intricately fash
ioned toilet articles, particularly ornamental combs, some 
of which were 85 cm wide, as well as a special style of 
French furniture luxuriously inlaid with tortoise shell and 
metal (“Boulle” ), and religious accoutrements have all been 
made famous by the tortoise shell used in their creation. 
In addition to the tremendous diversity of objects crafted 
from turtle parts, these animals have been portrayed for 
millennia on a wide variety of media, from cave walls to 
carved rocks to delicate ceramics to the cylindrical seals 
of ancient Arabia (Frazier, 2003b, 2004a, 2005c). Hence, 
they have had very im portant cultural, social, and spiri
tual values in many societies. During contemporary times 
marine turtles have been celebrated in many and diverse 
forms, ranging from symbols of sacred nature and “pris

tine” environments to evidence of the evils committed by 
modern society on the environment (Campbell, 2003). All 
this conveys upon these animals a wide variety of values, 
from cultural and historic to economic and spiritual.

ACTIVITIES FOCUSED O N  MARINE TURTLE 
RESEARCH A N D  CONSERVATION

The national marine turtle program in Brazil, which 
began as a dedicated study of reproductive biology and 
natural history, has evolved into one of the best known 
long-term programs in South America and the world in 
general, and the attraction of the turtle flagship over the 
years has resulted in the incorporation of massive efforts 
in public education and community development, includ
ing alternate livelihoods for community residents, training, 
and facilitated interactions between different sectors of gov
ernment and society, not to mention national counsel for 
regional and international policy actions (Marcovaldi et 
ah, 2005). Similarly, multiyear programs in Uruguay (La- 
porta and Miller, 2005), northwestern Mexico (Delgado 
and Nichols, 2005), the Caribbean (Eckert and Hemphill, 
2005), and Nova Scotia (M artin and James, 2005) con
duct research on diverse topics such as feeding ecology, 
reproductive biology, genetics, migration, and fisheries in
teractions. All this research, as well as the associated edu
cational and conservation activities, has been greatly facil
itated—if indeed not made possible—by the attractiveness 
of marine turtles and the ease with which researchers have 
been able to make use of these flagship species to promote 
interest in collaborating with different research activities. 
It is not uncommon for fishermen to go out of their way 
not only to inform researchers about sightings and cap
tures of marine turtles but also to take on extra work, 
requiring time, effort, and materials to deliver informa
tion and specimens to researchers. Frequently this means 
allowing, or even inviting, researchers to come onboard 
and make free use of the fishermen’s vessels and materials. 
Swordfish fishermen in Nova Scotia provide their vessels 
as research platforms for the complicated process of cap
turing, boarding, measuring, instrumenting, and releasing 
turtles of half a ton in body weight or more; researchers 
are very much aware that the success of their work de
pends on the altruistic behavior of fishermen (M artin and 
James, 2005). Uruguayan fishermen, many of whom live 
at a subsistence level, not only invite researchers to make 
use of their boats but are active collaborators in the re
search, attending meetings and participating in presenta
tions (Laporta and Miller, 2005). A dramatic example of
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the level of dedication to, and investment in, marine turtle 
projects is Theeram Pakriti Samrakshana Samiti (Coastal 
Ecosystem Protection Committee) in Kolavipalam Village, 
Kerala, India. A group of artisanal fishermen decided to 
protect nesting turtles and their eggs, formed the com
mittee, built a modest beach station, and now run nightly 
beach patrols, maintain an interpretation center with live 
turtles, and give public education presentations: all these 
activities have been self-organized and self-motivated, 
thanks to the attractive power of the turtles (Shanker and 
Kutty, 2005). This sort of material and moral support is 
difficult to evaluate adequately in simple financial terms, 
but it has been absolutely essential in supporting various 
aspects of basic research, education, and conservation ac
tivities. Indeed, many of these activities would not only be 
far outside the operational budgets of the organizations 
involved but simply impossible to achieve without the full 
collaboration of the fishing communities.

Adventure tourism, often referred to as “eco-tourism,” 
has been widely promoted around the world with marine 
turtles as the central attractants; indeed, there is even an 
international travel guidebook that is dedicated specifi
cally to marine turtle tourism (Devaux and De Wetter, 
2000). In addition to paying their travel costs, it is not 
uncommon for tourists to actually pay for the privilege 
of working as volunteers in turtle research projects, some 
of which have been operating for decades (Campbell and 
Smith, 2005). In this way the flagship attraction directly 
supports research through both funding and the availabil
ity of trained volunteer assistants.

An incredible diversity of outreach and public educa
tion has been developed with marine turtles as the center
piece, a phenomenon common around the world and far 
too diverse to summarize easily (Frazier, 2005d). There are 
national and regional training programs specific to marine 
turtle biology and conservation, and some of these have 
been active for more than a decade, during which time they 
have seeded well-trained and enthusiastic researchers, ed
ucators, and conservationists throughout vast areas, such 
as India (Shanker and Kutty, 2005), the Caribbean (Eckert 
and Hemphill, 2005), and Latin America (Buitrago et ah, 
2008; Marcovaldi et ah, 2005). In some cases, the activi
ties and festivals organized by conservationists have been 
appropriated by local people, who have completely taken 
over what were initially devised to “sensitize” and “m oti
vate” them to collaborate with marine turtle projects. One 
of the clearest examples of the rapidly increasing and pow
erful attraction of marine turtles is the Annual Symposium 
on Sea Turtle Biology and Conservation, an event that is 
attended by about a thousand people, with representation

from scores of countries and hundreds of presentations 
(Frazier, 2003a). By using the turtles as attractants “to get 
people in the door,” these activities, events, and projects 
clearly transcend the turtles and provide a wide basis of 
information on a diversity of marine organisms and en
vironments, thereby promoting greater interest, research, 
and appreciation for these topics.

There is ample evidence that the flagship attraction 
can be instrumental for developing popular and political 
support to affect local policy decisions, such as the cre
ation of special protected areas and tourism management 
programs (Tisdell and Wilson, 2005). Moreover, interna
tional maritime and fisheries policies have been directly 
affected by international, regional, and national efforts to 
conserve marine turtles, particularly through such efforts 
as mitigation of fisheries bycatch (Bache, 2005). In fact, an 
extraordinary amount of attention has been paid to ma
rine turtles in the field of international environmental law 
(Frazier, 2002). At present there are two bilateral agree
ments, an incipient trilateral agreement, a program under 
a United Nations Environmental Programme (UNEP) Re
gional Seas convention in the southeast Pacific, a memo
randum  of understanding for the Atlantic coast of Africa, 
and another memorandum of understanding for the In
dian Ocean (both under the United Nations Convention 
for M igratory Species), and a “stand-alone” treaty for 
the Western Hemisphere, all focused specifically on the 
conservation of marine turtles. Every one of these instru
ments includes measures of habitat protection, and the 
term “habitat” is even included in the title of one accord. 
Hence, through activities to protect marine turtle habitats 
over vast areas, these instruments have direct relevance 
to a wide range of marine organisms and environments, 
again clearly transcending marine turtles.

In addition to these seven agreements specific to ma
rine turtles, there are many other international agreements 
that are relevant to marine turtle research, conservation, 
and education: these include such major global treaties as 
the UN Convention on the Law of the Sea (UNCLOS), 
Convention on International Trade in Endangered Species 
of Wild Fauna and Flora (CITES), Convention on Biologi
cal Diversity (CBD), and the Convention on the Conserva
tion of M igratory Species of Wild Animals (CMS) (Wold,
2002). Moreover, intense concern for the conservation of 
marine turtles has been instrumental in shaping policy and 
management directions in fisheries and other maritime 
issues (Bache, 2002). For example, the Inter-American 
Tropical Tuna Commission (IATTC), which was consti
tuted nearly 60 years ago to develop regional manage
ment of tuna stocks in the Eastern Tropical Pacific, has
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been dealing specifically with accidental capture of marine 
turtles since 2003 and has adopted at least eight resolu
tions to promote mitigation measures on turtle bycatch. 
Even the United Nations Food and Agriculture Organiza
tion (FAO), originally created to enhance the production 
of food, has become intimately involved in marine turtle 
conservation. In M arch 2004 the “Expert Consultation on 
Interactions between Sea Turtles and Fisheries within an 
Ecosystem Context” was held in Rome (FAO, 2004), fol
lowed by a technical consultation at which guidelines for 
mitigating turtle bycatch in fisheries were proposed (FAO, 
2005). These technical considerations and recommen
dations were then taken up by the political body, FAO’s 
Committee on Fisheries, where the proposal was adopted 
at a global level (COFI, 2005). The result is a set of rec
ommendations for all States that are members of FAO 
(virtually every country that exists). Some of the specific 
actions that States are supposed to carry out include stock 
identification and assessment, tagging and genetic studies, 
testing mitigation techniques, “pay urgent attention . . .  to 
collection of statistics,” collect and share information, and 
harmonize conservation and management initiatives.

At an even greater level of political importance was 
a dispute brought before the World Trade Organization 
(WTO), which challenged the right of a Party to the W TO 
to enact unilateral measures that ban certain imports in an 
effort to protect marine turtles from capture and m ortal
ity in certain fisheries operations. After several years of 
contentious debate and the production and exchange of 
thousands of pages of documentation, an W TO Appellate 
Body decision released on 22 October 2001 concluded that 
because marine turtles are endangered species, countries 
can take exceptions to the all-powerful free-trade rules of 
the W TO and—following certain procedures—enact uni
lateral measures to protect turtles, including trade embar
gos (Bache and Frazier, 2006; Frazier and Bache, 2002).

COMPLEXITIES OF FLAGSHIP PERCEPTIONS

It is im portant to point out, however, that the inap
propriate use of a flagship can lead to totally misguided 
policies and activities, counterproductive to both environ
mental and social needs. For example, easy access to highly 
attractive hatchling marine turtles led to an explosion of 
“sea turtle conservation hatcheries” along the coast of Sri 
Lanka, generously funded by unknowing tourists, despite 
the fact that these establishments were illegal and had neg
ative impacts on hatchling recruitment (Tisdell and Wil
son, 2005). Conservation programs that focus reflexively

on an urgent need to do everything possible to protect ma
rine turtles but ignore local sociopolitical complexities can 
create tremendous conflict, for different sectors of society 
often have divergent, even conflicting, views on how to 
respond to the flagship and what it primarily symbolizes 
(Shanker and Kutty, 2005; Frazier, 2008). Although con
servationists view marine turtles as indisputable symbols 
of the need for people to cherish and protect the environ
ment, other sectors of society—for example, certain eth
nic groups—see the same turtles in very different ways, 
such as symbols of cultural identity and reclamation. This 
divergence in perceptions is true both on Pacific islands 
(Kinan and Dalzell, 2005) and on a Greek island in the 
M editerranean, where contradictions in perceived value of 
the marine turtle flagship have resulted in violence, death 
threats, and other forms of intense conflict between differ
ent sectors of society (Theodossopoulos, 2005).

SHARED R E SO U R C E S-T H E RO O T PROBLEM

Because of their life history characteristics (particu
larly the long lifespan, dependence on a variety of diverse 
environments, and dispersal and migration across oceanic 
basins), marine turtles provide a classic case of shared re
sources, or “common property.” Simple, but basic, ques
tions such as “Who owns turtles?” or “Who has rights to 
turtles?” clearly show that many parts of many societies 
have direct impacts, rights, and responsibilities relating to 
these animals (Frazier, 2004b). This contention is easily il
lustrated by the fact that more than 2 million reproduc
tive turtles were taken from the breeding grounds in Pacific 
Mexico between 1964 and 1980 (Frazier et ah, 2007). Yet, 
animals from this population migrate widely throughout 
the eastern tropical Pacific, living at different times within 
the jurisdiction of different sovereign States or on the high 
seas (Morreale et ah, 2007). Who had the right to slaughter 
so many reproductive animals that are part of the fauna of 
a vast region (an action that had enormous implications on 
the status of a shared population)? The same question can 
be asked of people who pollute the oceans with oil spills, 
plastics, or other wastes: W hat right do they have to con
taminate a common resource? Similarly, when endangered 
species of marine wildlife, such as dolphins, whales, sea
birds, and marine turtles, are caught and killed in fishing 
activities, the question arises: “W hat right does the fishing 
industry have to be killing (even if it is accidentally) wildlife 
species that are valued by the citizens of many nations?”

Dealing with shared resources is the root issue for 
nearly all questions regarding biological conservation—
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particularly in marine environments. Hence, by high
lighting the importance of this central problem, work on 
marine turtles brings even greater attention to this critical 
issue, and because these reptiles are regarded globally as 
endangered species, their importance is further enhanced. 
Investigations on marine turtles that help promote ways to 
resolve intractable issues of common property have impli
cations that go far beyond chelonian biology and natural 
history: they bear on the way modern societies interact 
with the oceans.

C O N C LU SIO N S: 
P R O M O T IN G  MARINE RESEARCH, 

EDUCATION, A N D  CONSERVATION 
TH ROU GH FLAGSHIP SPECIES

The attention given to marine turtles spans the entire 
sociopolitical spectrum, from marginalized, politically in
significant fishing communities to the most politically pow
erful organizations on the planet. From one extreme of the 
political continuum to the other, these animals have been 
given extraordinary importance. These local, national, re
gional, and global policy decisions have enormous impor
tance in the ways that individuals, governments, and or
ganizations at various levels assign priorities and allocate 
resources. Even if the intent is only to comply superficially 
with obligations that are not enforced, the end result is 
resources and personnel allotted to some aspect of marine 
turtle research, education, and conservation.

Although the scientific enterprise and its practitio
ners strive to develop and m aintain an objective, unbi
ased view of the world, there is no escaping the fact that 
both the enterprise and the practitioners are immersed 
within complex social and political systems. The result, 
despite the firmest of desires, is that there is close inter
play and interaction between scientific activities and at
titudes that dominate in the surrounding society (Rozzi, 
1999). In fact, an anthropological study of the scientific 
establishment shows not that scientists and their prac
tices are unique among humanity, but rather that they 
are immersed in a world of power struggles, politics, and 
myths—little different from the world of the lay public 
that is so often demeaned by the scientific community 
(Nader, 1996).

There is no inherent reason that information p ro 
duced by scientific research will be read, understood, 
appreciated, followed, used, or even recognized in the 
halls of power; if practitioners of the scientific endeavor 
want their information to impact society outside the ivory

towers of academia, it is essential that we learn how to 
“package” the information in digestible, understandable, 
interesting, and convincing ways (Frazier, 2005e). Flag
ship species greatly facilitate this exercise for they have 
values that are attractive to the general society. Used effi
ciently and appropriately, such species are powerful tools 
for promoting research, education, and conservation of 
countless marine issues.
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Latitudinal Gradients in Recruitment 
and Community Dynamics in Marine 
Epifaunal Communities: Implications 
for Invasion Success

Amy L. Freestone, Richard W. Osman, 
and Robert B. Whitlatch

ABSTRACT. Although the latitudinal diversity gradient, where species diversity peaks 
at low latitudes, is well documented, much less is known about how species life history 
strategies differ among regions and the implications of these differences for community 
development trajectories and particularly for invasion dynamics. As a first step in trying 
to understand these factors, we contrast spatial and temporal variation in recruitment 
rates and resultant community development of epifaunal assemblages in regions along a 
latitudinal gradient from the temperate zone to the tropics. We exposed settlement panels 
in four regions: Long Island Sound (Connecticut), Chesapeake Bay and Virginia’s Eastern 
Shore (Maryland and Virginia), Indian River Lagoon (Florida), and a portion of the Meso- 
american reef in Belize. Panels were deployed for either one to two weeks, to evaluate 
recruitment patterns, or one year, to m onitor community development. We found that 
both recruitment and community development rates were inversely correlated with di
versity, with the highest rates seen in temperate latitudes and the lowest in tropical Belize. 
Seasonal variability in recruitment also varied latitudinally, with strong summer pulses 
of recruitment in northern latitudes shifting to low and year-round recruitment at low 
latitudes. However, species turnover through time in communities becoming established 
was highest in Belize. We conclude with predictions regarding the implications these pa t
terns may have on invasion dynamics at different latitudes.

INTRODUCTION

Latitudinal patterns in diversity have remained an important theme in ecology 
for more than a century, yet we still continue to debate the relative contributions 
of processes that may cause these patterns (Currie et ah, 2004; Mittelbach et al., 
2007). There are many environmental variables that change with latitude, and it 
is easy to correlate species distribution patterns with these factors. Unfortunately, 
it is as easy to find exceptions to these correlations. In addition, with increased 
transport of nonnative species (Ruiz et ah, 2000), species distributions continue to 
be altered. Although latitudinal gradients in native species diversity are well docu
mented, studies on terrestrial and freshwater systems suggest latitudinal gradients 
in invasion success occur as well (Sax, 2001). However, little work to date has 
examined this question in marine systems. Therefore, we have been documenting 
latitudinal differences in both the recruitment and the community development of

Amy L. Freestone and Richard W. Osman, 
Smithsonian Environmental Research Center, 
647 Contees Wharf Road, Edgewater, Maryland 
21037, USA. Robert B. Whitlatch, Department 
o f Marine Science, University o f Connecticut, 
1080 Shennacossett Road, Groton, Connecticut 
06340, USA. Corresponding author: A. Freestone 
(freestonea@si.edu). Manuscript received 25 July 
2008; accepted 20 April 2009.

mailto:freestonea@si.edu


2 4 8  • S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

m arine epifaunal invertebrates as a first step in under
standing la titudinal differences in species invasions.

The m ode by w hich species successfully invade new 
habitats is a pressing ecological research issue (Rejmanek 
and R ichardson, 1996; W illiam son and Fitter, 1996; M oyle 
and Light, 1996). C urrent theory predicting the attributes 
of successful invaders has largely been developed in terres
trial environm ents and usually stresses the im portance of 
life history traits associated w ith rapid  reproduction and 
wide dispersal ability (Rejm anek and R ichardson, 1996). 
In the far m ore open m arine environm ent, ocean cur
rents can disperse larvae and adults of m any species for 
great distances over relatively short time periods (Jokiel, 
1984; Scheltema, 1986). Additionally, m an inadvertently 
transports countless individuals and species between dis
crete biogeographic provinces (Ruiz et ah, 1997; C arl
ton, 1999). Given the generally good dispersal abilities of 
m arine species, those attributes of new  species th a t allow 
them  to coexist w ith, or even displace, native species will 
be as im portan t as dispersal ability to  a species invasion 
potential.

The sessile invertebrate or epifaunal com m unity is an 
excellent system in which to  examine rigorously both  the 
life history attributes tha t characterize successful invaders 
as well as those attributes of native com m unities tha t gov
ern their susceptibility to  invasion. Epifaunal communities 
occur in all coastal habitats and can be found in all biogeo
graphic regions. These com m unities contain species w ith a 
variety of life histories, yet their principal species are usu
ally perm anently attached as adults and are easy to  m anip
ulate. A lthough the species w ithin these communities differ 
am ong regions, they function in similar ways. M ost have 
p lanktonic larvae as the m ain means of dispersal, feed from  
the w ater colum n, com pete for limited available space, and 
are preyed on by a variety of mobile vertebrate and inver
tebrate predators. Because epifaunal species are sessile and 
relatively small in size, natural communities can develop 
on small discrete substrates, w ith larval dispersal and re
cruitm ent linking com m unities w ithin a site or habita t as 
well as w ithin a region. These attributes m ake them  ideal 
systems tha t can be experim entally m anipulated in the field 
to  test directly hypothetical relationships while m aintain
ing natural levels of abundance, species com position, and 
diversity.

Am ong epifaunal com m unities, a m ajor difference is 
the num ber of available species th a t have some reason
able probability  of recruiting to a particu lar site w ithin a 
region. O sm an and D ean (1987) found th a t these regional 
pools of species varied by alm ost an order of m agnitude 
and th a t bo th  the m ean num ber of species found on ind i

vidual substrates and the correlated richness at each site 
varied greatly am ong the study sites w ithin each region, 
w ith overlap am ong sites in different regions. These p a t
terns potentially result from  (1) the low  probability  of re
cruits of m any species in the regional species pool actually 
reaching a particular site during the course of investiga
tion  and (2) the high probability  of local, w ithin-site dis
persal of species already present at a particu lar site. Alter
natively, high predation and local extinction rates at some 
sites m ay prevent certain  species in the regional species 
pool from  colonizing these sites (O sm an and W hitlatch, 
1996, 1998). As a first step in trying to  understand fac
tors contributing  to  the local and regional differences in 
diversity and how  these are likely to  influence species in 
vasions, we have been contrasting  tem poral variation in 
recruitm ent rates and resultant com m unity developm ent 
in regions along a la titudinal gradient from  tropical to 
tem perate regions.

M ETHODS

We deployed experim ental panels in four biogeo
graphic regions along the eastern seaboard of the United 
States and in the C aribbean Sea. These regions were Long 
Island Sound in Connecticut (LIS; 41°N ), M aryland and 
V irginia’s Chesapeake Bay and Eastern Shore region (CB; 
37°N ), the Indian River Lagoon in Florida (IRL; 27°N), 
and the vicinity of Carrie Bow Cay in Belize (BEL; 16°N). 
Polyvinyl chloride (PVC) panels, 100 cm2, were abraded to 
facilitate settlem ent of invertebrates and were suspended 
on racks underneath  docks. The panels were held horizon
tal w ith the experim ental surface facing the seafloor.

Rec r u itm e n t

To estim ate recruitm ent in all regions, panels were 
sam pled either weekly (LIS) or biweekly (CB, IRL, BEL). 
A t the beginning of each sam pling period, four clean p an 
els were exposed at each of the field sites. After the one- or 
tw o-w eek exposure period the panels were collected and 
new  panels were deployed. In the laboratory, all panels 
were exam ined under a dissecting microscope, and all a t
tached invertebrates were identified to  the low est possible 
taxonom ic unit (usually species) and counted.

Sample schedules varied by region as necessitated 
by recruitm ent patterns and destructive storm  activity. 
Weekly sam pling at the LIS Avery Point (AP) site began 
in 1991 and has continued unabated  to  the present. In the 
years 1991-1996 sam pling was suspended during the w in



N U M B E R  38  • 2 4 9

ter m onths w hen alm ost no settlem ent occurs. From  1997 
to  the present, sam pling was conducted continuously w ith 
biweekly sam pling during the winter. The rem aining LIS 
sites (G roton Long Point [GLP] and M ystic River [MR]) 
were added in 2001 and have been sam pled on the same 
schedule as the AP site. Sampling in CB and IRL was begun 
in 2004 w ith tw o sites in each region. The CB sites were at 
the Sm ithsonian Environm ental Research Center (SERC) 
in the upper Bay and at the Virginia Institute of M arine 
Science (VIMS) in the low er Bay. The IRL sites were the 
Sm ithsonian M arine Station (SMS) and the Ft. Pierce In
let (Inlet). Sampling at the VIMS site was discontinued in 
2007 after hurricane dam age to  the dock, and sam pling at 
both  IRL sites was suspended from  September 2004 until 
M arch 2005 because of the loss of docks as the result of 
tw o hurricanes. Sampling in BEL began in Decem ber 2004 
and continued through February 2006.

D ata  A nalysis

Recruitm ent differences am ong sites w ithin and across 
regions were com pared by m atching means for each sam 
pling time and using paired  t tests to  analyze for significant 
differences. W ilcoxon signed-rank tests were also con
ducted for each pairing to elim inate the possible effects of 
large seasonal differences biasing the results. Because of 
the species differences am ong regions, analyses were done 
for to ta l recruitm ent of all species, pooled invasive species, 
and pooled native species. Species identified as cryptogenic 
were included w ith the native species. The num ber of sam 
pling periods varied greatly am ong the regions, and we 
conducted the analysis of each pair of stations using the 
m axim um  num ber of sam pling periods in com m on based 
on the year and week of sampling. D ata were corrected 
for exposure time to  account for the one- and two-week 
sam pling periods used in different regions.

C o m m u n it y  D evelo pm en t

To m easure difference in com m unity developm ent, 
experim ental panels (same as above) were deployed for 
at least one year and nondestructively sam pled for in 
vertebrate richness. Four panels were deployed at each 
site (three per region) betw een July and A ugust 2006 to 
a depth  of 0.6 m  below  LLT and at least 0.5 m  above the 
bottom . Panels in LIS, CB, and IRL were sam pled ite ra 
tively 1, 3, and  12 m onths after deploym ent. Panels in 
BEL were sam pled 3, 6, and  12 m onths after deploym ent. 
Panels were sam pled w ith  a dissecting m icroscope, and 
attached invertebrates were identified to  the low est p os

sible taxonom ic unit. Taxonom ic richness on each panel 
was recorded.

RESULTS

Rec r u itm e n t

Three types of recruitm ent patterns are evident. W ithin 
sites there are tem poral patterns, am ong sites w ithin re
gions there are fairly consistent relationships, and together 
these produce broader patterns am ong the regions.

Within-Site Tem poral Patterns

W ithin each site there are tem poral patterns in recruit
m ent th a t result from  seasonal cycles in reproduction and 
year-to-year variation in recruitm ent tha t can result from  a 
variety of causes. Seasonal variability in recruitm ent is m ost 
evident in the tw o northern  regions, LIS and CB, w hich ex
perience large variations in tem perature. In both  regions 
recruitm ent is largely absent during the coldest w inter 
m onths. The three sites in LIS are consistent in exhibiting 
peak recruitm ent in the late summer (Figure 1). Recruit
m ent at the GLP site begins earlier and rem ains consis
tently higher than  at the o ther sites th roughout the whole 
season. This site is in shallower w ater and consequently 
experiences low er w inter tem peratures and higher summer 
tem peratures (O sm an and W hitlatch, 2007) and warm s 
m ore quickly in the spring. At the CB sites, the m ajor
ity of recruitm ent occurs in the spring and early summer, 
w ith a second, m uch smaller peak period in the autum n 
(Figure 1). M ost dom inant species in this region such as 
barnacles, bivalves, and polychaetes are p lankto trophic  
w ith feeding larvae dependent on the spring and autum n 
p lankton  bloom s. R ecruitm ent in the rem aining tw o re
gions, although tem porally  variable, exhibits no consistent 
seasonal cycle. R ecruitm ent occurs year round  at both  IRL 
sites, w ith the inlet having som ew hat higher recruitm ent 
in the sum m er (Figure 1). R ecruitm ent at the SMS dock is 
dom inated by several species of barnacles and has much 
m ore sporadic peaks. Finally, BEL recruitm ent was ex
trem ely low  and dem onstrated no obvious patterns.

S pa tia l  Variability a m o n g  Sites within Regions

W ithin the three regions w ith multiple sites we have 
observed fairly consistent differences am ong the sites. Based 
on the paired t  tests of weekly differences in total recruit
m ent over the period 2001 through 2007, the three sites 
in LIS were significantly different, w ith GLP >  AP >  M R
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FIGURE 1. Comparison of temporal variation in mean recruitment in the four regions. Individual sites within 
regions are shown. Means were based on 1-6  years of data depending on region and the periods over which 
recruitment was measured (see Methods). Sampling sites are as follows: New England: AP = Avery Point, 
GLP = Groton Long Point, M R = Mystic River; Chesapeake Bay: SERC = Smithsonian Environmental 
Research Center, VIMS = Virginia Institute of Marine Science; Florida: Inlet = Ft. Pierce Inlet, SMS = Smith
sonian Marine Station; Belize: Carrie Bow Cay.

(Table 1 ). Native species recruitm ent at the three sites showed 
the same pattern while the recruitm ent of invasive species 
was not significantly different among the sites (Table 2).

A similar analysis of the tw o CB sites for 2004 through 
2006 found tha t to tal recruitm ent at the VIMS site was sig
nificantly greater than  at the SERC site (Table 1). R ecruit
m ent at both  sites was dom inated by native barnacles, and 
invasive species recruitm ent was very low. Nevertheless 
both  native and invasive species exhibited the same pattern  
as to tal recruitm ent (Table 2). A lthough experiencing simi
lar variability in tem perature, these tw o sites differ greatly 
in their salinity regimes. The SERC site is in the upper, low- 
salinity region of CB whereas the VIMS site is in the lower 
CB w ith higher salinities. In general fewer species recruit at 
the SERC site, and barnacle recruitm ent is m uch less.

Similarly, the tw o IRL sites differed significantly 
(2004-2006) in to ta l recruitm ent, w ith SMS greater than  
Inlet (Table 1). N ative and invasive species exhibited the

same pattern  (Table 2). A lthough there was little differ
ence between the sites in tem perature and salinity, they 
did differ in dom inant species, w hich resulted in strong 
differences in to ta l recruitm ent. Barnacle recruitm ent (six 
different species) was consistently m uch higher a t the SMS 
site and this contribu ted  greatly to  the overall site dif
ferences. M ost species of bryozoans as well as spirorbid 
w orm s had higher recruitm ent at the Inlet site. Figure 2 
illustrates these differences.

The nonparam etric  paired analyses of the data from  
all three regions were alm ost identical to  those above. The 
only difference was th a t in LIS invasive species recruitm ent 
was significantly greater a t GLP than  at either AP or M R.

R egion a l Patterns

The regional differences in tem poral and spatial pa t
terns in recruitm ent can be seen in Figure 1. In LIS the strong
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TABLE 1. Results of paired analysis of mean recruitment between each pair of sites. Recruitment data were 
paired by sampling time. Mean values are for 2-week sampling periods and vary based on the number of sam
pling dates in common between any two pairs of sites (df  =  degrees of freedom;). Significant probabilities (Prob) 
are in bold.

Total Annual Recruitment

Site 1 a Site 2 a d f M ean 1 M ean 2 i-ratio Prob >  |f| One-sided

Avery Point Mystic River 229 474.5 299.2 6.39 < 0.0001 <0.0001
Groton LP 252 446.6 1000.4 8.60 < 0.0001 <0.0001
SERC 21 208.4 550.8 1.44 0.16 0.08
VIMS 21 251.3 2206.2 2.99 0.007 0.004
SMS 38 638.2 1010.0 2.22 0.03 0.02
Inlet 36 607.5 607.5 1.37 0.17 0.09

Mystic River Groton LP 234 296.7 996.8 9.63 < 0.0001 <0.0001
SERC 23 152.3 506.2 1.65 0.11 0.06
VIMS 23 184.1 2097.8 3.22 0.004 0.002
SMS 39 425.4 1068.1 4.15 0.0002 0.0001
Inlet 38 451.2 459.9 0.09 0.93 0.46

Groton LP SERC 21 698.5 550.8 0.52 0.61 0.31
VIMS 21 761.3 2275.1 2.11 0.05 0.02
SMS 39 1288.4 1050.5 0.91 0.36 0.18
Inlet 37 1192.5 471.3 3.60 0.0009 0.0005

SERC VIMS 17 381.6 1519.7 2.11 0.05 0.03
SMS 10 341.6 685.3 1.18 0.26 0.13
Inlet 10 341.6 242.1 0.42 0.68 0.34

VIMS SMS 15 2694.9 903.9 2.38 0.03 0.02
Inlet 15 2694.9 169.6 3.01 0.009 0.004

SMS Inlet 71 1045.5 399.6 7.20 < 0.0001 <0.0001

a Groton LP = Groton Long Point (GLP); SERC = Smithsonian Environmental Research Center; VIMS = Virginia Institute of Marine Science; 
SMS = Smithsonian Marine Station.

seasonality produces a relatively norm al distribution in re
cruitm ent centered on the summer m onths of peak tem pera
tures. Peak periods are relatively broad, w ith 1,000 to 2,000 
recruits per panel per week. This overall pattern reflects the 
concentration of recruitm ent by m ost species in the summer 
period. Recruitment in CB is also seasonal but generally 
dom inated by a few species, w ith sharp peaks in recruitment 
of 3,000 to 10,000 individuals per panel. The pattern in IRL 
is more diffuse w ith recruitm ent occurring throughout the 
year and several sharp peaks of 2,000 to 3,000 recruits per 
panel (barnacles) over a background of continuous recruit
ment. Individual species do have peaks in recruitm ent but 
they do not occur at the same time as in the northern re
gions. Thus, some species recruit in the w inter and others in 
the summer, and this difference is reflected in the continuous 
total recruitm ent throughout the year. Finally, recruitment 
at the BEL site was extremely low, despite the much greater 
species diversity in the region.

Given these patterns, we exam ined w hether to tal an
nual recruitm ent was influenced by the regional differences 
in variability and peak abundances. Figure 3 shows the to 
tal m ean annual recruitm ent for each of the sites; no gen
eral pattern  is discernible from  these data. Except for BEL, 
w ithin-region differences in to tal annual recruitm ent are as 
great as, if no t greater than, differences am ong regions. Fig
ure 3 also shows the dom inance of barnacle recruitm ent in 
both  the low-diversity CB and high-diversity IRL regions, 
whereas bryozoans and ascidians dom inate recruitm ent in 
LIS. Interregional differences in to tal recruitm ent, regard
less of strong differences in tem poral patterns, exhibited no 
pattern  tha t could be associated w ith diversity or latitude.

Results from the paired analyses did show some regional 
differences (Tables 1, 2; see Figure 3). For total recruitment 
the VIMS site in CB had significantly greater recruitment 
than all other sites. The GLP in LIS and SMS in IRL were sig
nificantly greater than the Inlet IRL, SERC CB, and AP LIS
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FIGURE 2. Comparison of recruitment at the two sites in Indian River Lagoon, Florida, for the barnacle Balanus improvisus, spirorbid poly
chaetes (Spirorbis spp.), arborescent bryozoan Bugula neritina, and encmsting bryozoan Hipporina sp.

sites, and all were greater than the M R  LIS site. Recruitment 
of native species exhibited similar interregional patterns. 
However, for invasive species, recruitm ent was significantly 
higher in IRL than CB, w ith the LIS sites intermediate.

C omm unity  D evelopment 

S p a tia l  a n d  T em poral Variability

The speed of com m unity developm ent varied d ram ati
cally w ith latitude. The prim ary lim iting resource, space, 
was quickly occupied in the tem perate and subtropical 
regions by three m onths, com pared to  the tropical com 
m unities, w hich took  close to  a year to  a tta in  com parable 
spatial coverage (Figure 4). In the northernm ost region,

LIS, grow th rates were particularly  high, and at one site 
(AP) panels were completely covered after only one m onth, 
w hich is a striking com parison to com parably aged com 
m unities in BEL (Figure 5). These productive com m unities 
in AP were prim arily com posed of D iplosom a listerianum, 
an invasive colonial tunicate, and M ogula m anhattensis , a 
solitary tunicate. These anim als quickly became too heavy 
to  rem ain attached to  the panel and sloughed off, p rovid
ing another flush of open space to  recruiting species. This 
punctuated  seasonal pulse of productivity of D iplosom a  
and M ogula  did no t occur at the o ther tw o sites in LIS, but 
g row th rates rem ained high th roughout the region.

Overall, communities in LIS experienced less tem poral 
turnover in species composition than more southerly sites,
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FIGURE 3. Comparison of recruitment among regions. Top: Total 
annual recruitment at each of the sites within regions. The contribu
tions in each region of major taxonomic groups are represented by 
colored shading and/or scoring within the histogram bars. Middle: 
Mean recruitment of invasive (blue) and native (red) species by sites 
within region; significant differences are based on paired analyses 
(see Table 2). Bottom: Total mean recruitment by site showing the 
contribution of invasive (Inv) and native species. Dashed lines sepa
rate regions in all graphs.
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FIGURE 4. Total percent cover of open space on panels in the four 
regions after 3 and 12 months (CT = Connecticut; VA = Virginia; 
FL = Florida; BZ = Belize). In Belize, space occupied by algae was 
included as covered space, so percent cover of invertebrates was even 
lower than shown.

particularly BEL (Figure 6). Communities in LIS were consis
tently dom inated by bryozoans, particularly Bugula turrita, 
and both solitary and colonial tunicates (Figure 7; personal 
observations). This observation is in contrast to the higher 
rates of species turnover that characterized communities in 
tropical BEL (Figure 6; Freestone, unpublished data).

Epifaunal communities in CB had low tem poral and spa
tial variability in species composition com pared to  other re
gions. Barnacle recruitm ent occurred soon after deployment, 
in July 2006. After the first m onth, all panels had 99%  to 
100% cover (see Figure 4) and were almost completely cov
ered w ith barnacles, w ith few other coexisting species. After 
three months, community structure still closely resembled 
the one-m onth communities; however, barnacles began to 
die and other species, such as Mogula, various hydroids, and 
sabellid polychaete worms recruited (see Figure 7). After one 
year, the prim ary layer of barnacles was less visible, having 
been covered w ith a thick layer of sediment tubes, mostly 
from  am phipods and worms. Anemones were also common 
throughout. Panels deployed at the three sites were also very 
similar. Porifera were least com m on in CB when com pared 
with other regions throughout the experiment.

Overall, com m unities in IRL retained alm ost com 
plete phyla representation through  tim e (Figure 7). All 
focal phyla were found on all panels in IRL after three 
m onths, and only Porifera had  a very m odest decline by 
one year. Species in these com m unities coexisted at very 
small spatial scales, w ith the result th a t IRL had  the m ost 
diverse invertebrate assemblages at the panel scale after
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FIGURE 5. Growth rates were higher at northern latitudes, a pattern that is clearly visible in this comparison 
between (a) a 3-week-old community from Carrie Bow Cay, Belize and (b) a 4-week-old community from 
Avery Point, Long Island Sound (100-cm2 panels are shown).

one year (Freestone, personal observation). M ore species 
turnover was apparent over the course of the year at IRL 
than  in LIS or CB, bu t no t as m uch as a t BEL.

Com m unities in BEL were characterized by significant 
tem poral and spatial variability in species com position. 
Com m unities developed m uch m ore slowly than  did m ore 
northern  com m unities (see Figure 4), and com m unity 
com position clearly changed w ith time. These com m uni
ties also varied at very small spatial scales, as panels tha t 
were deployed w ithin a m eter of each other harbored  very 
distinct com m unity assemblages w ith differing am ounts 
of open space. In contrast to  m ore northern  com m unities, 
BEL com m unities were m ore consistently dom inated by 
polychaetes, Cnidaria (sea anem ones, hydroids, coral), 
and Porifera. After one year, Porifera clearly dom inated 
the panels (Freestone, personal observation). C om pared to 
the bushy and com m on bryozoan colonies th a t occur in 
LIS, bryozoans in BEL were generally very small, delicate, 
and rare.

Similar to the recruitm ent study, the largest difference 
in taxonom ic com position of developing communities 
across all regions was the presence of barnacles. Barnacles 
were com m on in tem perate and subtropical zones but were 
completely absent in BEL at 3 m onths. After 12 m onths, 
their dom inance was still seen in CB and IRL, but barnacles 
were less com m on in LIS. However, only one barnacle on 
one panel was found in BEL. A lthough barnacles in tem 
perate and subtropical zones are both  intertidal and sub- 
tidal, barnacles are alm ost exclusively intertidal in BEL.

D ISCU SSIO N

Based on our prelim inary exam ination of these on
going studies, it is clear tha t there are both strong intra- 
regional and interregional patterns in both  the recruitm ent 
and the developm ent of epifaunal com m unities. Seasonality 
in recruitm ent clearly varies w ith latitude. Strong summer 
peaks coupled w ith the alm ost complete absence of any 
recruitm ent in the w inter were found for m ost species in 
the tem perate regions (LIS and CB). The strong dominance 
of barnacles in CB resulted in a bim odal pattern  gener
ally associated w ith the spring-fall p lankton blooms upon 
w hich barnacle larvae feed. In IRL there was also a strong 
tem poral variability in recruitm ent but neither a consistent 
seasonal pattern  nor any similarity am ong species. Finally, 
in BEL recruitm ent was too low to discern any pattern. 
There were also fairly distinct patterns am ong sites w ithin 
regions. In the tem perate regions, sites showed consistent 
differences in num bers of recruits but little difference in the 
species recruiting at any one time or in the relative abun
dances of these species. In the subtropical IRL, there were 
greater differences between the two sites in the com posi
tion of the fauna recruiting at any one time. Based on the 
low  recruitm ent and greater com m unity variability am ong 
sites in BEL, it w ould appear th a t site differences in recruit
m ent in the tropics are likely to be even greater.

The interregional varia tion  in recruitm ent for native 
species was influenced by the variation  in barnacle dom i
nance, w ith  the CB and  IRL sites showing significantly
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FIGURE 6. Time-series comparison of community development in (a) Long Island Sound after 1, 3, and 12 
months and (b) Belize after 3, 6, 9, 12, and 20 months (100-cm2 panels are shown). Greater species turnover 
occurred in Belize than in Long Island Sound.

higher recruitm ent than  the LIS sites. However, the re
cruitm ent of invasive species varied in a sim ilar m anner 
to  patterns described by Sax (2001). The tropical BEL 
site had  little overall recruitm ent and no recruitm ent of 
invasive species, the subtropical IRL sites had the highest 
recruitm ent of invasive species, and  the higher latitude 
tem perate sites had  low er recruitm ent of invasive species. 
The com bined patterns of native and invasive species re
sulted in invasive species representing a m uch higher p ro 
p ortion  of overall recruitm ent in IRL than  in all o ther re 
gions. In the low-diversity estuarine CB, invasive species 
contribu ted  a very small p ropo rtion  of to ta l recruitm ent 
(see Figure 3).

Finally, even w ith the strong differences in recruitm ent 
reflected in the paired analyses, similarities in to ta l annual 
recruitm ent were found between some sites in the three 
northern  regions. This result suggests th a t the cum ulative 
recruitm ent in m ore seasonal regions w ith strong peaks 
and in regions w ith little or no seasonality in recruitm ent 
can be similar.

In BEL, the epifaunal communities were quite spatially 
variable in com m unity com position even at the smallest 
scale of panels at each site. This pattern  is consistent w ith 
the spatial heterogeneity hypothesis for the latitudinal diver
sity gradient, which states tha t abiotic variability in tropical 
systems allows m ore species to coexist (see Davidowitz and
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FIGURE 7. Proportion of panels that had listed taxa present at (a) 3 
months and (b) 12 months by region.

Rosenzweig, 1998). Interestingly, in contrast to the abiotic 
variation tha t characterizes other systems, such as terrestrial 
plant-soil relationships, the settlement panels were identi
cal in size and m aterial, so substrate com position was no t a 
source of variability. W hile it is possible tha t differences in 
subtle small-scale variation in currents or eddies could drive 
com m unity variability, a m ore parsim onious explanation is 
tha t propagule supply is very low  and sporadic. Com m u
nity developmental trajectories may therefore be m ore a re
sult of random  recruitm ent from  a limited larval pool rather 
than  spatial variability in abiotic conditions.

A nother possible explanation tha t has strong theoreti
cal underpinnings is tha t biotic interactions, such as preda
tion, are also strong and spatially variable in the tropics 
(Schemske, 2002). A lthough this hypothesis has not been 
empirically tested in a comprehensive experim ent, the idea 
tha t biotic interactions are stronger in the tropics has re
ceived much theoretical attention (M ittelbach et al., 2007). 
Visual observations of the com m unities in BEL support this

Connecticut Virginia Florida

R egion

Connecticut Florida

hypothesis. For example, we com m only observed grazing 
or saw indirect evidence of grazing (i.e., abrasions) on the 
panels from  indiscrim inate consum ers, including gastro
pods, crabs, and fish. W hile predation  undoubtedly occurs 
in tem perate environm ents (Osm an and W hitlatch, 1995, 
1998, 2004), overall interaction strengths may be weaker 
and m ore spatially predictable in northern  latitudes. Spo
radic and low  larval recruitm ent, spatially variable preda
tion, and low  grow th rates in areas of low  productivity are 
all potential contributors to the spatial and tem poral vari
ability of tropical epifaunal com m unity development.

O ur m ain goal has been to docum ent and contrast 
recruitm ent and com m unity developm ent patterns am ong 
regions along a la titudinal gradient to  ascertain potential 
differences in the ability of nonnative species to  invade 
these systems. Except for our sites in BEL, all the regions 
we have been studying have nonnative species present, and 
such species are often dom inant w ithin these epifaunal 
com m unities. In LIS we have found th a t early recruitm ent 
of invasive ascidians in years w ith w arm  w inters (Stacho- 
wicz et ah, 2002a) and their dom inance at harbo r sites 
w ithou t native predators th a t prey on their recruits (O s
m an and W hitlatch, 1995, 1998, 2004) have contributed  
to  their successful invasion. The strong and consistent tim 
ing of recruitm ent of native species certainly can create an 
opening for invaders th a t can recruit outside this window. 
In CB recruitm ent is even m ore constrained tem porally 
w ith m uch higher num bers of recruits, again creating po 
tential tem poral w indow s for invasion. However, as our 
com m unity developm ent data have show n, the com m uni
ties in both  these tem perate systems develop rapidly and 
thus quickly lim it resources for new  species. Studies in LIS 
(Stachowicz et ah, 2002b) have show n th a t as com m unity 
diversity w ithin these systems increases, the com m unities 
become m ore resistant to  invasions, m ostly by increasing 
the likelihood of lim iting open space.

In IRL, space was also rapidly occupied and the 
am ount of open space rem ained low  after three m onths. 
In addition, the diversity w ithin this system is higher, and 
some species are recruiting at any time of the year. Based 
on the results of the LIS study (Stachowicz et ah, 2002a) 
these factors should increase the resistance of this system 
to invaders. A lthough we have found several invasive spe
cies at our study sites, none of these species appears to  be 
particularly abundant or dom inant. Finally, in BEL we have 
observed m uch m ore diverse and spatially variable com 
munities. Recruitm ent and the rates of com m unity devel
opm ent are low, and this situation certainly allows spatial 
resource to be available for m uch longer periods of time, 
which should create a greater w indow  for species invasion. 
However, the extremely high diversity of both epifaunal
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species and predators may inhibit invasion success. It is 
also likely that, given the spatial variability in com m uni
ties, invaders will face completely different communities at 
each site as well as tem poral variability  in com m unities 
w ith in  sites. A lthough it is m uch too early in our studies 
to  link latitudinal variation  in recruitm ent or com m unity 
developm ent to  invasion success, our prelim inary results 
do suggest th a t there is a correla tion  betw een decreasing 
invasion success and  increasing diversity, increasing com 
m unity variability, and the reduction in recruitm ent w in
dows in less seasonal environm ents, w ith  species varying 
greatly in the tim ing of recruitm ent.
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ABSTRACT. Coral reefs are some of the oldest and most diverse ecosystems on our 
planet, yet throughout their range coral reefs are declining precipitously, mainly as the 
consequence of human activities. In situ conservation practices, such as habitat pres
ervation, are an im portant way to protect coral reefs. However, reefs now face global 
threats in addition to local impacts. It is therefore critical that ex situ conservation ac
tivities are incorporated into conservation practices for coral reefs. M any coral species 
reproduce sexually during a limited yearly breeding season. If the resulting larvae are 
cultured, their husbandry can be very time consuming: time that is often taken away 
from larval research. Three different types of flow-through larval rearing systems were 
designed and tested during breeding seasons of the elkhorn coral Acropora palmata, the 
mushroom coral Fungia scutaria, and the cauliflower coral Pocillopora meandrina. The 
flow-through systems were tested against static bowl rearing, and no difference was 
observed in the survival of the larvae in two of the species: P = 0.12 for A. palmata 
and P = 0.99 for F. scutaria. These results suggested that these chambers may result in 
significant savings of limited research time during a coral spawning event. However, 
P. meandrina larval survival was better in bowls than in the flow-through chamber (P = 
0.03). Rearing the maximum number of larvae possible with minimal maintenance will 
enhance opportunities for larval research, settlement, and growth. This is especially im
portant for species that are now threatened, for which time and information are critical 
during the breeding season.

INTRODUCTION

Coral reefs are some of the oldest and m ost diverse ecosystems on our 
planet. They are essential nurseries and feeding grounds for fish and inverte
brates, act as natu ral storm  barriers for coastlines, and are a potential source 
for novel pharm aceuticals (Colin, 1998). T hroughout their range, coral reefs 
are declining precipitously, m ainly because of hum an activities. These negative 
influences induce stress and can increase diseases in corals. Even in the m ost

mailto:hagedornm@si.edu
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rem ote m arine bioreserves, such as the n o rthw estern  
H aw aiian  Islands (M aragos et ah, 2004), hum an activi
ties are dam aging fragile coral ecosystems (Bellwood et ah, 
2004). Additionally, o ther environm ental pressures, such 
as El N iño-Southern O scillation events, result in bleach
ing and coral m ortality  (Glynn and D ’Croz, 1990; Glynn, 
1996). As greenhouse gases increase, atm ospheric and sea- 
surface tem peratures and ocean acidification are also ex
pected to  increase (Kleypas et ah, 1999; H oegh-G uldberg 
et ah, 2007). W hen these effects are coupled w ith hum an- 
induced stresses, reefs will rem ain in crisis, their existence 
w orldw ide increasingly threatened (H oegh-Guldberg, 
1999; Hughes et ah, 2003).

Scientists speculate th a t unless com m itted efforts are 
m ade to  rem edy this situation  functional coral ecosystems 
m ay disappear in less than  50 years (W orld Wildlife R e
port, 2004; H oegh-G uldberg et ah, 2007). A lthough all 
the oceans in the w orld have corals, reef-building corals 
in the C aribbean are showing the greatest signs of disease- 
related m ortality, and these corals may have far less than  
50 years left to  survive (H oegh-G uldberg et ah, 2007). The 
massive elkhorn coral, Acropora palmata, has historically 
been the m ost ecologically im portan t reef-building coral 
in the Caribbean, but its populations have declined 90%  
to 99%  since the m id-1980s, prim arily because of disease 
(A ronson and Precht, 2001). Because of this decline and 
its critical role for C aribbean reefs, A. palm ata  has been 
one of the first tw o corals listed as “th rea tened” under 
the Endangered Species Act (Acropora  Biological Review 
Team, 2005). As stony corals continue to  die, they are be
ing replaced w ith sponges, gorgonians, and algae (Hughes, 
1994; M cC lanahan and M uthiga, 1998), altering the com 
position of C aribbean ecosystems.

In situ conservation practices, such as establishm ent 
of m arine protected areas, are an im portan t w ay to  protect 
coral reefs. However, reefs now  face global ra ther than  just 
local threats. Therefore it is critical th a t ex situ conserva
tion  techniques are incorporated  into conservation actions 
for coral reefs. Ex situ conservation techniques, defined as 
protecting organism s outside their native habita t, such as 
rearing sexually produced larvae in sem inatural enclosures 
for future restoration  purposes, hold strong prom ise for 
im provem ents in preserving species and genetic diversity 
w ithin ecosystems. This stage is particularly  needed to 
help diversify some of the declining endangered popu la
tions in Florida w here m any of the stands of A. palm ata  
are genetically identical (Baums et ah, 2005).

To address the ex situ conservation needs for coral 
reefs, SECORE (ww w .secore.org) was initiated by the 
R otterdam  Zoo in 2001 w ith the prim ary goals of study

ing sexual coral reproduction , specifically developing ex 
situ breeding techniques, dissem inating techniques am ong 
aquarium  and research com m unities through w orkshops 
and publications, developing a cooperative in ternational 
netw ork  of public aquarium s and research institutions, 
and establishing breeding program s to  help sustain ex situ 
and field populations. In 2006 and 2007  SECORE m em 
bers representing several national and in ternational insti
tu tions held w orkshops in Puerto Rico w ith goals to  suc
cessfully rear elkhorn coral from  spaw n produced during 
the annual mass spaw ning at R incón and Bajo G allardo 
sites. Gametes were collected and fertilized, producing 
close to  a m illion larvae, of w hich hundreds of thousands 
were raised in the field labora to ry  and m ore than  400,000 
were brought into captivity, resulting in approxim ately 
2,300 juvenile larval recruits now  living in public aquaria 
around  the w orld (Petersen et ah, 2007). These larvae 
were the first juveniles of this species ever reared in captiv
ity, constituting a m ajor step th a t will help w ith the con
servation of their genom e and restoration  of this species 
in the wild.

A lthough ex situ conservation practices have yet to  be 
applied to  coral populations in conjunction w ith resto ra
tion, extensive w ork  has been conducted in the zoological 
com m unity on m aintaining gene diversity in populations 
w ith ex situ techniques (Ballou, 1992; H arnal et ah, 2002; 
Pukazhenthi et ah, 2006). In particular, the black-footed 
ferret was rescued from  the brink of extinction, w ith only 
18 individuals rem aining in the population, using ex situ 
conservation practices in parallel w ith restoration  p rac
tices (H ow ard et ah, 2003). Enhancing reproductive suc
cess of endangered coral th rough ex situ practices may 
be key to  their future restoration and preservation (Rich
m ond and H unter, 1990). There are a num ber of ex situ 
techniques tha t have enhanced larval survival and settle
m ent. H eyw ard et al. (2002) used a sem inatural enhance
m ent procedure for m aintaining acroporid  corals in open 
floating pools in the ocean. W ater was pum ped into the 
pools th roughout the larval grow th period, and then the 
contents were pum ped into an enclosed area on the sea 
bo ttom  w ith conditioned ceramic tiles. H eyw ard et al. 
started w ith ~  10.5 X IO6 larvae/pool and after 144 h post
fertilization had —7.5 X IO5 larvae/pool (—0.7%  survival), 
resulting in —1,500 settled recruits in the best treatm ents 
versus 0 on the control tiles. A lthough this settlem ent rate 
was relatively low, it was far greater than  the natural settle
m ent rate and indicated a robust enhancem ent of recruits 
for this area.

M ost current coral larval husbandry  practices are 
low-cost efforts, such as bowls or aquaria filled w ith fil-

http://www.secore.org
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tered seawater, and these m ethods are very successful at 
rearing larvae (Babcock and H eyw ard, 1986; Schwartz et 
ah, 1999; Petersen et ah, 2007). The problem  is th a t these 
tim e-consum ing and labor-intensive husbandry  practices 
com pete w ith the lim ited time available for research dur
ing a coral breeding season, especially if the coral spe
cies is lim ited to  a single annual breeding, as is Acropora  
palm ata. For coral in need of replenishm ent, rearing  the 
m axim um  num ber of larvae possible w ith  the least tim e in 
vested in husbandry  w ould  enhance opportunities for lar
val g row th  and  settlem ent (R ichm ond and H unter, 1990; 
Petersen and  Tollrian, 2001; Bornem an, 2006). The goal 
of this paper was to  design and test simple flow -through 
systems in the field th a t w ould  m inim ize husbandry  and 
yet successfully rear large num bers of coral larvae w ith 
ou t com prom ising survival.

Three species of coral larvae were tested in three differ
ent types of rearing cham bers. These larvae were selected 
because they represented a good cross section of coral lar
val types w ith different buoyancies, swim m ing behaviors, 
and rates of developm ent th a t m ight benefit from  these 
cham bers. Acropora palm ata  are large lipid-filled float
ing larvae (Figure la ) th a t develop slow swimming ability 
in the w ater colum n after 48 h. Fungia scutaria  are small 
negatively buoyant larvae containing m odest lipid stores. 
These larvae develop rap id  swimming behavior in the w a
ter colum n w ithin 12 to  24 h (Figure lb ). Pocillopora m e
andrina  are negatively buoyant larvae w ith m odest lipid 
stores (Figure le); these larvae develop slow swim m ing be
havior along the bo ttom  after 24 h. In designing and con
structing these low-tech cham bers, we m ade an effort to 
use m aterials for their com ponents th a t are affordable and 
available in m ost hardw are stores th roughou t the w orld.

MATERIALS A N D  M ETHODS

Larval C ollection  a nd  Rearing

Acropora palm ata  eggs and sperm were collected dur
ing the annual spaw n from  Tres Palmas Reserve (Rincon, 
Puerto Rico) and the offshore subm erged bank Bajo G al
lardo (Boquerón, Puerto Rico) in August 2007. Egg/sperm 
bundles were collected in the w ater over the spawning coral 
w ith 1 L plastic N algene bottles attached to  fine mesh nets. 
The egg/sperm bundles were brought to  shore in the plastic 
bottles, separated by gentle agitation, and then com bined 
w ith the eggs and sperm from  at least three to  four individ
uals to yield a sperm concentration of approxim ately IO6 
cells/mL (final concentration in w ater). The eggs and sperm 
were gently agitated for 2 h, cleaned w ith 1 pan-filtered 
seawater, assessed for fertilization rates, and released into 
rearing cham bers for subsequent development.

Fungia scutaria eggs and sperm were collected from 
captive animals held in flowing seawater tanks from  June 
through O ctober 2006 at C oconut Island, H aw aii. Ani
mals were prepared for spawning following the m ethods 
of K rupp (1983). Briefly, as a female spaw ned, these eggs 
were gently m oved into a plastic bowl and fertilized w ith 
— 150 mL sperm (IO6 cells/mL, final concentration in w a
ter) from  four or five males. The embryos, resulting from 
several male and female gametes, were kept in a single plas
tic bowl (8 L) and left overnight to  develop. In the m orning 
the developing larvae were cleaned w ith four changes of 
0.5 pan-filtered seawater and then released into their rear
ing cham bers for subsequent development.

Egg/sperm bundles were collected from  Pocillopora  
m eandrina  fragm ents in April and M ay 2008 from  Co
conut Island, H aw aii. The eggs and sperm  were separated

FIGURE 1. Three species of coral were reared in this study, a, Acropora palmata, elkhorn coral; inset: larvae at 24 h postfertilization, b, Fungia 
scutaria, mushroom coral; inset: larvae at 96 h postfertilization, c, Pocillopora meandrina, cauliflower coral; inset: larvae at 96 h postfertiliza
tion. All scales = 50 pan.
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by gentle agitation, and then com bined w ith the eggs and 
sperm  from  at least three or four individuals to  yield a 
sperm  concentration  of approxim ately IO6 cells/mL. The 
eggs and sperm  were gently agitated for 0.5 h, cleaned w ith 
0.5 pun-filtered seawater, and left overnight to  develop. 
The next m orning the developing larvae were cleaned w ith 
0.5 pun-filtered seaw ater and released into their rearing 
cham bers for subsequent developm ent.

Digital images of the larvae from  all three species were 
captured w ith an O lym pus BX41 m icroscope w ith an a t
tached digital cam era Sony DFW V300, and the m ajor and 
m inor axes were m easured w ith N IH  Image softw are.

C o n str u c tio n  o f  Rearing Tanks 
and  M easurement o f  D ensities

Tarval corals were reared in three different designs 
of flow -through cham bers (Figures 2 -4 ), as well as static 
bowls th a t required daily cleaning and w ater changes. The 
names of these cham bers were chosen to  describe the m a
jor w ater m ovem ent they provided to  the larvae. All de
velopm ental times reported  th roughou t the paper are in 
hours postfertilization.

U p-F low ing Tanks

These tanks were m ade from  20 T heavy-walled plastic 
pans (U.S. Plastics Corp., Tima, Ohio) modified by cover
ing the handles in a buoyant foam  and rem oving four p an 
els from  the bottom  and replacing them  w ith nylon screen
ing (240 p.m mesh). A central cross-shaped area was left 
intact to create an inlet for upw ard-directed w ater flow; 
then additional shear flow was added w ith four additional 
adjustable w ater inlets around the edges approxim ately 
16 cm above the bottom , yielding a final volume in the 
cham bers of —23 T (see Figure 2). All flow was regulated 
by valves to  optimize the slow tum bling m ovem ent of the 
larvae in the chamber. The floating cham bers were im 
m ersed in large 2,400 T pools to  stabilize their tem perature 
(28°-31°C) and mimic natural tem perature cycles th rough
out a 24 h period. To m aintain w ater quality close to  tha t 
w hich the larvae w ould experience in open water, the cham 
bers were attached to  a filtered ( 1 p.m) flow -through system 
w ith seaw ater pum ped from  the reserve, so th a t w ater was 
completely exchanged in the cham bers several times each 
day. Flow rates through the cham bers were m aintained 
at approxim ately 2 T/min, and the bath  of fresh seawater 
surrounding the cham bers was turned over about one to 
tw o times per hour. Salinity, tem perature, and pH  closely 
mimicked natural conditions w ithout additional effort.

b
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FIGURE 2. Larval rearing oí Acropora palmata larvae, a, Up-flowing 
tank used to rear the A. palmata larvae, b, There was no signifi
cant difference in survival between the up-flowing tanks and static 
bins ( ANCOVA, P = 0.12). Points show mean counts for each trial. 
Larvae in the upward-flow tanks were developing rapidly (~28°C) 
while those in the static bins were maintained at a slightly lower tem
perature (~25°C). Larvae in the flow chambers were removed from 
the experiment one day earlier than those in the bins to ship them to 
an aquarium for settlement and rearing.

Approxim ately 1,000 to 1,500 larvae/L were fertilized in 
50 mL conical plastic tubes, then placed into either the up- 
flowing tanks (n = 2) or static bins. Counts were taken im 
mediately, and then daily for all groups. Bin density began 
at —900 larvae/L, and the tw o flow cham bers contained 
either 1,100 or 1,500 larvae/L. The fertilization rate for A. 
palmata  spaw n used for these tests was —90% .



N U M B E R  38  • 2 6 3

The static treatm ents used for com parison w ith the 
up-flowing tanks were plastic rectangular bins (length [L] 
X w idth  [W] = 5 1  cm X 36 cm) w ith w ater depth of 12 
cm, yielding a volume of 22 L. These tanks were m ain 
tained in an air-conditioned room ; the w ater was m ain-
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tained at 25° to  26°C and changed twice daily. To keep 
the floating A. palm ata  larvae from  clum ping and forming 
an anoxic layer, the w ater and floating larvae were stirred 
every hour w ith a bubble-w and (2-m m -diam eter rigid air 
line attached to  a small air pum p) th roughou t the rearing 
period. The previous year, a stocking density of approx i
m ately 1,000 A. palm ata  larvae/T was used successfully in 
each bin and we used this same level for these tests. Tarvae 
from  the same spaw n and bulk fertilization as were used 
in the cham bers were placed in the static bins (n = 2) 2 h 
after fertilization.

To determ ine larval survival, the cham ber and static 
containers were stirred to  suspend the larvae evenly in the 
w ater colum n, and  five 15 mL samples were taken  and 
the num ber of larvae counted  each day. The num ber of 
larvae/m T was m ultiplied by 1,000 to  determ ine the den
sity per liter (density/L). The larvae in bo th  systems were 
only allow ed to  develop for tw o to  three days, and  then 
they were packaged for shipm ent. A pproxim ately 4,000 
larvae were placed in to  a 2 T N algene bottle w ith filtered 
seaw ater (FSW); the bottles were filled to the top  w ith 
FSW and capped leaving no bubbles, taped  for security, 
placed horizontally  in a cooler (8 -12  bottles were placed 
in a single cooler), and sent by express m ail to  aquaria 
th roughout the USA.

Spiral-Flowing Tanks

Small conical fiberglass tanks ( — 75 T) were fitted w ith 
a central standpipe covered w ith 40 p.m nylon mesh to  rear 
Fungia scutaria larvae (see Figure 3). To m aintain  the w a
ter quality close to  th a t w hich the larvae w ould experience 
under natu ral conditions, the conical tanks were attached 
to  a filtered (0.5 p.m) flow -through system w ith seawater

FIGURE 3. Larval rearing of Fungia scutaria, a, Drawing of assem
bled spiral-flowing tank and its flow, mixing, and position of dye ex
periments. Curved lines with arrowheads indicate direction of water 
flow spiraling upward from one inlet of a Loc-Line (both inlets had 
flow, but for simplicity flow from only one is drawn). Double arrows 
indicate water freely flows into and back out of the mesh areas on 
the standpipe. Asterisks (*) indicate locations in the water column 
where dye was injected for dye tests, b, Survival rate of F. scutaria 
larvae maintained in the spiral-flowing tank (upper graph, “Flow”) 
and the static bowls (lower graph, “Bowls”) between 24 and 144 h 
postfertilization. Each point shows mean and standard error. There 
was no difference in survival of larvae from flow chambers and static 
bowls (ANCOVA, P = 0.99).

Developmental Time (Days)
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FIGURE 4. Larval rearing of Pocillopora meandrina, a, Down- 
flowing tank used to rear P. meandrina, b, Curves for larval survival 
in the static (“Bowl”) and down-flowing (“Flow”) tanks did not 
have the same slope (ANCOVA, P = 0.03); bowl rearing for this 
species produced substantially better survival than the down-flowing 
tank. Points show mean counts for each trial and standard error of 
the mean.

pum ped from  the reef. Flowing filtered seaw ater entered 
the top of the central tube and m oved through nozzles 
at the tank  base to  produce gentle circular m ovem ent 
th roughout the w ater colum n, and the w astew ater exited 
the tank  through the m esh-covered outflow. The flow rate 
was 150 to  300 m L/m in, producing a com plete turnover 
in the tanks approxim ately every 4 to  8 h. To test w hether 
the conical tank  could support the grow th and develop
m ent of F. scutaria , approxim ately 10,000 larvae/L were 
stocked in the conical tanks (n =  4) tanks. To reduce m or
tality of the early fragile stages (0 -24  h postfertilization) 
from  excessive m otion in the flow -through cham bers, the 
spiral-flow tanks were tested w ith 24 h postfertilization

larvae. Therefore fertilization rate was no t an issue, be
cause all the larvae used for these tests were in tact and 
developing. A com parison of the static bowl m ethod (with 
daily cleaning) and the flow -through m ethod was then per
form ed to determ ine survival rate over time (up to  144 h 
postfertilization).

The static treatm ents used for com parison to  the coni
cal tanks were 3 L plastic bowls tha t had  been the stan
dard  for successfully rearing F. scutaria  larvae for many 
years (Schwarz et ah, 1999). At 24 h postfertilization, F. 
scutaria  larvae from  10 bowls were com bined and evenly 
distributed into 2 larger bowls. Counts (see below) were 
taken  for each bowl, and a standard  rearing density was 
redistributed into 8 separate smaller bowls at a larval den
sity of 100,000 larvae/L filtered seawater.

Fungia scutaria larvae were counted each day by gen
tly stirring to  hom ogeneously suspend them  in the w ater 
colum n. Ten 1 mL samples were taken m idw ater from  each 
conical flow -through tank  and placed into a Sedgewick- 
R after counting cham ber; the larvae were counted w ith 
a dissecting m icroscope and their num bers averaged. In 
addition, 10 samples (20 p.L each) were taken m idw ater 
from  each bow l, the num ber of larvae counted under a 
dissecting m icroscope, and their num bers averaged. These 
smaller 20 p.L samples were assessed from  the F. scutaria 
because of their high densities in the cham bers.

D ow n-F low ing  Tank

In April 2008 we attem pted to  rear Pocillopora m e
andrina  larvae in the spiral-flowing tanks, bu t because of 
the negatively buoyant nature of the larvae, this m ethod 
resulted in 100%  m ortality. Therefore, we developed a 
dow n-flowing tank  for rearing P. meandrina  larvae in M ay 
2008 (see Figure 4). The tank  was constructed of a 1.65 L 
glass bowl w ith a plastic lid. The center of the lid was re
moved and replaced w ith 40 p.m mesh, leaving a 2 cm ring 
around the outside in w hich a hole was m ade to  insert a 2 
mm  plastic rigid air line attached w ith air-line tubing to  a 
m anifold for controlling w ater flow. To m aintain the w a
ter quality close to  th a t w hich the larvae w ould experience 
in the open water, the dow n-flowing tanks were attached 
to a filtered (1 p.m) flow -through system w ith seawater 
pum ped from  the reef. Flow to the tanks was m aintained 
at 120 mL/min.

The larvae were fertilized in 50 mL tubes, rinsed w ith 
sterile filtered seawater, and placed into tw o bowls at 
28°C to develop overnight a t a density of approxim ately 
80,000/L. After 24 h postfertilization, larvae were counted 
and then cleaned using a 40 p.m mesh and 0.5 p.m-filtered



N U M B E R  38  • 2 6 5

seawater. O ne group was placed into the dow nw ard-flow  
cham ber at a flow rate of 120 m L/min w ith a 40 p.m mesh 
top  to  allow  the w ater to  flow out. The other bow l re
m ained static. P. meandrina  larvae were cleaned (static 
bowl only) and counted daily from  the flow tanks and 
static bowl (m aintained as described for F. scutaria above) 
for com parison.

Statistics

To determ ine the differences between survival in 
flow cham ber versus static treatm ent, the data from  all 
experim ents was norm alized and the y-values linearly 
transform ed; analysis of covariance (ANCOVA) was then 
perform ed to  determ ine w hether the slopes were signifi
cantly different, using G raphPad Prism 5 softw are for the 
M acintosh  G raphPad Software (San Diego, CA).

RESULTS

Rearing cham bers were designed for three different 
coral species exhibiting different larval swimming behav
iors, buoyancy, and sizes.

Up-FI o w in g  Tank

Acropora palm ata  was the largest of the larvae studied 
( — 700 X  500 p.m depending on the developm ental stage) 
and had the slowest rate of developm ent (see Figure la ). A. 
palm ata  larvae float a t or near the surface of the w ater ap 
proxim ately 48 to  60 h postfertilization (depending on the 
tem perature) until they began swimming. Even once they 
had  begun swimming, they swam  at or near the surface 
and were considered positively buoyant for m ost of their 
larval developm ent before m etam orphosis and settlem ent 
(—144 h). Clearly, all the larvae m ust become negatively 
buoyant before settlem ent; therefore, these categories only 
apply to  the early larval periods (up to  —120 h, depending 
on the species).

D uring the first 24 h of developm ent, the larvae devel
oped asym m etrical, small protrusions of cells th a t could 
have easily be dam aged in the up-flowing tank , bu t the 
cham ber produced norm ally developed A. palm ata  larvae 
(as com pared to the bins) because it sim ulated the gentle 
tum bling tha t the larvae w ould experience in the natural 
w ater (see Figure 2). Larval survival in the up-flowing 
tanks was similar to that in the static bins (P = 0.12) (Figure 
2a). However, the up-flowing tank did not produce viable 
larvae for F. scutaria and P. meandrina. This tank produced

100%  m ortality in F. scutaria larvae w ithin 24 h, even if 
the larvae were slightly m ore developed w hen placed in 
the cham bers.

Spiral-Flowing Tank

Dye injection studies were perform ed on the spiral- 
flowing tank , using food coloring to  exam ine the mixing 
properties of the vessel w ith an inlet flow of 150 mL/min. 
Figure 3 illustrates the m ixing pattern  in the flow -through 
vessel. Flow into and out of the system was equal, but the 
open area of the slits in the 10 cm central polyvinyl chlo
ride (PVC) tube dictated the velocity th rough the screens. 
The nozzles were angled slightly dow nw ard  to  prom ote 
turbulence at the bo ttom  to keep the larvae well m ixed. 
The 180° positions of the nozzles provided ro ta tion  w ithin 
the w ater colum n and encouraged m ixing. Dye studies 
w ith separate injections were m ade at positions noted by 
asterisks (*) in Figure 3. At a flow of 150 mL/min, full 
vertical m ixing occurred w ithin m inutes.

Developing F. scutaria larvae were fairly small (—200 
X  100 p.m) and fragile during the first 12 h of develop
m ent and were just negatively buoyant during their early 
em bryonic period (0 -12  h postfertilization) (Figure lb ). 
However, once they began swimming, they were evenly 
d istributed in the w ater colum n, and we considered this 
species to  be neutrally buoyant. There was no difference 
in the survival between the spiral-flowing tank  and bowls 
(P = 0.99). Both rearing systems produced similar survival 
rates in w hich the densities rem ained relatively steady 
th rough 96 h postfertilization and then dropped off a t 120 
to  144 h postfertilization (see Figure 3). This decrease in 
densities may reflect the com plete absorption  of stored fats 
(M. H agedorn, unpublished data), as these larvae did not 
have zooxanthellae. P. meandrina  larvae were tested in the 
spiral-flow tank , but 100%  m ortality  was observed after 
48 h postfertilization.

D ow n-F low ing  Tank

Pocillopora meandrina  larvae were the smallest of the 
larvae tested (—120 X  40 p.m); they began slow swimming 
at 24 h but were negatively buoyant for the rem ainder of 
their larval developm ent, rem aining on or near the bo t
tom  (Figure le). Similar to  F. scutaria , P. meandrina  larvae 
were relatively susceptible to  dam age w ithin the first 24 
h, so they were reared in 3 L bowls for the first 24 h. The 
dow n-flowing tank  was used for rearing P. meandrina-, 
however, the static bowls appeared superior to  the down- 
flowing tank  for this species (P = 0.03) (see Figure 4).
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DISCU SSIO N

For m any years, large num bers of coral larvae have 
been reared successfully using simple husbandry  m ethods 
such as static bowls and tanks. We have dem onstrated 
th a t species of buoyant and neutrally buoyant coral lar
vae have sim ilar survival in either static or flow -through 
cham bers (see Figures 2, 3). These devices have proven to 
be very useful in im proving culture conditions to  reduce 
husbandry labor because neither embryos nor fresh w ater 
needed to be constantly  transferred.

M odified exam ples of the up-flowing tank  have al
ready been used successfully by coral resto ra tion  b i
ologists in the field (M argaret Miller, N O A A  Southw est 
Fisheries Center, personal com m unication). M ontastraea  
faveolata  and  D iploria strigosa  were reared successfully 
in the up-flow ing tanks and  shipped to  Colum bus Zoo 
and A quarium  for settlem ent w ith  3-m onth  survival as 
high as 65%  and  45%  for each species, respectively. 
Thus, the up-flow ing tan k  has proven to  be bo th  p rac ti
cal, in th a t it can be adapted  to  the researcher’s needs, and 
valuable, because it reduced husbandry  tim e and  facili
ta ted  resto ra tion  science under field conditions.

In weighing the benefits of each rearing system, one 
of the biggest factors to  consider is time. For species tha t 
have only a single breeding season consisting of a few days, 
time available for conservation and restoration  research 
is precious, and any time savings is a benefit. M oreover, 
the time rem aining for some species th a t are threatened 
has become critical, and restoration practices need to  be 
im proved. Acropora palm ata  (elkhorn coral) and A cro
pora cervicornis (staghorn coral) were the first corals to 
be listed as threatened species under the U.S. Endangered 
Species Act. These m ajor reef-building species once form ed 
dense thickets and stands in the Caribbean. Today, these 
tw o species are currently a t 1% to 20%  of their historical 
levels th roughou t their range (Bruckner, 2003). H ere we 
describe only one aspect of an ex situ conservation p ro 
cess, namely im proved rearing associated w ith yielding 
better time m anagem ent.

However, both  the static and flow -through m ethods 
described here have their strengths and weaknesses. The 
static m ethod was inexpensive to  set up in term s of equip
m ent and space. For example, 60 bowls can be m aintained 
in tw o double-tiered flowing w ater tables taking up only 
about 2.5 m 2; however, this m ethod was very expensive in 
term s of labor needed for cleaning (—5,000 h year-1 ). The 
flow -through system was m ore costly to  set up because 
it required a filtered flow -through w ater system and spe
cially constructed rearing cham bers. The am ount of salary

needed to  pay one person for a season cleaning larvae, 
however, far exceeds the cost of the filtered seaw ater sys
tem  and rearing cham bers. The flow -through cham bers re
quired m ore space than  the bowls, but each flow -through 
vessel could m aintain alm ost three times the density (in 
—0.25 m 2) than  was ordinarily  m aintained in a static bowl 
and w ith little m aintenance time required.

One of the m ajor issues facing biologists in rearing 
coral larvae is how  to keep them  cool (28°-30°C ) under 
field conditions. D uring daylight hours, static bins left 
outside w ithout any cooling m echanism  can easily reach 
31° to  33°C, which is lethal for m ost species. The rearing 
data in Figure 3 reflect some of these issues. These data 
were no t exactly com parable, because they did no t have 
the same developm ental tem peratures. H ad  the static bins 
been m aintained at 28° to  30°C (as were the flow cham 
bers), possibly their survival w ould have been far worse, 
because their w ater quality w ould decay so rapidly. Be
cause A. palm ata  is an endangered species, our goal was to 
produce the m ost larvae for captive m aintenance in public 
zoos and aquaria (Petersen et ah, 2007), this required hav
ing static “backup” bins m aintained at a slightly cooler 
tem perature to  provide the larvae sufficient developm ent 
time in transit to  reach their respective sites before settle
m ent. However, w ithout an air-conditioned room  to cool 
the bins, this w ould no t have been possible, m aking this 
im practical under some field conditions.

W ithin the first 24 h of developm ent, m any coral lar
vae are susceptible to  fragm entation by m echanical d isrup
tion. However, the w ater m ovem ent w ithin the up-flowing 
tank  and potential contact w ith the walls did no t cause 
substantial fragm entation of A. palm ata  during early de
velopm ent, even w hen the A. palm ata  larvae were placed 
in the cham bers w ithin the first few hours after fertiliza
tion. In contrast, P. meandrina  was far m ore delicate, did 
no t develop strong swimming behaviors, and could not 
w ithstand the w ater movem ents in the flow cham bers. 
F. scutaria larvae are negatively/neutrally buoyant larvae 
tha t develop strong swimming behaviors w ithin the first 
12 to 24 h, and the spiral-flow system show n in Figure 3 
functioned well for them , because the w ater flow is up
w ard and any disintegrating unfertilized oocytes and larvae 
passed through the mesh, allowing for the m aintenance of 
excellent w ater quality in the rearing cham bers. However, 
no one type of rearing cham ber can be applied universally 
across species. Instead, the type of w ater flow w ithin the 
cham ber m ust be m atched w ith the buoyancy and early 
swimming behavior of the larvae. Regardless, these readily 
built and easily m aintained flow -through cham bers may be 
a substantial aid to  coral conservation and restoration.



N U M B E R  38  • 2 6 7

A cknow ledgm ents

This w ork  was supported  by N O A A  (grant # 
N A 07N M F4630109), the Colum bus Z oo and A quarium  
C onservation Fund, the R otterdam  Z oo, the Green Foun
dation, The Clyde and Connie W oodburn Foundation, the 
Sm ithsonian Institution, Louisiana State University Agri
cultural Center, the University of California, the O m aha 
Z oo, Lou Nesslar, and the John  G. Shedd A quarium . We 
thank  the anonym ous reviewers whose com m ents have 
greatly im proved this paper.

LITERATURE CITED

Acropora Biological Review Team. 2005. Atlantic Acropora Status Re
view. Report to National Marine Fisheries Service, Southeast Re
gional Office. March 3,2005. St. Petersburg, Fia.: NOAA Fisheries 
Service Southeast Region.

Aronson, R. B., and W. F. Precht. 2001. White-Band Disease and the 
Changing Face of Caribbean Coral Reefs. Hydrobiologia, 460: 
25-38.

Babcock, R. C., and A. J. Heyward. 1986. Larval Development of Certain 
Gamete-Spawning Scleractinian Corals. Coral Reefs, 5:111-116. 

Ballou J. D. 1992. Potential Contribution of Cryopreserved Germplasm 
to the Preservation of Genetic Diversity and Conservation of En
dangered Species in Captivity. Cryobiology, 29:19-25.

Baums, I. B., M. W. Miller, and M. E. Hellberg. 2005. Regionally Iso
lated Populations of an Imperiled Caribbean Coral, Acropora pal
mata. Molecular Ecology, 14(5): 1377-1390.

Bell wood, D. R., T. P. Hughes, C. Folke, and M. Ny strom. 2004. Con
fronting the Coral Reef Crisis. Nature (London), 429:827-833. 

Borneman, E. H. 2006. Reproduction in Aquarium Corals. Proceedings 
o f the 10th International Coral Reef Symposium, 1:50-60. 

Bruckner, A. W. 2003. Proceedings of the Caribbean Acropora Work
shop: Potential Application of the U.S. Endangered Species Act as 
a Conservation Strategy. NOAA Technical Memorandum NMFS- 
OPR-24. Silver Spring, Md.: National Oceanographic and Atmo
spheric Administration.

Colin, P. L. 1998. “Marine Pharmaceuticals from the Reef: A View 
from the Field.” In Coral Reefs: Challenges and Opportunities for 
Sustainable Management, ed. M. E. Hatziolos, A. J. Hooten, and 
M. Fodor, pp. 76-79. Washington, D.C.: The World Bank.

Glynn, P. W. 1996. Coral Reef Bleaching: Facts, Hypotheses and Implica
tions. Global Change Biology, 2(6):495-509.

Glynn, P. W., and L. D’Croz. 1990. Experimental Evidence for High 
Temperature Stress as the Cause of El Niño-Coincident Coral Mor
tality. Coral Reefs, 8:181-191.

Harnal, V. K., D. E. Wildt, D. M. Bird, S. L. Monfort, and J. D. Ballou. 
2002. Computer Simulations to Determine the Efficacy of Differ
ent Genome Resource Banking Strategies for Maintaining Genetic 
Diversity. Cryobiology, 44:122-131.

Heyward, A. J., L. D. Smith, M. Rees, and S. N. Field. 2002. Enhance
ment of Coral Recruitment by In Situ Mass Culture of Coral Lar
vae. Marine Ecology Progress Series, 230:113-118.

Hoegh-Guldberg, O. 1999. Climate Change, Coral Bleaching and the 
Future of the World’s Coral Reefs. Marine and Freshwater Research, 
50:839-866.

Hoegh-Guldberg, O., P. J. Mumby, A. J. Hooten, R. S. Steneck, P. Green
field, E. Gomez, C. D. Harveii, P. F. Sale, A. J. Edwards, K. Cal- 
deira, N. Knowlton, C. M. Eakin, R. Iglesias-Prieto, N. Muthiga, 
R. H. Bradbury, A. Dubi, and M. E. Hatziolos. 2007. Coral Reefs 
under Rapid Climate Change and Ocean Acidification. Science, 
318:1737-1742.

Howard, J., P. E. Marinari, and D. E. Wildt. 2003. Black-Footed Fer
ret: Model for Assisted Reproductive Technologies Contributing 
to In Situ Conservation. Conservation Biology Series-Cambridge, 
8:249-266.

Hughes, T. P. 1994. Catastrophes, Phase Shifts, and Large-Scale Degra
dation of a Caribbean Coral Reef. Science, 265:1547-1551.

Hughes, T. P., A. H. Baird, D. R. Bellwood, M. Card, S. R. Connolly, 
C. Folke, R. Grosberg, O. Hoegh-Guldberg, J. B. C. Jackson, 
J. Kleypas, J. M. Lough, P. Marshall, M. Ny strom, S. R. Palumbi, 
J. M. Pandolfi, B. Rosen, and J. Roughgarden. 2003. Climate 
Change, Human Impacts, and the Resilience of Coral Reefs. Sci
ence, 301:929-933.

Kleypas, J. A., R. W. Budemeier, D. Archer, J.-P. Gattuso, C. Lang
don, and B. N. Opdyke. 1999. Geochemical Consequences of 
Increased Atmospheric Carbon Dioxide on Coral Reefs. Science, 
284:118-120.

Krupp, D. A. 1983. Sexual Reproduction and Early Development of 
the Solitary Coral Fungia scutaria (Anthozoa: Scleractinia). Coral 
Reefs, 2:159-164.

Maragos, J. E., D. C. Potts, G. Abey, D. Gulko, J. Kenyon, D. Siciliano, 
and D. van Ravenswaay. 2004. 2000-2003 Rapid Ecological As
sessment of Corals (Anthozoa) on Shallow Reefs of the Northwest
ern Hawaiian Islands. Part 1: Species and Distribution. Pacific Sci
ence, 58(2 ):211-230.

McClanahan, T. R., and N. A. Muthiga. 1998. An Ecological Shift 
Among Patch Reefs of the Glovers Reef Atoll, Belize over 25 Years. 
EnvironmentaI Conservation, 25:122-130.

Petersen, D., E. Borneman, M. Brittsan, M. Hagedorn, and M. Laterveer. 
2007. Conserving the Threatened Elkhorn Coral, Acropora pal
mata. AZA Connect, 1:22-25.

Petersen, D., and R. Tollrian. 2001. Methods to Enhance Sexual Re
cruitment for Restoration of Damaged Reefs. Bulletin o f Marine 
Science, 69(2) :989-1000.

Pukazhenthi B., P. Comizzoli, A. J. Travis, and D. E. Wildt. 2006. Ap
plications of Emerging Technologies to the Study and Conservation 
of Threatened and Endangered Species. Reproduction, Fertility and 
Development, 18:77-90.

Richmond, R. D., and C. L. Hunter. 1990. Reproduction and Recruit
ment of Corals: Comparisons Among the Caribbean, the Tropi
cal Pacific and the Red Sea. Marine Ecology Progress Series, 60: 
185-203.

Schwarz, J. A., D. A. Krupp, and V. M. Weis. 1999. Late Larval Devel
opment and Onset of Symbiosis in the Scleractinian Coral Fungia 
scutaria. Biological Bulletin, 196:70-79.





Worldwide Diving Discoveries 
of Living Fossil Animals from the 
Depths of Anchialine and Marine Caves

Thomas M. lliffe and Louis S. Kornicker

ABSTRACT. Inland (anchialine) and offshore submarine caves in limestone and vol
canic bedrock are extreme environments inhabited by endemic, cave-adapted (typically 
eye- and pigment-reduced) fauna. Specialized cave diving technology is essential for in
vestigating this habitat. A number of new higher taxa are represented herein, including 
closely related species inhabiting caves on opposite sides of the Earth, thus suggesting an 
ancient common ancestry. Because many of these species are known from only a single 
cave, pollution or destruction of caves will result in their extinction.
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INTRODUCTION

D efinition o f  A nchialine and  M arine C aves

Anchialine caves are partially  or totally  subm erged caves situated w ithin a 
few kilom eters in land from  the coast in volcanic or karstic limestone terrain. 
Tidal m arine w aters in these caves have a long residence time, of m onths to  years. 
Such caves are locally term ed “cenotes” in the Y ucatan Peninsula of M exico, 
“blue holes” in the Baham as and Belize, and “grietas” in the G alapagos Islands. 
The caves typically possess a highly stratified w ater colum n, w ith surface layers 
of freshw ater or brackish water, separated by a therm o-chem ocline from  under
lying fully m arine w aters low  in dissolved oxygen (lliffe, 2000). Animals tha t 
are restricted to  the anchialine hab ita t and show  pronounced m orphological, 
physiological, biochemical, and behavioral adaptations are term ed stygofauna 
or stygobites. In some areas such as Y ucatan, freshw ater and m arine stygobites 
inhabit their respective w ater masses w ithin the same caves.

In contrast to  anchialine caves, m arine caves are located either directly on 
the coastline (e.g., tidal springs) or are wholly subm erged beneath the seafloor 
(e.g., offshore blue holes) and contain m arine w aters th a t freely exchange w ith 
the sea on each tidal cycle. The stygophilic fauna of m arine caves can also be 
found in suitable and similar habitats outside of caves (e.g., under rocks or in 
crevices w ithin the reef) and lack specialized adaptations for subterranean life.

M oderate to  strong tidal currents are present in m any m arine caves. As a 
result, encrusting and low -grow ing, filter-feeding anim als such as sponges, hy- 
droids, anem ones, tube w orm s, and even some corals m ay com pletely cover all

mailto:iliffet@tamug.edu
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hard  surfaces. O ther organism s are sw ept into caves by 
tidal currents but can only survive there for short periods 
of time and are term ed accidentals. Some species of fishes, 
lobster, and m ysidaceans seek shelter w ithin m arine caves 
but m ust venture ou t into open w aters to feed and are clas
sified as stygoxenes.

Some extensive m arine caves extend far or deep 
enough so th a t a m ore or less gradual transition  to  long 
w ater residence tim es takes place and  conversion to  a 
true anchialine h ab ita t occurs. Similarly, a num ber of in 
land  anchialine systems have subm erged entrances in the 
sea, w ith  significant w ater exchange occurring in the en
trance sections bu t w ith  a transition  to  anchialine char
acteristics and  fauna taking place as distance from  the 
sea increases and  the m agnitude and  im pact of tidally 
exchanging w ater decline.

Biological Significance

Anchialine caves contain a rich and diverse, endemic 
stygobitic fauna (Sket, 1996; lliffe, 2000, 2004) but, be
cause of the specialized technological dem ands and po ten
tial dangers of cave diving, are relatively unstudied. These 
habitats serve as refuges to  “living fossil” organism s, for 
instance, m em bers of rem iped crustaceans, and to  animals 
closely related to  deep-sea species, such as the galatheid 
crab M unidopsis polym orpha. Such stygobites typically 
possess regressed features including loss of eyes and body 
pigm entation. For reasons th a t rem ain unclear, the inver
tebrate fauna is dom inated by crustaceans and includes 
the new  class Rem ipedia, plus three new  orders, nine new 
families, m ore than  75 new  genera, and 300 new  species. 
This extraordinary  degree of novelty qualifies anchialine 
habitats as uniquely im portan t. Because anchialine spe
cies com m only have a highly restricted distribution, often 
being found only in a single cave system on one island, 
pollution or destruction of the caves will result in their 
extinction.

Stygobitic anchialine fauna often have highly disjunct 
biogeographic distributions, inhabiting caves in isolated 
locations on opposite sides of the A tlantic and Pacific 
O ceans, as well as in the M editerranean, and are consid
ered Tethyan relicts. Various hypotheses have been p ro 
posed to  explain the origin of anchialine fauna. In general, 
these theories invoke either vicariance (geological) or dis
persal (biological) processes. Recently initiated m olecular 
genetic com parisons of cave populations from  distant lo 
cations m ay help provide data for determ ining the age and 
dispersal sequence of anchialine stygobites (Zaksek et ah, 
2007; H unter et ah, 2008).

Lifestyle A d a p ta t io n s

The extrem e environm ental conditions in anchialine 
caves, such as the absence of light, hypoxia, and limited 
food reserves, present a unique set of challenges for the 
organism s th a t reside there. The lack of light precludes 
photosynthetic (primary) production  of oxygen and food. 
W ithout light, organism s receive no visual inform ation for 
orientation  or com m unication and m ust function w ithout 
diurnal tim ing m echanisms.

A daptations to  anchialine and m arine caves can be 
m orphological, behavioral, and physiological (lliffe and 
Bishop, 2007). As a result of bo th  food scarcity and hy
poxia, there is a high selective advantage for econom y of 
energy observed in m any taxa, w ith possible adaptations 
including enhanced chem o-m echano-receptors for im 
proved food finding capability, starvation resistance, and 
reduction in energy dem and via reduced m etabolism .

M ethods 

Diving Investigat ions

Because anchialine stygobites are commonly found only 
a t significant depths or distances from the water surface, 
cave diving is an essential com ponent of the collection and 
study of anchialine fauna (lliffe and Bowen, 2001). Cave 
diving requires specialized training, equipment, and tech
niques because a direct assent to the surface is not possible 
and divers may be hundreds of meters from outside access. 
In case of equipment failure or loss of air supply, cave divers 
m ust have readily available backups. Special techniques for 
cave diving may include the use of side-mounted, instead of 
back-m ounted, scuba tanks to allow divers to pass through 
low  bedding plane passages. Closed circuit rebreathers, 
which recycle the diver’s exhaled gases, reduce the am ount 
of percolation, that is, of silt dislodged from  cave ceiling or 
walls by the exhaust bubbles produced in conventional open 
circuit scuba, and lessen contam ination of the cave waters, 
which are low in dissolved oxygen (Figure 1). Rebreathers 
allow for much longer dives and generally less decompres
sion time. Deep dives, depths below 40 m, require the use of 
special breathing gas mixtures that replace part or all of the 
nitrogen w ith helium to reduce the effect of nitrogen narco
sis. As many cave dives are for longer durations and/or to 
deeper depths, they frequently involve long decompression.

S am p lin g  a n d  Fixation

The exceptionally clear w aters of anchialine caves 
facilitate visual observation and collection of stygobitic
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FIGURE 1. A diver uses a Megalodon closed-circuit rebreather with 
full face mask to collect a small shrimp, Typhlatya sp., from a cave 
in Yucatan. Rebreathers recycle expired gas so that no bubbles are 
produced.

species. Collectors generally lead the dive to  have undis
turbed  w ater in front of them . As they slowly sweep their 
dive lights back and forth  in an arc, observing the w ater 
colum n illum inated by the light beam , animals as small as 
a few millimeters can be distinguished as white pinpoints, 
sharply contrasting w ith the black background of the cave. 
Specimens recognized in this m anner can be collected ei
ther individually in clear glass vials or plastic tubes or in 
larger num bers using a type of suction device know n as the 
“Sket bo ttle” (Chevaldonné et al., 2008). P lankton nets, 
of 93 p.m m esh w ith a 30 cm m outh  diam eter and 1 m 
length, can be used to  collect smaller anim als, such as co- 
pepods, from  the w ater colum n. W hen collecting animals 
from  the surface layer of sediments, divers can gently fan 
up the sediments w ith a hand  and then sweep the p lankton  
net through the disturbed water. This agitation should be 
done w ith care so as no t to obscure overall visibility, which 
could cause the dive team  to lose sight of their guideline 
leading back to the surface. Larger am ounts of sediment 
can be collected in sealable plastic bags for later sorting 
in the laboratory. Finally, m innow  traps or sim ilar funnel- 
shaped traps m ade from  plastic bottles (M anning, 1986) 
can be baited w ith a small am ount of fish, crab, or other 
a ttrac tan t and left w ithin the cave for 6 to  24 h. If the trap

is carefully placed inside a sealed plastic bag w hen it is 
recovered, even small invertebrates can be collected.

If tem peratures are kept close to  cave tem perature af
ter collecting, specimens will rem ain alive for up to  24 h. 
Photographic docum entation of color pattern  and natural 
body position in live specimens is highly desirable. Smaller 
animals can be photographed using a phototube a ttach
m ent on a dissecting microscope and larger specimens w ith 
the m acro setting found on m any digital cameras. If animals 
are too active to  be photographed easily, they can be chilled 
in a small dish placed in a refrigerator or an ice bath  until 
they stop moving. Digital video segments showing swim
ming and other behaviors can be m ade in the same manner. 
Specimens are sorted under a dissecting microscope using 
small pipettes to  transfer them  to individual dishes for each 
taxon . D epending upon the type of anim al and its intended 
use, various fixatives can be used. M ost animals are best 
preserved in 70%  to 95%  pharm aceutical grade ethanol, 
w hich allows them  to be used for either m orphological 
or m olecular investigations. Specimens for confocal laser 
scanning m icroscopy can be fixed in 4%  paraform aldehyde 
in phosphate-buffered saline (PBS) buffer (1:1 in seawater), 
while those intended for scanning or transm ission electron 
m icroscopy are fixed in 2%  glutaraldehyde in seawater.

GEOLOGICAL O R IG IN S , A G E, A N D  
DISTRIBUTION OF ANCHIALINE HABITATS

Anchialine caves occur in both volcanic bedrock and 
karstic limestone. Lava tube caves form  during volcanic 
eruptions of basaltic lava. They typically occur close to  the 
earth ’s surface and are thus relatively short lived (thousands 
to  a few tens of thousands of years). Anchialine lava tubes 
may originate on land and extend out under the coastline 
and beneath the seafloor or can form  from  subm arine erup
tions. Anchialine lava tube caves are know n from  the Ca
nary Islands, Galapagos Islands, Haw aii, and W estern Sa
m oa. The longest of these is the Jámeos del Agua (Atlantida 
Tunnel) on Lanzarote in the Canary Islands, the submerged 
portion of which extends 1.6 km  beyond the coastline, 
reaching a depth of 50 m  (lliffe et ah, 2000).

The m ost extensive of know n anchialine habitats 
are solutionally developed lim estone caves th a t typically 
contain  both  freshw ater and m arine w aters. Such caves 
are sometimes referred to as flank m argin caves and were 
form ed by m ixing dissolution in a fresh groundw ater lens 
(M ylroie and Carew, 1990). The largest anchialine cave 
is Sistema O x  Bel H a located on the C aribbean coast of 
the Y ucatan Peninsula in M exico; it contains 180 km  of
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surveyed underw ater passages interconnecting 130 cenote 
entrances. Extensive anchialine lim estone caves are also 
know n from  the Baham as, Berm uda, Belize, D om inican 
Republic, and Bonaire in the Caribbean, plus the Balearic 
Islands and Sardinia in the M editerranean. Smaller anchi
aline caves are present on m any islands in the Indo-South 
Pacific and in W estern Australia.

Lim estone caves last m uch longer than  lava tubes and 
can be hundreds of thousands to  m any millions of years 
old. Commonly, massive stalactites and stalagm ites occur 
underw ater to  depths in excess of 50 m  in coastal lim e
stone caves. Because speleothems form  very slowly and 
only in air, these caves m ust have been dry and filled w ith 
air for long periods of time w hen glacial sea levels were as 
m uch as 130 m  lower than  today. The last low  stand of lee 
Age sea level occurred only 18,000 years ago.

Coastal tectonic faults tha t extend below sea level 
constitute another form  of anchialine hab ita t. O n Santa 
Cruz in the G alapagos Islands, vertical faults in coastal 
volcanic rock are locally called “grietas” (lliffe, 1991). 
W edged breakdow n blocks have partially  roofed over 
subm erged portions of grietas so th a t they are in to tal 
darkness. Similar faults are present in Iceland. Fault caves 
also occur in uplifted reef lim estone on the island of N iue 
in the Central Pacific, producing deep chasms containing 
anchialine pools. The Ras M uham m ad Crack in the Sinai 
Peninsula consists of a water-filled crack in an elevated 
fossil reef form ed by a 1968 earthquake (Por and Tsur- 
nam al, 1973). M any of the offshore ocean blue holes of 
the Baham as consist of subm arine faults running parallel 
to  the p latform  edge. O cean blue holes typically exhibit 
exceptionally strong, reversing tidal currents created by an 
im balance between tides on opposite sides of the islands.

ANCHIALINE CAVE ECOLOGY

Physical and  C hemical C haracteristics

The w ater colum n in m ost anchialine caves is highly 
stratified (lliffe, 2000). The largest changes in chemical and 
physical param eters typically occur at the halocline where 
freshw ater or brackish w ater is separated from  underly
ing fully m arine w aters (Figure 2). It is no t uncom m on for 
caves to  possess m ultiple haloclines. O n larger islands and 
in continental regions such as Yucatan and W estern A ustra
lia, freshw ater occurs in the shape of a lens w ith thickness 
increasing in a direct relationship w ith distance inland from  
the coast. In Yucatan, the depth of the halocline and cor
responding thickness of the freshwater lens increases from  
10 m  at 2 km  distance inland to  20 m  at 10 km  inland.

W ater tem perature in Y ucatan caves generally in 
creases w ith depth, although in the Baham as the inverse 
occurs and w ater below  the halocline is generally cooler 
than  surface water. W arm er w aters below the halocline 
could be caused by geotherm al heating at depth or evapo
rative cooling at the surface.

In the lightless interior of caves, there are no plants 
and hence no photosynthetic oxygen production; stable 
and stratified w ater masses also restrict vertical mixing and 
exchange of oxygen w ith surface w aters. Thus, cave waters 
are typically hypoxic to  anoxic. W here deeper, water-filled 
vertical shafts extend to  the surface, such as in m any ceno
tes and inland blue holes, input of leaves and other organic 
detritus has caused the to tal depletion of dissolved oxygen 
w ith resulting anoxia and hydrogen sulfide production. A 
cloud-like layer of hydrogen sulfide several meters thick oc
curs just below the halocline and may reduce underw ater 
visibility to  near zero, but w ater clarity improves consider
ably below the H 2S layer. In some caves, dissolved oxygen 
levels can recover to  1 mg/L or less and populations of sty
gobitic animals occur.

A pH  m inim um  generally occurs at the halocline, pos
sibly arising from  m icrobial oxidation of organic m atter 
suspended at the density interface and resulting C 0 2 p ro 
duction. Increased acidity a t the halocline m ay explain the 
dissolution of limestone and the resulting developm ent of 
cave passages at this depth.

T rophic  Relationships

D eterm ination of stable carbon and nitrogen isotopes 
values from  anim als, sediments, and other sources of or
ganic m atter in Yucatan caves has been used to examine 
the trophic ecology of these systems (Pohlm an et ah, 1997, 
2000). Four potential sources of organic m atter were iden
tified in Y ucatan caves: the soil from  the surrounding jun
gle, algae from  the cenote pool, chem oautotrophic bacte
ria, and, to  a lesser extent, organic m atter originating from  
m arine w aters. Stable nitrogen isotope data determ ined 
th a t the food web com prised 2 to  2.5 trophic levels.

The paucity of food in anchialine caves drives organ
isms tow ard  a generalist diet. Mysids and isopods tend to 
w ard omnivory, while ostracods and therm osbaenaceans 
occupy the roles of detritivores. The therm osbaenacean Tu
lumella and atyid shrim p Typhlatya  have modified append
ages tha t allow them  to filter out even the tiniest particles. 
Remipedes, fishes, and some am phipods, operating either 
as top-level predators or as scavengers, feed on ostracods, 
therm osbaenaceans, copepods, isopods, am phipods, and 
shrim ps.



N U M B E R  3 8  •  2 7 3

Salinity  (ppt> T em peratu re  (deg. C)
o 10 20 30 40

O

10

£

20

30

24.5 25.3 25.7 26.1
O

10

Q.

o
20

30

Dissolved O xygen (mg/l) pH
0 2 3

0

10

a .
(D
Q

20

30

6.9 7.1 7 .3 7 .5

0

10

E

a.aiû
20

30

FIGURE 2. Depth profiles of salinity, temperature, dissolved oxygen, and pH  from an anchialine cave, Cenote 27 Steps, Akumal, Mexico, 
7 December 2003, recorded with a YSI 600 XLM multiparameter water quality monitor. Individual measurements (diamond symbols) were 
taken at 4 s intervals between the surface and 26 m water depth.

BIODIVERSITY

F ishes

Stygobitic anchialine fishes (Figure 3a) are represented 
in the families Bythidae (eight species in tw o genera from  
the Baham as, Cuba, Yucatan, and G alapagos Islands), El
eotridae (one species from  N orthw estern  Australia), G obi
idae (three species in tw o genera from  the Philippines and 
Japan), and Synbranchidae (two species in one genus from  
N orthw estern  Australia and Yucatan) (Rom ero, 2001).

N o n - C rustacean Invertebrates

Although m ost stygobitic anchialine invertebrates are 
crustaceans, a variety of non-crustacean invertebrate stygo- 
faunal species have been described. Anchialine species in
clude four sponges, one turbellarian, five gastropods, ten 
annelids, four chaetognaths, one tantulocarid, and three 
w ater mites. Although some of these species are question
able stygobites, several are clearly cave adapted. The poly

chaetes Gesiella jameensis from  the C anary Islands and 
Pelagomacellicephala iliffei from the Caicos Islands and Ba
hamas (Figure 3b) conserve energy by slowly swimming in 
the cave w ater column, while the chaetognath Paraspadella 
anops from the Bahamas lacks eyes and pigment.

C rustaceans

C rustaceans are the m ost abundan t and diverse group 
present in both  freshw ater and anchialine cave habitats. 
Am ong the anchialine Crustacea, the largest num bers of 
species are represented by am phipods, copepods, deca
pods, ostracods, isopods, mysids, and therm osbaenaceans, 
approxim ately in th a t order.

R em ip ed ia

Remipedes are a class of Crustacea originally described 
from  Baham ian caves by Yager (1981). A lthough their 
m ulti-segm ented tru n k  and paired  swim m ing appendages
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c) Reni i pede: Cryptocorynetes longulus d) Thermosbaenacean: Tulumella unidens

e) Mictacean: M ictocaris halope t) Ostracode: Spelaeoecia capax

g) Stygiomysid: Stygiomysis sp h) Isopod: Bahalana caicosana

FIGURE 3. Characteristic anchialine cave animals include the (a) Yucatan cave fish Typhliasina pearsei; (b) polynoid polychaete worm 
Pelagomacellicephala iliffei from the Bahamas; (c) remipede Cryptocorynetes longulus from the Bahamas; (d) thermosbaenacean Tulumella 
unidens from Yucatan; (e) mictacean Mictocaris halope from Bermuda; (f) halocyprid ostracod Spelaeoecia capax from the Bahamas; (g) stygio
mysid Stygiomysis sp. from Yucatan; and (h) cirolanid isopod Bahalana caicosana from the Caicos Islands.



N U M B E R  38  • 2 7 5

appear prim itive, their head and  m o u th  p arts  are highly 
specialized (Figure 3c). Rem ipedes have paired  hollow  
fangs for cap tu ring  prey and  are am ong the top  p red a 
tors in  anchialine hab ita ts . They are up to  4.5  cm in 
length, usually  colorless and  blind, w ith  elongate, cen
tipede-like bodies. Tw enty species of rem ipedes in hab it 
fully m arine, oxygen-deficient w aters in caves from  the 
B aham as, Caicos Islands, C uba, Y ucatan Peninsula, D o 
m inican R epublic, C anary  Islands, and W estern A ustra 
lia (K oenem ann et al., 2008b; D aenekas et ah, 2009). 
The recent discovery of free-living, nonfeeding rem ipede 
larvae prom ises to  yield in fo rm ation  on the rep roduction  
and developm ent as well as the evolu tionary  affinities of 
this enigm atic group  (K oenem ann et ah , 2007 , 2009).

T h e r m o s b a e n a c e a

Therm osbaenaceans (Figure 3d) are small (5 m m  or 
less), eyeless or eye-reduced, anchialine and freshw ater 
peracarid  crustaceans w ith a dorsal b rood  pouch in fe
males (Wagner, 1994; Jaum e, 2008). They include at least 
34 species w ith a wide d istribution  in caves and therm al 
springs around  the M editerranean and C aribbean, as well 
as in Australia and C am bodia.

M ic ta c e a

M ictaceans (Figure 3e) are small (3-3.5 mm), eyeless 
and depigmented, nonpredatory crustaceans. This peracarid 
order is represented by only a single species that inhabits 
anchialine caves in Bermuda (Bowman and lliffe, 1985).

B o ch u sacea

Bochusaceans are very small (1 .2 -1 .6  mm ), semi
transparen t, and  eyeless peracarid  crustaceans th a t in 
clude tw o anchialine species from  the Baham as and C ay
m an Islands, plus tw o deep-sea species (G utu and lliffe, 
1998; Jaum e et ah, 2006).

C o p e p o d a

Platycopioid, m isophrioid , cyclopoid, harpactico id , 
and calanoid  (especially epacteriscid and  ridgew ayiid) 
copepods inhab it anchialine caves in trop ical regions 
a round  the globe. They are small (typically 1-2  m m  long) 
and have a short, cylindrical body w ith  head and  th o rax  
fused in to  a céphalo thorax . M ost are p lanktonic  filter 
feeders, bu t some, such as the harpactico ids and  cyclo- 
poids, are benthic, w hile epacteriscids are predato rs on 
o ther copepods.

O s t r a c o d a

H alocyprid ostracods (Figure 3f) include anchialine 
species w ith a d istribution and co-occurrence sim ilar to 
tha t of remipedes (Kornicker et ah, 2007). D anielopolina  
is the m ost widely distributed stygobitic genus w ith species 
on opposite sides of both  the A tlantic and Pacific, inhab it
ing caves in the Baham as, Cuba, Yucatan, Jam aica, C anary 
Islands, G alapagos, W estern A ustralia, and Christm as Is
land. M ore than  300 species of podocopid  ostracods have 
been found in springs, caves, and anchialine habitats.

M y s id a c e a

Stygobitic mysids are found in freshwater and anchia
line habitats in Africa, the Caribbean, M editerranean, and 
India. Their distribution suggests tha t they were stranded in 
caves by lowering of the sea level in the Tethys and M editer
ranean. Recent molecular phylogenies of the mysids suggest 
that a new order is justified for the stygiomysids (Figure 3g), 
which inhabit caves in the Caribbean and Italy (M eland and 
Willassen, 2007).

I so p o d a

Stygobitic isopods (Figure 3h) range from  several m il
limeters to  several centim eters in length. A nthurid  isopods 
occur in anchialine and freshw ater caves in the C anary 
Islands, C aribbean and Indian O cean islands, M exico, 
and South America. Asellot isopods inhabit anchialine and 
freshw ater caves in the C aribbean, Europe, G alapagos, In
dia, Indonesia, Japan, M alaysia, N orth  and Central Amer
ica, and Polynesia. C irolanid isopods have been found in 
freshw ater and anchialine caves clustered in M exico and 
the C aribbean (lliffe and Botosaneanu, 2006), as well as in 
Europe and the M editerranean.

A m p h ip o d a

Am phipods occur in freshw ater and m arine cave hab i
tats. Stygobitic representatives are present in the bogidiel- 
lid, crangonyctid, hadziid, and niphargid families of the 
am phipod suborder G am m aridea. They are very widely 
dispersed, w ith large num bers of species inhabiting caves 
in Central and Southern Europe, the M editerranean, east
ern and southern N o rth  America, and the C aribbean.

D e c a p o d a

The anom uran  galatheid crab M unidopsis polym or
pha  inhabits an anchialine lava tube in the C anary Islands
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(Wilkens et al., 1990). B rachyuran crabs are widely dis
tributed  in caves of the tropics and subtropics. Anchialine 
stygobitic shrimp include representatives from  the carid- 
ean families Agostocarididae, Alpheidae, Atyidae, H ippo 
lytidae, Palaem onidae, and Procarididae; the stenopodid 
family M acrom axillocarididae; and the thalassinid family 
Laom ediidae.

O th e r  C ru s ta cean  S ty g o fa u n a

O ne tantulocarid , an exceptionally tiny ectoparasite 
on anchialine harpacticoid copepods, occurs in the Canary 
Islands (Boxshall and Huys, 1989). A species of stygobitic 
nebaliacean inhabits anchialine caves in the Baham as and 
Caicos Islands (Bowman et ah, 1985). Several species of 
cum aceans and tanaidaceans have been collected from  an 
chialine caves in Bermuda and the Baham as, but it is no t 
clear w hether they belong to the stygofauna.

BIO G EO G R A PH Y

Upon examining the biogeography of anchialine fauna, 
some extraordinary patterns are evident. A num ber of an
chialine genera, including the remipede Lasionectes, ostra- 
cod Danielopolina, therm osbaenacean Halosbaena, and 
misophrioid Speleophria, inhabit caves on opposite sides of 
the Earth and are believed to be relicts whose ancestors in
habited the Tethys Sea during the M esozoic (Humphreys, 
2000). Some anchialine taxa are represented in the M editer
ranean, but others, notably remipedes and Halosbaena, are 
absent. The presence of anchialine taxa at all in the M editer
ranean is rem arkable considering that this basin was com 
pletely dry for long periods of time during the Miocene. The 
aytid shrimp Typhlatya shows an especially interesting dis
tribution w ith 17 know n species inhabiting freshwater and 
anchialine caves in the M editerranean region, Bermuda, As
cension Island, Caribbean locations including Cuba and Yu
catan, and the Galapagos Islands (Alvarez et ah, 2005). The 
shrimp family Procaridae contains one genus with species in 
the mid-Atlantic and Caribbean, as well as Hawaii.

Based on num bers of stygobitic species, the Baham ian 
archipelago appears to  have been a possible center of o ri
gin for anchialine fauna. Am ong the R em ipedia, 15 of 
20 described species inhab it caves in the Baham as (Koen
em ann et al., 2008b; D aenekas et ah, 2009), whereas 
am ong anchialine halocyprid ostracods, B aham ian spe
cies account for 4 of 11 in the genus Danielopolina, 6 of 
11 in Spelaeoecia, and  all 8 species of D eeveya  (Kornicker 
et ah, 2007).

The Bahamas archipelago consists of a series of broad, 
shallow-water, highly karstified, carbonate platforms rising 
abruptly from the deep sea. The islands and cays consist of 
Pleistocene limestone covered by a thin veneer of Holocene 
carbonate reefs and sediments. Underlying these younger 
limestones is a continuous section of Tertiary and Cretaceous 
limestones and dolomites exceeding 11 km  in thickness. If 
the position of the tectonic plates before the development of 
the Atlantic Ocean is reconstructed, virtually all the Baha
mas overlap the African continent and its continental shelf. 
This finding suggests that the Bahama platform  developed 
over oceanic crust during the earliest phase of the creation of 
the Atlantic. The extended shallow-water history of the Ba
hamas, coupled w ith the cavernous nature of the limestone, 
may help to explain its rich and diverse anchialine fauna.

O R IG IN S  O F ANCHIALINE BIOTA

A num ber of theories have been proposed to  explain 
the trans-oceanic distribution of m any anchialine taxa. The 
vicariance m odel suggests tha t plate tectonics served as a 
m echanism  for the dispersal of anchialine fauna (Rosen, 
1976; Wiley, 1988). This model mainly describes the Teth- 
yan track of ancient taxa tha t were rafted on the drifting 
continents to  their present positions (Stock, 1993; Jaum e 
et ah, 2001). However, the existence of anchialine fauna on 
mid-ocean islands such as Bermuda, Ascension, and Hawaii 
tha t have never been part of or closer to  a continent cannot 
be explained by this mechanism (lliffe, 2000).

The regression m odel suggests th a t sea-level regres
sions, caused by tectonic uplift or eustatic glacial lower
ing of sea levels, stranded crevicular or interstitial m arine 
litto ral species th a t subsequently adapted  to brackish or 
freshw ater conditions (Stock, 1980). This model is sup
ported  by the observed correlation between the distribu
tion  patterns of num erous, m arine-derived cave organism s 
and the position of shorelines during the Late M esozoic 
or Tertiary seas. Nevertheless, the presence of anchialine 
fauna in caves th a t were com pletely dry and air filled (as 
evidenced by their now -subm arine speleothems) less than  
10,000 years ago indicates th a t these anim als can m igrate 
vertically w ith raising postglacial sea levels (lliffe, 2000). 
Also, small islands such as Bermuda offer little chance for 
m arine species to  be stranded.

A deep-sea origin has been proposed for some an
chialine species having close relatives th a t inhabit bathyal 
depths (H art et ah, 1985). Both caves and the deep sea 
are old, climatically stable, lightless, and nonrigorous en
vironm ents. Anchialine habitats on islands and continental
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margins could be connected via a continuum  of crevicular 
corridors extending from  shallow depths to  the deep sea 
(lliffe, 1990). However, evidence against a deep-sea origin 
of cave faunas includes the questionable ability of deep- 
sea species to  cross the oceanic therm ocline, the relatively 
recent nature of deep-sea species (resulting from  the lack 
of oxygen in A tlantic bathyal w aters during the late O ligo
cène), and phylogenetic analyses of m orphological charac
ters supporting independent colonization of deep-sea and 
anchialine habitats (Stock, 1986; Danielopol, 1990).

The active m igration m odel involves the inland dis
persal and colonization of subterranean habitats by ex- 
pansionistic m arine species w ith a high degree of salinity 
tolerance (Rouch and D anielopol, 1987). This process is 
independent of clim atological and geological variations.

Passive oceanic dispersal of larval or postlarval stages 
of anchialine species by currents could explain the wide 
d istribution of some anchialine shrim p species w ithin the 
Indo-Pacific. Rafting on floating objects, such as w ood, 
algae, kelp, and coconuts, or on m obile and m igratory 
anim als, for instance, sea turtles, fishes, and larger a rth ro 
pods, could disperse anchialine species, even those w ithout 
a free larval stage. However, oceanic dispersal is unlikely 
for m any anchialine groups th a t produce few offspring or 
have n arrow  physiological tolerances.

ADAPTATION TO LIFE 
IN ANCHIALINE CAVES

Be h a v io r a l  A d aptatio n s

Behavioral adaptations are the m ost immediate adap
tations for survival and colonization in cave systems. Cave 
organisms, in particular amblyopsid cave fishes, use a glide- 
and-rest technique to conserve energy in their search for 
food. Remipede locom otion is also designed for the economy 
of movement. Remipedes swim slowly, using less energy for 
the same distance than if they swam at higher speeds (Koen
emann et ah, 2008a). The pow er stroke produces drag by 
individual legs, but the recovery stroke is completed w ith the 
legs folded w ith other legs to reduce water resistance.

The stygobitic galatheid crab M unidopsis po lym or
pha, inhabiting an anchialine lava tube in the C anary Is
lands, has a num ber of specialized behaviors (Parzefall, 
1992, 2000). These small crabs are m ost abundan t in a 
dimly illum inated pool w here they hide in rock crevices 
during the day but come out a t night to  feed on diatom s. 
Because of the large num bers of individuals in this pool, 
they spread in an alm ost regular pa ttern  determ ined by the 
length of the second antennae.

M unidopsis  crabs rem ain aggressive th roughou t the 
year. They detect intruders from  w ater movem ents and a t
tack  w ith extended chelipeds. M ale crabs are a ttracted  by 
a m olting horm one released by females. To prevent the 
females from  fleeing, males rhythm ically move their che
lipeds as they approach, until the female responds by vi
brating one of her chelipeds. The male then seems to  tu rn  
the female over on her back to  initiate insem ination.

M o r p h o lo g ic a l  A d a p ta t io n s  

Regressive Features

The loss of features that in cave environments no longer 
have a function, such as eyes and pigmentation, is regarded as 
regressive evolution. There are tw o main theories explaining 
the driving force for regressive evolution. In an environment 
w ith a depauperate food supply, natural selection should 
favor reallocating energy from  developing unused features, 
such as eyes and pigment, to  grow th and survival. A second 
explanation is that regressive evolution may be the result of 
nonselective processes such as neutral m utation and genetic 
drift. Features such as eyes and pigment that abruptly lose 
their biological function when animals enter caves are free to 
be turned off by now  non-lethal m utations.

U nfortunately, the theory of energy econom y by char
acter reduction in stygobites is no t well tested, especially 
w ith anchialine stygobites, yet the anchialine environm ent 
is dom inated by blind, depigm ented organism s.

Constructive Features

In the case of constructive features, priority  is given to 
life history, m etabolism , developm ent, and starvation  re
sistance, w ith sensory developm ent such as m echano- and 
chem oreceptors being subordinate. For troglom orphy to 
occur, tw o factors m ust be present: (1) selective pressure 
in favor of the developm ent and (2) genetic, physiological, 
or behavioral ability of the organism  to respond to  the 
selective pressure. A prerequisite for constructive traits is 
their genetic availability in epigean forms: if traits are not 
present in epigean ancestors, they will no t be present in 
hypogean descendants.

There are several areas of the body w here constructive 
features occur. In crustaceans, appendages may be elon
gated, in particular, the antennae, and in fish, the head 
m ay become enlarged or flattened. C orresponding to  the 
m orphological changes, there is an increased sensitivity to 
chemical and m echanical stim ulants. As a result of com 
pensatory  enhancem ent of extraocular senses, the signal- 
processing structures in the brain are altered.
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P h y s io lo g ic a l  A d a p ta t io n s  

A dap ta tions  to a Food-Poor Environm ent

Food in the stygobitic environm ent may be in general 
scarce or at best patchy; therefore, the stygofauna need 
to  cope w ith tem poral periodicity of food availability and 
potentially tolerate long periods of starvation. This adap 
tation  occurs through lipid accum ulation or energy econ
omy. In com parison w ith pelagic crustaceans, anchialine 
crustaceans sacrifice protein  mass for increased lipid stores 
(lliffe and Bishop, 2007). Tipids provide neutral buoyancy 
w ithout energy expenditure, while also serving as an en
ergy reserve w hen food is lim iting. Anchialine stygobites 
also tend to  be smaller than  their epigean counterparts. 
Their small size is a m echanism  for energy economy.

A d a p ta tio n  to Flypoxia and  A noxia

As m entioned previously, the anchialine environm ent, 
especially at or below  the halocline, is com m only hypoxic 
or even anoxic. As a result, hypogean organism s tend to 
have substantially low er oxygen consum ption rates than  
their epigean relatives (Bishop et ah, 2004). M any organ
isms are capable of obtaining energy w hen faced w ith a re
duction or absence of oxygen, but few are able to survive 
indefinitely w ithout a re tu rn  to  oxygen. W hen the oxygen 
supply becomes inadequate, organism s switch to anaero- 
biosis to com pensate for adenosine triphosphate  (ATP) 
dem and.

D uring periods of anaerobiosis, organism s conserve 
their energy stores by a loss in physiological functions 
such as motility, ingestion, and digestion, com bined w ith a 
dram atic depression of their energy (ATP) dem and. W hen 
oxygen is tem porarily  unavailable, m any organism s switch 
to  anaerobic glycolysis. Anaerobic glycolysis is, however, a 
fundam entally inefficient m etabolic strategy and thus no t 
an attractive solution for anchialine organism s.

By exam ining the activities of enzymes critical to  m e
tabolism  and energy conversion, it is possible to  deter
mine the rate at w hich food is converted to  cellular energy 
(Bishop et ah, 2004). C itrate synthase (CS) is an indicator 
of an organism ’s m axim um  aerobic potential, or how  fast 
an organism  can aerobically convert glucose to  energy. 
M alate dehydrogenase (M D H ) functions in the presence 
as well as absence of oxygen, whereas lactate dehydrog
enase (TDH) contributes to  bo th  aerobic and anaerobic 
m etabolic pathw ays and serves as an indicator of glyco
lytic potential.

Anchialine organism s are anaerobically poised w ith 
both  TDH:CS and M D FFTD H  ratios tending to  be greater

than  one. The higher the M D FFTD H  ratio , the greater 
is the tolerance to hypoxia. Such high ratios indicate 
an evolutionary adap tation  to  the anaerobic anchialine 
environm ent.

CONSERVATION

O ver the past 25 years, m ore than  400 new  species of 
anchialine stygobites have been discovered and described. 
A high percentage of these species are know n only from  a 
single cave or cave system. Even w ithin caves, species are 
characteristically found only at specific depths or locations 
as defined by a narrow  range of environm ental param e
ters. In m any parts of the w orld, tourism  developm ent, 
lim estone quarries, and groundw ater pollution are either 
destroying or grossly polluting num erous caves, resulting 
in extinction of untold  num bers of species.

Anchialine species qualify for inclusion on endangered 
species lists for reasons of their lim ited d istribution and 
the declining environm ental quality of their hab ita t. In 
Berm uda, 25 cave species are on the IU CN  (International 
U nion for C onservation of N ature) Red Fist of endangered 
species. O ther cave species from  the Yucatan Peninsula are 
on the official M exican list of threatened and endangered 
species.

M aintain ing groundw ater quality is essential to the 
environm ental health  of the subterranean environm ent. 
For example, the small oceanic island of Bermuda is the 
th ird  m ost densely populated  country in the w orld and has 
the largest num ber of private cesspits per capita. Disposal 
of sewage and other w astew ater into cesspits o r by pum p
ing dow n boreholes is contam inating the groundw ater 
and cave w ater w ith nitrates, detergents, toxic m etals, and 
pharm aceuticals; depleting the very limited am ounts of 
dissolved oxygen in cave w ater; and generating toxic levels 
of hydrogen sulfide.

Some ocean caves such as the Blue Holes of the Baha
mas have strong tidal currents sweeping through them  for 
very considerable distances. In one such cave, plastic bo t
tles and other trash  have been observed littering the floor 
of the cave nearly a mile back into previously unexplored 
passages. Far too  m any caves and sinkholes are viewed as 
preferred locations for the dum ping of garbage and other 
waste products.

A nother serious environm ental problem  concerns the 
destruction of caves by limestone quarries or construction 
activities. H alf a dozen or m ore Bermuda caves have been 
totally destroyed by tw o limestone quarries tha t produce 
crushed aggregate for construction purposes. U ntold other
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caves have been lost to enorm ous limestone quarries in the 
Yucatan Peninsula. M any caves have been filled in and built 
over by golf courses, hotels, and housing developments in 
Bermuda. Recently, a series of luxury tow n homes was 
built directly on top of the largest cave lake in Bermuda.

Sometimes even seemingly innocent activities can 
threaten  caves and cave anim als. Along the C aribbean 
coast of the Y ucatan Peninsula, m any open w ater cenote 
pools are inhabited by the freshw ater fish A styanax fascia
tus. Some of these fish frequently follow divers into caves, 
moving in front of the dive team  and voraciously darting 
in to  consum e any cave fish or crustaceans th a t are illum i
nated by the beam  of a dive light. Considering the m any 
thousands of cave divers w ho use these systems each year, 
it is no t surprising th a t the caves m ost heavily visited by 
tourist divers are now  essentially devoid of life.

Even the gas exhaled by divers m ay have adverse ef
fects on cave anim als. Because anchialine cave w aters 
typically contain extremely low  levels of dissolved oxy
gen, exhaust bubbles from  open circuit scuba could have 
p rofound effects on the cave ecosystem. Several anchialine 
caves in W estern Australia w ith unique fauna are currently 
off limits to  open circuit divers and may only be visited by 
those using rebreathers (H um phreys et ah, 1999).

Some anchialine caves in Bermuda, the Canary Islands, 
and M allorca have been developed into commercial tourist 
attractions. Unfortunately, many of the tourists visiting these 
sites have viewed the deep clear water cave pools as natural 
wishing wells in which to throw  a coin or tw o. Copper coins 
tend to rapidly deteriorate and dissolve in saltwater, p ro 
ducing high levels of toxic copper ions in the cave waters. 
In one such cave in the Canary Islands, the endemic crab 
M unidopsis polym orpha  has show n a m arked decline in 
abundance during the past decade or longer, probably in 
response to  high levels of copper in the cave water.
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ABSTRACT. The unique, biologically diverse ecosystems of Pelican Cays, Belize, are in 
serious danger from sediment suffocation related to the recent clear-cutting of mangroves 
for commercial development in what is currently designated Southwater Cay Marine 
Reserve. Field observations in the Pelican Cays in March 2007 revealed extensive clear- 
cutting of mangroves and covering of exposed peat surfaces with sediment dredged from 
the adjacent seafloor to create false sand cays. On Manatee Cay, introduction of dredge 
spoils taken from the nearby seabed resulted in fine sediment plumes spilling into the 
adjacent ponds, smothering the attached benthic communities on mangrove roots and 
burying Thalassia bottom communities. In addition, comparative studies of microalgal 
(phytoplankton) assemblages in a Manatee Cay pond before and after mangrove clearing 
indicate a dramatic loss in this group. This change, related to high turbidity observed in 
the water column, signals a serious impact to this aquatic ecosystem. In March 2007, 
clear-cutting, burning, and dredge and fill operations were taking place on Fisherman’s 
Cay, with additional survey lines visible on Fisherman’s, Manatee, and Cat Cays. We used 
a series of aerial photographic surveys from 2003 to 2007 to document the extensive loss 
of mangroves on both Manatee and Fisherman’s Cays. To date, additional clearing of 
mangroves has occurred on Northeast Cay, Bird Cays, and Ridge Cay, resulting in a total 
of 15.3 ha or more than 29% of the mangrove community that have been destroyed in 
the Pelican Cays. Furthermore, several survey lines through still-forested areas on these 
islands indicated that additional clearing of mangroves was planned. The Pelican Cays 
ponds contain unique, biologically diverse ecosystems dominated by delicate sessile pho
tosynthetic and filter-feeding populations; these rare communities will be lost as a result 
of sediment suffocation caused by the clearing and filling of these islands. However, the 
conversion of mangrove ecosystems for residential, tourism, and commercial uses is both 
widespread and accelerating in Belize and throughout the global tropics. This pressure 
is having an adverse effect on the health of coral reefs and the biomass and viability of 
commercial fisheries, which are essential for both tourism and local livelihoods.

INTRODUCTION

The Pelican Cays group is an oceanic coral reef boundary  environm ent (M ac
intyre et al., 2000a), containing a netw ork of coral ridges and semi-enclosed or 
enclosed ponds (Figure 1) w here shallow  m angrove cays are im m ediately adja
cent to channels approxim ately 20 to 30 m  deep. The lagoon-like ponds, which

mailto:macintyr@si.edu
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FIGURE 1. Index map showing the major mangrove islands of the Pelican Cays and their ponds.

may be 10 to  12 m deep, harbor high-diversity, low-energy 
environm ents dom inated by populations of photosynthetic 
and filter-feeding organism s. These ponds were form ed by 
differential coral accum ulations on polygonal karst p a t
terns of the underlying Pleistocene limestone (M acintyre et 
ah, 2000b). The scleractinian coral Acropora cervicornis, 
w hich is capable of rapid  accretion in response to  sea-level

rise (catch up), exaggerated the underlying karst topogra
phy, resulting in greater relief than  th a t of the antecedent 
karst surface, and created steep-sided ridges th a t form  the 
ponds. Red m angrove (Rhizophora mangle) com m unities 
have established on the reef ridges of this area, form ing 
intertidal cays encircling or partially  encircling the ponds. 
The m angrove prop  roots extending into the ponds p ro 



N U MB E R  38 • 2 8 3

vide substrate for rich com m unities of sponges, ascidians, 
algae, corals, bryozoans, m ollusks, and other organisms 
(M acintyre and Rützler, 2000).

Pelican Cays ponds and associated ridges support a 
very high level of shallow  m arine biodiversity w ithin the 
Belize Lagoon. Examples include 70 species in 30 genera 
of ascidians (Figure 2A), representing 60%  of all know n 
shallow -w ater species in the C aribbean (Goodbody, 2000). 
Ten of 52 species of echinoderm s found in the ponds and 
associated space had  never been previously reported  from  
Belize w aters (H endler and Paw son, 2000). O f 187 sponge 
species (Figure 2B) reported  for several m angrove island 
groups along Belize M esoam erican Barrier Reef, Rützler 
et al. (2000) found the “m ost diverse sponge fauna” at 
Pelican Cays. O f the 147 sponge species at Pelican Cays, 
45%  were new  species or variants special to  the pond en
vironm ents. M anatee Cay had  95 species, C at Cay had  77 
species, and Fisherm an’s Cay had 90 species. W ulff (2000) 
a ttribu ted  sponge com m unity differences to  the fact tha t 
the Pelican Cays’ m angrove roots are em bedded in coral 
reefs ra ther than  thick peat sections as a t Twin Cays (M ac
intyre et ah, 2004) and Tobacco Range (M acintyre et ah, 
1995). The reef substrate m ay be a preferred environm ent 
for spongivorous fishes th a t determ ine the distinctive spe
cies com position of the Pelican Cays sponge com m unity 
(Wulff, 2000). R ichardson (2000) reported  a to ta l of 7 
species of epiphytic foram inifera living on turtle  grass 
('Thalassia testudinum ) blades, of w hich 2 were new  spe
cies. Littler et al. (2000) reported  152 species of m arine 
m acrophytes, of w hich 148 were algae and 4 were vas
cular plants. A to ta l of 31 bryozoan species were found 
in the Pelican Cays, form ing extensive colonies on the 
m angrove roots (W inston, 2007). Coral species on ridges 
and in deeper or m ore open areas of the ponds included 
Porites furcata, P. divaricata, P. porites, P. astreoides, A cro
pora cervicornis, Siderastrea siderea, Agaricia tenuifolia, 
M illepora complanata, and M ontastrea annularis (mainly 
at the opening of Pond E, F isherm an’s Cay; see Figure 1). 
Barnacles and m ollusks also inhabit the ponds in signifi
can t num bers.

Faust (2000) identified 110 species in 33 genera of 
planktonic, oceanic, red tide-form ing, benthic, and coastal 
dinoflagellate species from  six of the Pelican Cays of great 
typological diversity. A pproxim ately 50%  of these ap 
peared to  be new  species. M anatee Cay had 93 species, 
D ouglas Cay, 47  species, and C at Cay, 32 species. W aters 
in the Pelican Cays allow  dinoflagellates to  proliferate in 
a naturally  nutrient-enriched environm ent, protected from  
prevailing w inds by the surrounding m angroves and coral 
ridge (Faust, 2000).

In M arch 2000, a special issue of the A to ll Research 
Bulletin  on the biology and physical characteristics of the 
Pelican Cays ponds was published to  assist the efforts of 
the G overnm ent of Belize (GOB) to  determ ine if this area 
should be included in the South W ater Cay M arine Re
serve (SW CM R). It was hoped tha t by bringing attention 
to the unique characteristics of these fragile com m unities 
they w ould be preserved. Based on those studies, the Peli
can Cays were incorporated  into the SW CM R th a t extends 
from  Tobacco Cay in the no rth  to  C at Cay in the south. 
The SW CM R is p art of the Belize Barrier Reef Reserve 
System, w hich was inscribed on the UNESCO W orld H eri
tage List in 1996 (http ://w hc.unesco.org/). At th a t time, 
it was recognized by the W orld H eritage Com m ittee and 
the GOB that, except for privately ow ned cays and those 
w ith preexisting leases, the cays of the SW CM R w ould 
be protected from  developm ent. In the Pelican Cays, such 
an exclusion w ould apply to  a small area (< 1  ha) at the 
southern tip of N ortheast Cay. However, since 1996 m ost 
of the m angrove cays w ithin the SW CM R have been leased 
for proposed resort developm ents. Based on our recent 
aerial surveys in April 2008, in m ost of the islands in the 
Pelican Cays archipelago, large sections of the m angrove 
forests have been cut dow n and covered w ith dredged m a
rine sedim ent from  the adjacent seafloor. R unoff of the 
fine fraction of the covering sedim ent has entered the in 
terior ponds and sm othered both  the p rop  root-based and 
benthic seagrass com m unities. The extensive land clear
ing and filling is apparently  an attem pt to  convert these 
m angrove islands into sandy cays in p reparation  for new 
tourist resorts.

M ETHODS A N D  RESULTS

F ie ld  O b s e rv a t io n s ,  M a r c h  2007

We visited M anatee Cay (16°39 .97 'N , 88°11.53 'W ) 
in m id-M arch 2007  to  conduct reconnaissance of seagrass 
and prop  root-based benthic com m unities along the perim 
eter of Pond C. At a po in t on the southeast side of Pond C 
(see Figure 1), we encountered an area of dead m angrove 
roots and a thick sedim ent drape covering the steep slope 
into the center of the pond (see Figure 2C). The seagrass 
com m unities lining the pond slope had been effectively 
buried by the sedim ent drape. At the top  of the slope in 
this area, the ubiquitous subm erged m angrove roo t epiben- 
thos was conspicuously absent. At the surface, we noted 
a fringe of dead red m angrove trees behind w hich was 
recently cleared land covered in w hite m arine sediment 
containing num erous coral fragm ents and m ollusk shells.

http://whc.unesco.org/
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FIGURE 2. Marine communities of the Pelican Cay before (A, B) and after (C—F) dredging operations. A. Pre-dredging example of a rich 
encrusting community on a mangrove root that is dominated by the purple ascidian Clavelina puertosecensis. B. Healthy sponge community 
dominated by Mycale sp. and Scopalina sp. on a root before dredging. C. Spillover sediment surrounding bare dead mangrove roots in Pond 
C, Manatee Cay, after the deposition of dredged lagoonal sediment on clear-cut mangrove peat, March 2007. D. Aerial photograph showing 
the clear-cut sedimented areas of Fisherman’s and Manatee Cays. Note the dredge site in the lagoon at the right of Manatee Cay. E. Dredged 
Thalassia-Porites bottom community in the lagoon east of Manatee Cay. F. Harmful toxic alga Dictyota caribaea overgrowing the seagrass 
Thalassia testudinum at the bottom of Pond C, August 2007.
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At tha t time, the dredging w ork  on M anatee Cay had 
been com pleted, but on F isherm an’s Cay (16°40 .25 'N , 
88°11.40 'W ), it appeared to  be under way. Flere, we o b 
served sim ilar clear-cutting and num erous large-diam eter 
plastic pipes laid across the cleared area (Figure 3). The 
pipes are used to  spread the sedim ent-w ater slurry over 
the m angrove peat and stum ps. A dredging vessel was an 
chored just offshore of F isherm an’s Cay (Figure 4).

Dredged m arine sediment covered the exposed m an
grove peat substrate and created the illusion of a sandy 
cay. However, the in troduction  of loose, w ater-laden sedi
m ent over peat resulted in runoff, w hich sm othered and 
killed the m angrove ro o t and lagoonal bo ttom  com m uni
ties along the edges of the islands. Sediment collected on 
the m ud-covered slope in Pond C (see Figure 2C) was very 
fine grained (rich in the clay-size fraction), w hich caused 
turbid ity  w hen it w ashed off the island. Along the outer 
edges of the island, runoff of the sediment slurry carried 
these fine sediments into nearshore w aters. In one case, it 
sm othered shallow -w ater head coral com m unities along 
the w indw ard side of F isherm an’s Cay and created a m uddy

plum e th a t extended into the pass between Fisherm an’s 
and M anatee Cays. M ore detailed studies are needed to 
establish the changes th a t have occurred in the pond  com 
m unities as a result of the dredging activity. A brief visit in 
August 2007  indicated a m arked increase in m acroalgae, 
m ost notably D ictyota caribaea, a bushy and toxic brow n 
alga (Littler et ah, 2006; see Figure 2F). In addition, further 
studies of the dredged lagoonal seafloor areas should under
taken to assess the damage. A seagrass-Porites com m unity 
to  the east of M anatee Cay had been dredged dow n to 
2 to  3 m  below  the shallow  surface (Figure 2E). We esti
m ate th a t such destruction will take decades to  recover, as 
indicated by the still bare bu t shallow er seismic line de
pressions in seagrass beds surveyed in the 1960s between 
Carrie Bow Cay and Twin Cays.

Aerial P h oto  Surveys, April 2007

Aerial photos taken in April 2007 indicated extensive 
clearing of mangroves and dredge-spoil filling over the ex
posed mangrove peat on M anatee and Fisherm an’s Cays

FIGURE 3. Stumps of clear-cut mangroves being covered with lagoonal sediment transported by the black 
pipes (arrow) in the background, March 2007.
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FIGURE 4. Dredge boat operating off Fisherman’s Cay, March 2007.

(see Figure 2D). An area of disturbed, bare seabed (see 
Figure 2E) was visible where the dredge removed the sedi
m ent near M anatee Cay. The time series of aerial photos 
since 2003 indicated tha t N ortheast Cay had been partially 
cleared and had buildings on it before M arch 2003. M ana
tee, Fisherm an’s, Ridge, Bird, and Cat Cays had  not yet been 
cleared in M arch 2003, but clearing had begun on all but 
one of the Bird Cays by April 2006. W ith the pum ping of 
dredge spoil over the exposed m angrove peat and truncated 
roots, sediment spillover and runoff has resulted in exten
sive nearshore turbidity, which was also visible from  the air 
along the edges of the ponds and the outer shorelines.

As of April 2007, approxim ately 15.4 ha (of 53.3 ha, 
or 29%  of the total) of mangrove forests in the Pelican Cays 
had already been cleared, burned, and filled. Additional sur
vey lines, which are typically the first evidence of develop
m ent activity, were visible on both Fisherman and M anatee 
Cays in the aerial photographs taken in April 2007.

Ph y t o p l a n k t o n  Sa m p l in g  A l o n g  

the  N o r th  S ide o f  Po n d  C

In M ay 2007, we conducted a prelim inary survey at 
M anatee Cay to determine the effect of m angrove clear
ing and dredging in the Pelican Cays on the phytoplankton 
populations dom inated by dinoflagellates, which may form 
red tides and visibly discolor the w ater (M orton and Vil
lareal, 2001). M anatee Cay Pond C (see Figure 1) is large, 
semi-enclosed, separated from  open w ater by coral ridges 
(Figures 1, 2D), and has distinct hydrographic, chemical, 
and biological characteristics. W ith little w ater exchange

from  the ocean side, the pond is w arm er and m ore saline 
than  the surrounding waters. This environmental setting al
lows m icroplankton, filter feeders, and corals to  proliferate 
(Villareal et ah, 2000). We observed tha t dying mangrove 
trees edged the pond and the w ater surface was highly tu r
bid. Dinoflagellates and associated m icroplankton were col
lected in the center of Pond C via a vertical tow  w ith a 20 
p.m pore size p lankton net. Specimens were examined in the 
laboratory  w ith an A xiophot Cari Zeiss light microscope, 
and dinoflagellate species were identified (Faust, 2000). The 
w ater sample included a total of 14 species representing six 
genera. Oceanic species included Ceratium  (2), Protoperi
dinium  (5), and Pyrophacus (2). Coastal planktonic species 
included G ym nodinium  (3) and Peridinium  (2). Benthic 
species included Prorocentrum  (3) (Table 1).

TABLE 1. Number of species in the dinoflagellate genera re
corded in Manatee Cay, Pond C, Pelican Cays, collected in May 
1996 and May 2007.

Number of species

Dinoflagellate genus 1996 2007

Amphidinium 2 -

Bepharocysta 1 -
Bysmatrum 1 -
Ceratium 10 2
Cochlodinium 1 -
Coolia 1 -

Corythodinium 1 -
Dinophysis 3 -
Diplopelta 1 -
Diplopsalis 3 -
Diplopsalopsis 1 -

Gambierdiscus 3 -

Gonyaulax 6 -
Gymnodinium 3 3
Heteraulacus 1 -

Lingolidinium 1 -

Ostreopsis 5 -
Peridiniella 1 -

Peridinium 3 2
Phaeopolykrikos 1 -

Plagodinium 1 -

Prorocentrum 1 3
Protoceratium 2 -

Protoperidinium 15 5
Pyrodinium 2 -
Pyrophacus 2 2
Scrippsiella 2 -
Zygabikonidium  sp . 1 -

Total genera: 28 75 17
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Live dinoflagellate cells were fewer than  expected. 
Table 1 provides a com parison of the biodiversity and 
species associations of dinoflagellate assemblages before 
(M ay 1996) and after (M ay 2007) the clearing. In 1996, 
dinoflagellates included 28 genera and 83 species. In con
trast, in 2007  only 6 genera and 14 species were present, 
and all were reduced in num bers of individuals present.

DISCU SSIO N

Despite repeated dem onstration of their ecologi
cal and econom ic im portance, m angroves are one of the 
w o rld ’s m ost th reatened  ecosystems (Valiela et ah, 2001; 
Alongi, 2002; R ivera-M onroy et ah, 2004). O verall, 50%  
of the w orld ’s m angrove forests have been lost in the past 
50 years, w ith  at least 35%  lost in just the past tw o de
cades (Valiela et ah, 2001). D uke et al. (2007) predicted 
the curren t ra te  of loss w ould lead to  m angrove extinction 
in 100 years. Loss of m angroves is occurring faster in some 
areas. For exam ple, 29%  of G uatem ala’s m angroves were 
lost in just 6 years betw een 1992 and  1998 (Abt Associ
ates Inc., 2003). M ost of th a t loss is directly a ttribu ted  to 
unfettered clear-cutting for shrim p farm  aquaculture, ag
riculture, m ining, and developm ent (Alongi, 2002). Based 
on grow ing evidence from  around  the w orld , the clearing 
and filling of m angrove forests for w aterfron t property  to 
m eet the dem ands of the leisure and tourism  m arket for 
seaside resorts and retirem ent hom es are also contribu ting  
significantly to  this loss (Ellison and  Farnsw orth , 1996; 
C urran  and  Cruz, 2002; Barbier and Cox, 2003; N aylor et 
ah, 2002; Choong, 2005). In the G ulf of H onduras along 
the C aribbean coast of Central Am erica, m angroves have 
been destroyed to  m ake w ay for hotels and other tourism  
infrastructure (CZAI, 2000). In these low-lying areas, such 
developm ent requires fill m aterial tha t is dredged from  the 
seabed of nearby subtidal habitats. This action no t only 
destroys corals and seagrass directly but also causes the 
suspension of sediments (turbidity), reduces light penetra
tion, smothers seagrass and corals, increases nu trien t levels, 
and releases contam inants (Ramboll Consulting Engineers, 
2000). In addition, the inadequately disposed solid waste 
and untreated sewage associated w ith this coastal devel
opm ent enter waterways and increase unw anted nu tri
ents, thus decreasing w ater quality. Similar building efforts 
have been observed all along the Belize m ainland coastline 
where m any acres of m angroves have been cut dow n to 
m ake room  for num erous large private homes and resorts. 
In addition, m any acres of mangroves have been removed 
to  create extensive areas of shrim p ponds.

A lthough tourism  is the second largest foreign ex
change earner for the countries of Belize, H onduras, and 
G uatem ala in the region, this type of developm ent is coun
terproductive because loss of m angroves leads to  a reduc
tion  in income from  tourism  and fisheries, changes in em
ploym ent, loss of aesthetic value, loss of cultural heritage, 
conflicts between user groups, and loss of recreational op
portunities (Abt Associates Inc., 2003).

A lthough m angrove forests are apparently  considered 
o f little value, recent studies have dem onstrated the vital 
role of m angroves as nursery hab ita t for several species of 
reef fish (M um by et ah, 2004; M umby, 2006). As stated 
by M um by et al. (2004; specifically concerning Belize 
and M exico), “ C urrent rates of m angrove deforestation 
are likely to  have severe deleterious consequences for the 
ecosystem function, fisheries productivity and resilience of 
coral reefs.” In particular, the availability of m angroves 
for fish nursery h ab ita t (interm ediate between seagrass 
beds and coral reefs) is highly correlated to  the num bers 
of reproducing adults and even the continued existence 
of certain  species. A ccording to  these authors, parrotfish, 
w hich are im portan t herbivores on reefs, have become lo 
cally extinct as a consequence of m angrove rem oval. C om 
m ercial species biom ass has been effectively halved in ar
eas of m angrove rem oval. Thus, the health  of coral reefs 
and of fisheries, both  essential for both  tourism  and local 
livelihood, are deleteriously affected by m angrove loss.

Despite the legislated restrictions on leasing govern
m ent-ow ned lands w ithin the Belize Barrier Reef W orld 
H eritage Site and the SW CM R, m ost of these cays have 
been leased or sold to  foreign developers since 1996 by 
following standard  procedures. These procedures involve 
locating a suitable site and having it surveyed; this requires 
a perm it from  the Lands &  Surveys Office in Belmopan, 
Belize, w hich has apparently  ignored the legal protection 
status afforded areas in m arine protected areas. Separate 
perm its from  governm ent departm ents are required to 
clear the leased areas delineated by survey lines. After the 
areas have been cleared, a developer m ust obtain another 
perm it from  the governm ent to  dredge m aterial from  the 
adjacent seabed to  fill the leased areas.

The areas of m angrove clearing and filling w ith la- 
goonal sediments on M anatee and Fisherm an’s Cays (and 
other islands in the group) are extensive, exposing m ost of 
the available island surfaces. As such, sufficiently large areas 
have been cleared on these cays to  account for potentially 
extensive developm ent of seaside resorts. Disturbingly, the 
th in  veneer of sediment laid over m angrove peat, especially 
w here the mangroves themselves have been cleared, will 
no t prevent significant subsidence as the underlying peat
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decomposes and com pacts. The substrate will then further 
subside because of the pressure of any load placed upon 
it, pilings notw ithstanding, w hich will prove to  be a sig
nificant long-term  problem  for construction on m angrove 
substrate.

In addition to  these obvious problem s, construction 
on and hab ita tion  of these islands will ensure perpetual 
pollution of the ponds from  continued sedim ent runoff 
com bined w ith the eventual addition of sewage outflow 
and solid waste. Turbidity in the w ater colum n from  
runoff of dredge spoil will continue to  deleteriously af
fect m arine com m unities adjacent to the affected islands. 
Along the outer shorelines of M anatee and Fisherm an’s 
Cays, num erous nearshore coral heads and patch reefs will 
eventually be sm othered by the sedim ent load noted  along 
the shorelines and in the passes between the Cays. In the 
Ponds, the rich benthic com m unities inhabiting the ridges 
upon w hich the islands are built and in the seagrass beds 
lining the slopes of the ponds have been locally decim ated 
by direct sedim ent runoff. The w ater colum n in Pond C is 
now  generally turbid , and it is anticipated th a t further sed
im ent pum ping, runoff, construction  waste, and eventu
ally un treated  sewage outfall will further im pact the pond 
habitats and cause eutrophication of the w ater colum n, 
w hich could lead to  further losses of species, particularly  
photosynthetic organism s.

The Pelican Cays, although small in geographic scale, 
are characterized by great topological diversity in coral 
reef-m angrove habitats. Biological com m unities w ithin 
this system vary m arkedly from  one pond to  another. Be
cause of this complexity, some im portan t details abou t the 
associations of dinoflagellate species in this ecologically 
diverse environm ent have come to light as a result of long
term  studies in Pelican Cays (Faust, 2000). Dinoflagellates 
and m icroalgae are the prim ary food source for Zooplank
ton, their prim ary consumer, including filter feeders and 
juvenile fish (Frenchel, 1988). Dinoflagellates and Zoo
p lankton  proliferate in response to  their unique physical, 
chemical, and biological needs (Villareal et ah, 2000).

Species associations of dinoflagellates is another im por
tan t indicator of certain stability in mangrove communities 
that are constantly threatened. Studies targeting processes in 
the Caribbean have examined benthic and epiphytic dinofla
gellates in the coral reefs of the Virgin Islands (Tindall and 
M orton, 1998). M angrove detritus, a unique microcosm, 
m aintains a reservoir of diverse microalgae and meiofauna at 
Twin Cays, Belize (Faust, 1996). M ost species tend to show 
preference for one habitat, either on sessile macroalgae or 
free-floating in the water column (Faust, 2004), although 
some species are found in a wide range of habitats.

M icrob ial com m unities can be dam aged and  species 
driven to  local ex tinction  by ex ternal factors; however, 
the dam age is n o t im m ediately ap p aren t to  the hum an 
eye. R ecent field observations of m icroscopic m icroalgae 
and  Z ooplankton signaled significantly altered  dinoflag
ellate popu la tions, dead cells, and  a greatly  changed m i
croscopic food web in  M anatee  Cay Pond C (see Table 
1). This is yet ano ther exam ple of the  con tinu ing  trend  
in the Belizean coral reef-m angrove ecosystem  observed 
over 25 years (beginning in  1982) ind icating  declining 
abundances of dinoflagellate and  Z ooplankton in the 
m icrobial food web caused by hum an  activities (Faust, 
2004). This finding in  itself has im p o rtan t im plications 
for the ecology and econom y of the Belizean Barrier 
Reef, in th a t dinoflagellate popu la tions are the prim ary  
food source of Z ooplankton, including fish larvae and 
juvenile fish.

C O N C LU SIO N S

Despite the location of Pelican Cays w ithin the 
SW CM R and the W orld H eritage Site, developm ent has 
been accom plished by following a sequence of procedures 
involving several separate jurisdictions. Investigations be
gan recently into the process of m angrove cutting, clear
ing, and filling in the Pelican Cays, and it appears tha t 
some of this activity was illegal (M elanie M cField, Smith
sonian M arine Station at Fort Pierce, personal com m uni
cation, April 2008).

It is highly questionable th a t the proposed highly vul
nerable tourist resort on the Pelican Cays will survive the 
subsidence related to ro tting  peat or storm s. Indeed, these 
sea-level structures will be readily destroyed by severe 
storm s, leaving abandoned com m unities both  on land and 
in the sea in an area originally noted for its unique and 
unusually high biological diversity.

The future of the unique ecology of the mangrove 
and seagrass communities in the Pelican Cays appears to 
be very bleak. The dredging barge is no longer operating 
off Fisherm an’s Cay, and a Caribbean Island Brokers w eb
site is now  offering 37 acres of cleared m angrove on this 
cay for US $1,750,000. Given this situation, all mangrove 
islands in this area will be cleared and developed, so that 
the ponds adjacent to  cleared areas will likely suffer the same 
fate as Pond C of M anatee Cay, as will nearshore marine 
communities along the outer perimeters of these islands. 
Lack of foresight, which is disrupting the connectivity be
tween mangroves and the health of the nearshore marine 
realm, will result in economic losses following the reduc
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tion of commercial and recreational fisheries tha t rely on 
mangroves. M uch of this collapse is related to the dram atic 
loss of dinoflagellate assemblages, which provide the base 
of food webs supporting fisheries in Belize.

Tourism  losses will subsequently occur as coral reefs 
decline w ithout m angroves to  support the m angrove- 
dependent fish species essential to  reef herbivory and 
commerce. Thus, the short-term  economic gains from  
construction will lead to  long-term  environm ental d isrup
tion, ecological degradation, local species extinction, and 
the consequent economic collapse of the tourism  and fish
ing industries all along the Belizean coast and similarly 
affected areas of M esoam erican reefs. The governm ent of 
Belize has instituted a m angrove clearing m oratorium  to 
evaluate the situation.
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about Tropical Marine Invasions
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ABSTRACT. As humans alter the landscape of the Earth and economic globalization 
expands, biological invasions increasingly homogenize the world’s biota. In temper
ate marine systems, invasions are occurring at a rapid pace, driven by the transfer of 
organisms by vessels and live trade (including aquaculture and fisheries activities). In 
contrast, little is known about patterns and processes of tropical marine invasions, 
although the same species transfer mechanisms are in operation. This disparity may 
be the result of limited studies of invasions in the tropics relative to temperate regions. 
Alternatively, the tropics may be less susceptible to invasion than temperate regions for 
reasons of environmental unsuitability and biotic interactions. This paper provides a 
brief summary of the current but limited information of marine invasions across lati
tudes, focusing particular attention on the eastern Pacific north of the Equator. Within 
this latitudinal framework, the Panama Canal provides an especially important model 
system for testing predictions about marine invasions in the tropics for reasons of (a) 
the high level of shipping traffic since the Canal opened in 1914; (b) the permeability 
of the Canal as a conduit for marine invaders, despite the apparent freshwater barrier; 
and (c) the current expansion of the Canal that is expected to increase the size and 
number of ships visiting the region.
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Biological invasions are com m on in coastal m arine ecosystems a round  the 
w orld  (Cohen and  C arlton, 1995; O rensanz et ah, 2002; Fofonoff et ah, 2008). 
In fact, reports o f new  invasions are increasing exponentially  in m any well- 
studied regions (Cohen and C arlton , 1998; Ruiz et ah, 2000; H ew itt et ah, 
2004). A lthough invasions can result from  natu ra l dispersal, m ost contem po
rary  invasions derive from  hum an-m ediated  transfer associated w ith  a variety 
of activities. As econom ic globalization continues to  expand, creating a high 
degree of connectivity th rough  the m ovem ent of com m odities and people, op 
portunities for new  invasions also increase. Bays and estuaries have been the 
m ost invaded m arine systems, p robably  because they are hubs for shipping, 
aquaculture, and o ther hum an endeavors know n to transfer organism s (Ruiz et 
ah, 1997; W asson et ah, 2005).

mailto:ruizg@si.edu
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To date, m ost hum an-m ediated invasions (hereafter 
in troduced species) in m arine habitats have been reported 
in tem perate latitudes (Ruiz and H ew itt, 2008, and refer
ences therein). Relatively few in troduced species have been 
reported  from  tropical or po lar regions. This difference 
across latitudes m ay result partly  from  historical research 
effort and taxonom ic knowledge, w hich are greatest in the 
tem perate zone. However, a small but grow ing literature 
for high latitudes suggests th a t m arine invasions may be 
lim ited in po lar regions by a com bination of current low  
tem peratures and low  propagule supply (Barnes et ah, 
2006; A ronson et ah, 2007; Ruiz and H ew itt, 2008).

It is evident th a t m arine invasions can occur in tropical 
m arine systems (Agard et ah, 1992; G uerrero and Franco, 
2008), bu t the extent to  w hich they occur rem ains largely 
unexplored. Few studies have evaluated m arine invasions 
in the tropics. The exceptions are extensive analyses of 
in troduced species on the H aw aiian  Islands and G uam  
(Eldredge and C arlton, 2002; Paulay et ah, 2002). It is u n 
certain w hether these island ecosystems are broadly repre
sentative of the tropics, including especially m ainland sites 
th a t m ay differ from  islands in susceptibility to  invasion 
(Elton, 1958; M acA rthur and W ilson, 1967; Sax, 2001).

In a prelim inary analysis of m arine invasion p a t
terns for m ainland A ustralia, H ew itt (2002) reported  an 
increase in in troduced species richness w ith increasing 
latitude. The study included four tropical and four tem 
perate sites, spanning 13°-38°S latitude. Despite a signifi
can t relationship w ith latitude, there is uncertainty about 
the taxonom ic identification and biogeographic origin of 
m any tropical species, resulting from  limited inform ation 
and relative lack of study for low  latitude biotas. For this 
reason, H ew itt urges some caution and underscores the 
need for further analyses to  interpret the observed pattern . 
It is nonetheless intriguing th a t this prelim inary analy
sis provides results similar to  those reported  for tropical 
terrestrial systems, w here relatively few exotic species of 
birds, m am m als, and plants are established (Sax, 2001).

We have begun to  explore latitudinal patterns of 
m arine invasions for the m ainland (continental) habitats 
w ithin the Americas. To date, m ost of our analyses have 
focused on bays and estuaries w ithin the U nited States, 
particularly  on the Pacific Coast. We are currently initi
ating a research program  to com pare the num ber of in 
troduced species, scale of vector operations (propagule 
supply), and ecology of invasions across tem perate and 
tropical latitudes. H ere, we briefly review the current state 
of know ledge about invasions and invasion processes 
along the Pacific Coast of the C entral and N o rth  Amer
ica and discuss the potential significance of Panam a as a

m odel system to evaluate regional and la titudinal patterns 
of m arine invasion.

LATITUDINAL PATTERN OF IN V A SIO N S 
A L O N G  THE NORTHEASTERN PACIFIC

O utside of the trop ics, there  is a clear increase in  the 
num ber of nonnative species repo rted  w ith  decreasing 
la titude , from  A laska to  C alifornia, 6 1 °-3 2 °N  (Ruiz et 
ah, 2006a). An extensive review  and synthesis of the lit
era tu re  indicate th a t m ore th an  250 nonnative species of 
invertebrates and  algae are established in coastal w aters 
of C alifornia (NEM ESIS, 2008). M ost of these invasions 
are a ttrib u ted  to  com m ercial shipping and live sh ip 
m ents of organism s, especially oysters and  their associ
ated  b io ta  (C ohen and  C arlton , 1995; M iller, 2000; Ruiz 
et ah, unpublished  data). Some of the C alifornia inva
sions have spread n o rth w ard  th ro u g h  n a tu ra l dispersal, 
and  o ther species have been in troduced  independently  to  
the n o rth . H ow ever, com pared  to  C alifornia, far fewer 
nonnative species are know n from  O regon, W ashington, 
and  A laska (C ohen et ah, 1998; W onham  and  C arlton , 
2005; R uiz et ah , 2006a).

Although this latitudinal pattern  of invasion could re
sult from  reporting biases in the literature, particularly in 
the level of research (search effort) am ong regions, recent 
surveys suggest that the pattern  is robust for sessile inver
tebrates in hard  substrate fouling communities. Using stan
dardized surveys to  sample sessile invertebrates, deRivera et 
al. (2005) and Ruiz et al. (2006a) found th a t the num ber 
of in troduced species increased w ith decreasing latitude 
from  Alaska to  southern California. It appears th a t the 
northern  spread of m any nonnative species from  Califor
nia may have been lim ited by dispersal as a result of the 
relatively low  level of hum an activities (and, thus, species 
transfer opportunities) th a t have been present historically 
(Ruiz and H ew itt, 2008).

Similar analyses are no t yet available to  extend this 
com parison to  low er latitudes along the eastern Pacific. 
A lthough there have been some studies reporting  in tro 
duced m arine species in C entral America (R ubinoff and 
R ubinoff, 1969; Lam bert and Lam bert, 2003; Wysor, 
2004, Roche and Torchin, 2007; Roche et ah, 2009; Bas- 
tida-Z avala, 2008), standardized, quantitative com m u
nity-level com parisons are lacking. In particular, synthetic 
studies focused w ithin bays and estuaries of C entral Amer
ica targeting those taxonom ic groups for w hich invasions 
are often m ost prevalent do no t exist. Even where synthe
ses from  the literature have been attem pted, the paucity
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of available data limits conclusions abou t the scope of 
invasions. For exam ple, Cohen (2006) provides a useful 
sum m ary of available inform ation on invasions su rround
ing the Panam a Canal, w hich has received considerable 
a tten tion  for a tropical system. Despite the historical in
terest on biotic exchange in Panam a, C ohen characterizes 
the current state of knowledge as follows: “The Panam a 
Canal lies in a region of the w orld where the m arine biota 
is bo th  diverse and relatively poorly know n, and there has 
been rem arkably little investigation of the effect th a t the 
C anal has had on the d istribution  of th a t b io ta .”

W ith a broad goal to evaluate patterns and processes 
in m arine invasions using a latitudinal fram ew ork, we have 
initiated a research program  in Central America (a) to com 
pile available data from  the literature on nonnative m arine 
species, as p a rt of our database (NEMESIS, 2008), and 
(b) to  conduct standardized surveys at m ultiple sites. O ur 
approach  will allow  direct com parisons w ith m ore than  
tw o dozen sites surveyed on the Pacific and A tlantic coasts 
of the USA. O ur initial effort is focused prim arily on ses
sile invertebrates (including ascidians, barnacles, bryozo- 
ans, hydroids, mussels, and sponges), w hich com prise a 
large p roportion  of m arine introductions, are relatively 
well studied, and are conducive to  standardized, quan tita 
tive field surveys.

A prelim inary review of the literature for barnacles 
suggests the num ber of introduced species increases from  
Alaska to Panam a (Figure 1 A), consistent w ith  an increase 
in the m agnitude of shipping (see next section). At least 
four nonnative species of barnacles are reported  to occur 
on the Pacific coast of Panam a, including Am phibalanus  
am phitrite , A. reticulatus, Balanus trigonus, and Fistulo
balanus pallidus (M atsui et al., 1964; Jones and D aw son, 
1973; M cC osker and D aw son, 1975; Laguna, 1985). 
Three introduced barnacles are know n from  California: 
Am phibalanus am phitrite , A. eburneus , and A. im provi
sus (C arlton, 1979; C arlton  and Z ullo , 1969; C ohen and 
C arlton , 1995; Cohen et al., 2002). A m phibalanus reticu
latus has also been detected in recent surveys in sou th 
ern California, but it is no t yet know n to be established 
(Ruiz, unpublished data). Only one introduced barnacle, 
A. im provisus , is reported  in O regon and W ashington 
(Carlton, 1979; W onham  and C arlton, 2005), and there 
are no introduced barnacles know n from  Alaska (Ruiz et 
al., 2006a). It is notew orthy tha t the reported  num ber of 
nonnative barnacle species in Panam a exceeds th a t along 
the w estern USA, considering the latter is relatively well 
surveyed. Thus, we expect tha t strength of this inverse 
relationship w ith  latitude may increase w ith  additional 
inform ation.

Alaska -

O regon and 
W ashington

California

Panam a

Hi
Alaska

■i
O regon and H i
W ashington nn

California

Panam a

0 1 2  3 4 5 0 10000 20000 30000
N um ber of Non-Native B arnacle S p ecies  N um ber of Ship Arrivals (2004 - 2005)

FIGURE 1. A. Number of normative barnacle species established by geographic region. Shown are the numbers of nonnative barnacle species 
reported to be established from Alaska to Panama (see text). B. Number of vessel arrivals by geographic region. Shown are the numbers of com
mercial vessel arrivals from overseas to different geographic regions, from Alaska to Panama, over a two-year period (2004-2005). Coastwise 
domestic traffic is excluded from arrivals to U.S. locations. (Data from Miller et al., 2007; ACP, 2008b.)
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At the present time, the relationship between in tro 
duced species richness and latitude is poorly resolved for 
the northeastern  Pacific and other global regions. The p a t
tern  presented in Figure 1A should be considered as p re
liminary, and it m ay change w ith further research. We also 
caution th a t these data are restricted to  barnacles, a very 
small subset of species present in the fouling community.

PA N A M A : A  TEST CASE FOR 
TROPICAL M ARINE IN V A SIO N S

Panam a is a potential ho tspo t for tropical m arine in 
vasions, because of the coun try ’s historic significance as 
a hub of w orld  trade since the fifteenth century, expand
ing greatly since construction  of the Panam a Canal. The 
Canal created a new shipping route between the A tlantic 
and Pacific basins, resulting in a large influx of com m ercial 
ships, w hich have been an im portan t source of introduced 
species in N o rth  America (Cohen and C arlton, 1995; C o
hen et ah, 1998, 2002; Ruiz et ah, 2000; W onham  and 
C arlton, 2005; see discussion below). Figure IB com pares 
the m agnitude of com m ercial shipping to  several m ajor 
p o rt systems, indicating th a t ship arrivals to  Panam a ex
ceed those to  m ajor p o rt systems in the western United 
States by a large m argin. Over the tw o-year period 2 0 0 4 - 
2005, nearly twice as m any vessels arrived to Panam a as 
overseas vessels arrived to  California. In fact, Panam a re
ceives m ore ship arrivals than  any of the largest ports in 
the United States (Ruiz et ah, 2006b; M iller et ah, 2007).

Since its opening in 1914, the num ber of C anal tra n 
sits increased rapidly, w ith  the exception of a brief in ter
rup tion  during W W  II, until reaching capacity in 1970 
(ACP, 2008a; Figure 2). Currently, the C anal is o pera t
ing at 90%  of its theoretical m axim um  capacity, servic
ing 12,000 to  14,000 vessels and  carrying approxim ately  
5%  of the w o rld ’s cargo annually  (Reagan, 2007). M ore 
than  800,000 ocean-going com m ercial vessels have 
passed th rough  the C anal since its com pletion (Ruiz et 
al„ 2006b).

W hile the num ber of transits has leveled off, the av
erage size of ships transiting the Canal has continued to 
increase, allowing for a continued increase in the volume 
of cargo passing through the Canal (ACP, 2008a; see Fig
ure 2). The average tonnage (based on CPSUAB, a uni
versal system of tonnage for the Panam a Canal, or Canal 
ton, w hich is equivalent to  approxim ately 100 cubic feet 
of cargo) per transit has increased from  4,832 in 1955 to 
21,963 in 2005 (ACP, 2008a). This change in cargo ca
pacity reflects an increase in the size of vessels over time;
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FIGURE 2. Number of commercial vessel transits (black line) 
through the Panama Canal and associated cargo tonnage (gray line); 
CPSUAB is a universal system of tonnage for the Panama Canal, or 
Canal ton, which is equivalent to approximately 100 cubic feet of 
cargo. (Figure modified from ACP, 2008a.)

these changes are the topic of a future analysis th a t will 
characterize changes b o th  in vessel size and  in under
w ater surface area available for co lon ization  by o rg an 
isms. In recent years, however, the size of vessels has been 
constrained by the lock dimensions and has been relatively 
static, w ith the Panam ax ships designed specifically as the 
largest vessels able to  transit the locks (see next section).

Tikely consequences of the Panam a Canal and  ports 
located at bo th  entrances are an increase in (a) the global 
transfer of m arine organism s, as the canal provides a con
duit for w orldw ide shipping, and (b) regional biological 
invasions in C entral America. Com m ercial shipping is a 
m ajor pathw ay  for the m ovem ent of species and appears 
largely responsible for a dram atic increase in the rate of 
know n invasions for m any regions in recent time (Ruiz 
et ah, 2000; Fofonoff et ah, 2003; H ew itt et ah, 2004). 
Ships move organism s associated prim arily  w ith  hull 
and sea chest fouling and w ith  ballasted m aterials, as an 
unintended result of norm al operations (C arlton, 1985; 
M inchin and Gollasch, 2003). In general, the likelihood 
of invasions increases w ith increasing propagule supply, 
including the m agnitude and frequency of organism s de
livered (Ruiz and C arlton, 2003; Tockw ood et ah, 2005). 
Thus, the chance of colonization by in troduced species 
in Panam a is likely to  have increased over tim e w ith the 
high frequency of vessels arriving to  Panam a from  around  
the globe.
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Given the high num ber of vessel arrivals, we m ight 
also expect the relative m agnitude of propagule sup
ply and invasions to  be high in Panam a. However, this 
rem ains to  be tested, and there are several reasons why 
this m ay no t be the case. First, different ship types and 
operational behaviors vary in their potential to  transfer 
m arine organism s (Verling et ah, 2005; M iller et ah, 2007; 
NBIC, 2008). Second, independent of propagule supply, 
some sites are less susceptible to  invasion for reasons of 
either environm ental conditions or biological interactions 
(Lonsdale, 1999; Ruiz et ah, 2000; Roche et ah, 2009).

Past studies have certa in ly  highlighted  the po ten tia l 
significance of vessels as a source of invasions to  the P an 
am a C anal and  su rround ing  w aters (see C ohen, 2006, 
and references therein  for recent review ). For exam ple, 
C hesher (1968) discusses the  p o ten tia l im portance of 
ballast w ater. M enzies (1968) considers the  capacity  of 
vessels to  transfer fouling organism s. H ay  and  Gaines 
(1984) suggest th a t sm all pleasure boats m ay be espe
cially im p o rtan t in  the transfer or organism s across the 
Isthm us of P anam a. A few studies also test the capacity  
of m arine organism s to  survive freshw ater exposure for 
the d u ra tio n  of a tran s it th ro u g h  the C anal (Chesher, 
1968; H ay  and  G aines, 1984). D espite the long in te r
est and  recognition  in ship-m ediated  transfer, the esti
m ates given above are lim ited to  few (if any) da ta  on 
species com position  or d irect q uan tita tive  estim ates of 
p ropagule  supply (abundance) on vessels. Surprisingly 
few data exist on b io ta associated  w ith  ballast w ater 
or hulls o f vessels associated w ith  the C anal. Instead, 
there are only coarse data  available on general o p e ra 
tional aspects of vessels th a t m ay affect species tran sp o rt 
opportun ities.

M ost com m ercial ships arriving to  Panam a will tra n 
sit the Canal, bu t some will have considerable time at an 
chorage before entering the Canal. From  2000 to  2005,

the average service time (from arrival to  com plete transit) 
of ships passing through the Canal was 16 hours when 
holding reservations. However, m any ships have no t had 
reservations, and average service times for these ships can 
reach 57 hours (Table 1). A lthough the p roportion  of ships 
holding reservations has increased in recent years, half of 
all ships still experienced some delay. Such increased resi
dence time is likely to  also increase the opportun ity  for re
p roduction  and colonization  of organism s associated w ith 
ships’ hulls (M inchin and  Gollasch, 2003; D avidson et 
ah, 2008), relative to  shorter residence times. It is evident 
th a t some organism s arrive to  Panam a on the hulls of ves
sels (Figure 3). However, a lack of quantitative inform a
tion  on the biota associated w ith outer surfaces of vessels 
transiting  the Panam a Canal and surrounding ports limits 
any detailed analyses.

For ballast water, we are no t aw are of any reliable 
estim ates of the historical patterns of ballast w ater m an
agem ent and discharge of vessels arriving to  Panam a, in 
cluding those ships delivering cargo to  the term inals and 
those simply transiting the Canal. Even a coarse estimate 
of volume is challenging, given large differences in opera
tions am ong vessels (Verling et ah, 2005; but see Chesher, 
1968). Presumably, ballast w ater discharge today is ra ther 
lim ited because m any vessels conduct ballast operations to 
com pensate for loading or off-loading cargo. In addition, 
Panam a prohibits ballasting operations in the Canal under 
m ost circum stances (ACP, 2008b).

Despite the limited inform ation available, we surmise 
tha t propagule supply has been relatively high in Panam a, 
com pared to  m any other tem perate and tropical sites. Based 
solely on the large num ber of vessel arrivals and their rela
tively long residence times (see Figure 2, Table 1), it is likely 
tha t Panam a has received large inocula of nonnative organ
isms associated w ith the vessels’ hulls and sea chests, which 
have been historically im portant sources of invasions in

TABLE 1. Comparison of service time for ships with and without reservations transiting the Panama 
Canal; n = number of ships. (Source: Modified from ACP, 2008a.)

Mean transit time (hours) through canal

Year Reservation (n) No reservation (n) Could not get reservation (n)

2000 16.7 (1,944) 35.7 (6,864) 42.1 (121)
2001 15.7 (5,008) 26.3 (6,590) 43.7 (306)
2002 16.1 (5,692) 29.0 (5,134) 57.1 (1,062)
2003 16.2 (5,527) 24.9 (4,596) 45.1 (1,361)
2004 16.4 (6,419) 30.5 (3,568) 49.8 (2,531)
2005 16.5 (6,972) 27.3 (3,406) 45.8 (2,270)
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FIGURE 3. Photograph of a vessel hull upon arrival to Panama showing associated biofouling organisms. 
Inset: Close up of bow with barnacles.

other regions (Coutts, 1999; Coutts et ah, 2003; Coutts 
and Taylor, 2004; H ew itt et ah, 2004).

As a result of its shipping history, Panam a provides 
a unique opportun ity  to test hypotheses about patterns 
and processes of invasions to  tropical m arine systems. If 
propagule supply drives invasion patterns, we predict tha t 
Panam a may be a ho tspot for invasions. If tropical systems 
are inherently less susceptible to  invasions (Elton, 1958; 
Sax, 2001), we w ould expect to  see low  in troduced species 
richness despite high historical propagule supply. O ur cur
ren t research seeks to  estim ate nonnative species richness 
and advance our understanding of historical propagule 
supply in Panam a, in the context of a broader latitudinal 
com parison as discussed above.

EVALUATING FUTURE 
CH A N G ES IN P A N A M A

In O ctober 2006, the Republic of Panam a passed a 
referendum  to expand the capacity of the existing Canal. 
The m odernization will include (a) tw o new  sets of locks,

one at the Pacific entrance and one at the A tlantic; (b) two 
new  navigational channels to  connect the locks to  existing 
channels; and (c) deeper and w ider shipping lanes (Rea
gan, 2007). The expansion project is now  under way and 
is scheduled to  be com pleted by 2015 (Reagan, 2007).

W hen the expansion is com pleted, the Panam a Canal 
A uthority  estimates th a t Canal transits will m ost likely 
increase from  12,700 per year in 2005 to approxim ately 
19,600 in 2025, w ith an optim istic forecast as high as 
22 ,100 transits per year (Figure 4). Further, the largest ves
sels currently  capable of transiting the Canal are Panam ax 
ships reaching 320 m  in length th a t can carry 65,000 tons 
o f cargo. After the com pletion of the new locks, the Canal 
will accom m odate vessels up to  425 m  long, carrying about 
twice the am ount of cargo of tod ay ’s ships (Gawrylewski, 
2007; R eagan, 2007).

W hile efforts have been m ade to  evaluate potential en
vironm ental effects of the Panam a Canal expansion (ACP, 
2008a), the possible effects of this expansion on invasion 
dynamics have no t received m uch atten tion  to date. One 
m ight expect an increase in propagule supply associated 
w ith the increased num ber and size of vessels transiting  the
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FIGURE 4. Forecast of demand for Canal transits. Solid black line 
= probable demand, dashed line = high (optimistic) demand, and 
shaded gray line = low (pessimistic) forecast demand. In 2005, there 
were 12,647 recorded Canal transits (solid circle). (Figure modified 
from ACP, 2008a.)

Canal. There m ay also be shifts in trade routes th a t could 
expand the species pool associated w ith ships’ arrivals, re
sulting from  either new  m arkets or previous constraints 
on the size of vessels th a t could previously use this co rri
dor. Alternatively, the service time of vessels m ay decrease 
as the capacity to accom m odate m ore transits increases. 
This decrease could reduce the establishm ent probability  
of organism s attached to  the hulls of arriving vessels, as 
residence time and likelihood of invasion are thought to  be 
positively correlated (Davidson et ah, 2008).

Potential changes in environm ental conditions as
sociated w ith  bo th  the ships and  the C anal entrances 
could also influence fu ture invasions. W ith  the in te rn a 
tional ban  on tribu ty l tin  as an antifouling  coating now  
com ing in to  force, some have suggested th a t biofouling 
of sh ips’ hulls, and  hence ship-m ediated propagule sup
ply, m ay increase (N ehring, 2001). Additionally, changes 
in the salinity regimes will p robab ly  occur at b o th  P a
cific and  A tlantic entrances to  the C anal, as well as in 
areas w ith in  the C anal near the lockages, as a result of 
increased freshw ater discharges in to  the oceans and p o 
tential seaw ater in trusion  in to  the C anal. Such changes 
in salinities could alter the susceptibility to  invasion for 
arriving organism s. However, any predictions abo u t d i
rectional changes in propagule supply and  susceptibility

are curren tly  speculative at best, as sufficient in fo rm ation  
presently  is no t available.

There is also a regional context for the Panam a Canal 
th a t deserves consideration. A lthough the Canal provides 
a critical corridor across the Isthm us of Panam a for global 
trade, Panam a’s ports are becom ing increasingly im portan t 
hubs for the regional d istribution  of com m odities. M ore 
specifically, cargo th a t is delivered to  Panam a’s ports is of
ten transferred secondarily by o ther vessels to  surrounding 
countries in the region. As Panam a is a d istribution center, 
any increase in in troduced species increases the chances for 
ship-m ediated dispersal to  surrounding ports. Conversely, 
increased commerce w ith the other countries in the region 
also enhances the opportun ity  for delivery of organism s to 
Panam a. The potential significance of such regional dis
persal th rough this hub-and-spoke system of shipping has 
no t been evaluated for the past, present, or future.

We are currently w orking w ith the Panam a Canal A u
thority  and the University of Panam a to evaluate the role of 
the Panam a Canal in regional and global m arine invasions. 
A lthough the m ajor focus of our efforts is to evaluate past 
and current levels of invasion, as well as to  obtain some 
coarse estimates of propagule supply to  the region, we 
hope to provide the baseline needed to  forecast and evalu
ate potential impacts of future changes on invasion risks.

C O N C LU SIO N S

Panam a provides exceptional opportun ities  to  test 
hypotheses ab o u t invasions in trop ical m arine systems. 
The presence of the  C anal and  the m agnitude of shipping 
to  the region have undoub ted ly  increased the supply of 
nonnative species delivered to  the shores of Panam a. 
W hile there is lim ited in fo rm ation  on actual propagule  
delivery, the Panam a C anal A uthority  has m ain tained  
h istorical records on the num ber and  characteristics of 
transitin g  vessels. This in fo rm ation  provides a unique 
view  of the m agnitude of shipping and  changes th rough  
tim e and  could  be used as an initial coarse p roxy  for 
propagu le  supply. We pred ict th a t invasions are com m on 
in Panam a relative to  su rround ing  regions as a resu lt of 
the in tensity  of sh ipping in the area. If p ropagule  supply 
is positively corre la ted  to  in troduced  species richness, as 
the lite ra tu re  suggests, we pred ict a relatively high n u m 
ber of invasions have occurred. H ow ever, if relatively 
few in troduced  species are detected  in Panam a, this sug
gests th a t som e com bination  of environm ental cond i
tions and  biotic resistance m ay lim it invasions in this 
trop ica l region.
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We have focused attention on Panam a as a m odel sys
tem  to understand m arine invasion dynamics, but a robust 
analysis m ust also include com parisons to  o ther locations 
th a t differ in the intensity of shipping and other transfer 
m echanism s. Ideally, such com parisons should be repli
cated across latitudes. Such a com parative approach is key 
to  untangling patterns of m arine invasions in tropical and 
tem perate regions and, ultimately, in determ ining the p ro 
cesses th a t drive these patterns.
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Ciguatera Fish Poisoning in the Caribbean

Patricia A. Tester, Re
Amy W. Nau, Maria A. Faust,
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ABSTRACT. Ciguatera fish poisoning (CFP) is a significant illness in the Caribbean. Lo
cal fishers and natives attempt to avoid CFP by applying traditional knowledge concern
ing where and when certain fish species are likely to be ciguatoxic, but this knowledge 
is incomplete. Evidence gathered over the past decades indicates that CFP events are 
increasing and becoming more unpredictable, thereby posing a greater threat to local 
inhabitants as well as tourists. The current understanding of CFP distribution is from 
studies nearly a decade old and generated largely by self-reported CFP incidents to a 
call-in “hotline” in Miami, Florida. To better guide resource allocation and focus future 
research, an active survey method was used to uniformly query public health profession
als and fisheries officials on the occurrence of CFP. Points of contact from each of these 
two groups were compiled for the 24 Caribbean island countries and territories and 9 
mainland countries bordering the Caribbean. An outcome of this project will be to pro
vide public health agencies, resource managers, and others with information they can use 
in developing CFP tracking systems and effective public education programs. The long
term goal of associated efforts is to provide accurate and affordable monitoring tools for 
predicting the onset of CFP events.
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Ciguatera fish poisoning (CFP) occurs in tropical regions w orldw ide and is 
globally the m ost com m on nonbacterial food-borne illness (Tester, 1994; CDC, 
2007; Figure 1A). The toxic organism s m ost com m only associated w ith CFP 
are benthic dinoflagellates reported  to  produce ciguatoxins or m aitotoxins (Ya- 
sum oto et ah, 1977; D urand-C lem ent, 1987; Satake, 2007). Ciguatoxins b io
concentrate in the food chain and reach their highest levels in top predators 
such as barracuda or other tropical reef fish. These toxins have been found in 
m ore than  400 fish species, including groupers, snappers, jacks, mackerels, trig- 
gerfish, and surgeonfish (Bagnis et ah, 1970). C onsum ption of tain ted  fish can 
lead to  gastrointestinal distress followed by neurological (perioral num bness, 
tingling, tem perature sensory reversal) and cardiovascular (arrhythm ia, brady
cardia, tachycardia, reduced blood pressure) sym ptom s and, in rare cases, death. 
The chronic phase of CFP can persist for weeks, m onths, or years (Freudenthal, 
1990), and repeated exposure to  ciguatoxins exacerbates the sym ptom s.

mailto:pat.tester@noaa.gov
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Gulf of 
Mexico

Caribbean Sea

because of the difficulty in diagnosing CFP and  the ab 
sence of uniform  reporting  criteria or any entity respon
sible for m aintain ing this inform ation . Previous in fo rm a
tion  gathered on the incidence of CFP in the C aribbean 
has relied heavily on self-reporting m echanism s, such as 
calls to  a “ho t-line” in M iam i, F lorida. Because people 
living closer to  M iam i are m ore likely to  know  abou t the 
hot-line, the reported  incidence rates could reflect a geo
graphic bias (Figure IB). A nother im portan t aspect of this 
research has been to  focus the jo in t research efforts of 
the N ational O ceanic and A tm ospheric A dm inistration 
(NOAA) and Sm ithsonian Institu tion  scientists w ho are 
w orking on the m olecular and m orphological character
ization of the toxic dinoflagellates responsible for CFP. 
Both groups have strong interests in understanding how  
changes in the d istribu tion  and abundance of ciguatera- 
associated dinoflagellate species relate to  the occurrence 
and severity of CFP.

An im portan t outcom e of this project will be to  p ro 
vide public health  agencies, resource m anagers, and o th 
ers w ith inform ation th a t they can use in developing CFP 
tracking systems and effective public education program s. 
The long-term  goal of associated efforts is to  provide ac
curate and affordable m onitoring tools for predicting the 
onset of CFP events.

FIGURE 1. A, Potential global distribution of ciguatera fish poison
ing (CFP). Red areas indicate regions with a high CFP prevalence, 
yellow indicates moderate potential exposure, and green indicates 
regions where the dinoflagellates responsible for the disease are 
found and represent a potential problem. This map represents a 
composite of the data obtained from an aquatic biotoxins review by 
Huss et al. (2003), the CFP distribution map maintained by the jour
nal Harmful Algae (WHOI, 2008), and Lewis (2006). B, Potential 
distribution map of CFP in the Caribbean, as modified from Stinn et 
al. (2000), combined with some recent incident reports showing the 
presumed distribution of ciguatera fish poisoning in the Caribbean, 
mostly collected by passive means; that is, a self-reporting CFP hot
line in Miami (“Cigualine” at 1-888-232-8635). Red areas indicate 
high frequency of CFP reports; yellow indicates regions where CFP 
is reported less frequently; green indicates infrequent reports of CFP. 
These maps may not accurately portray the actual CFP distribution 
because many cases go unreported.

This paper provides the justification for and  an over
view of our recent efforts to  conduct an active survey of 
public health  officials and  fishery m anagem ent profes
sionals on the incidence of CFP in the C aribbean. We cur
rently lack an accurate picture of CFP in the C aribbean

INTRODUCTION A N D  BA CK G RO U N D

C iguatera fish poisoning is a com m on disease in the 
C aribbean, caused by the ingestion of a wide variety of 
fishes th a t contain  toxins accum ulated from  the m arine 
food web (Lewis and Holm es, 1993) (Figure IB). The ul
tim ate sources of these toxins (ciguatoxins and m aitotox- 
ins) are small benthic m icroalgae belonging to  the d ino
flagellate genera Gambierdiscus, Coolia, Ostreopsis, and 
Prorocentrum  (Figure 2) (Steidinger and Baden, 1984). Al
though ciguatera fish poisoning (CFP) is a th rea t to  public 
health  th roughout the Caribbean, it is generally m anaged 
by local, trad itional knowledge of the native fishers. H ow 
ever, their knowledge of the seasonality of occurrence and 
locations of ciguatoxic reefs may no longer be accurate 
because of changing environm ental conditions (Tester, 
1994; Tosteson, 2004). These environm ental changes in 
tu rn  alter the d istribution  and abundance patterns of the 
cells th a t cause CFP. Some evidence exists th a t ciguatoxic- 
ity may vary seasonally, bu t no t all studies support this 
view (de Fouw  et ah, 2001). Tosteson (2004) argued tha t 
seasonality of CFP and the correlation of dinoflagellate 
abundance w ith CFP intoxications evident before 1990
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FIGURE 2. Scanning electron micrographs of ciguatera-associated dinoflagellates: A, Gambierdiscus; 
B, Coolia; C, Ostreopsis; D, Prorocentrum.

was no t observed in data from  1990-2000. H e suggested 
these changes appeared to be associated w ith increasing 
periods of elevated sea-surface tem peratures in the C arib
bean. Further, the potential for a greater num ber of people 
to  be exposed to  CFP has increased because of m ore in 
tense exploitation of fisheries and the depersonalization 
of m arkets (Olsen et ah, 1984). Both trends have been ac
celerated by tourism  and rapidly grow ing resident popu la
tions (CIA, 2008).

The average num ber of tourist days (excluding ships’ 
passengers) in the Caribbean, 174 million, dw arfs the 38.8 
m illion residents and represents a significant exposure of 
a naive population  to  CFP. The m ost com m on route of 
exposure is th rough consum ption of locally harvested fish. 
Currently, the annual to ta l C aribbean fishery landings ex
ceed 1.6 m illion m etric tons (CRFM , 2008; FAO, 2005,

2008; W RI, 2007), m aking a strong argum ent for focused 
studies on CFP occurrence and on the environm ental fac
to rs th a t affect the d istribu tion  and  abundance of CFP- 
associated organism s.

As p a rt o f its com m itm ent to  understand  and char
acterize the diversity, distribution, and  abundance of 
organism s th roughou t the C aribbean, the Sm ithsonian 
Institu tion  has carried ou t extensive studies on dinoflagel
lates over the past 20 years (Faust and Gulledge, 2002). 
Because of this pioneering w ork, m uch of the background 
in form ation  and expertise needed to  characterize the di
versity of ciguatera-causing dinoflagellates are already in 
place. D uring the past five years, N O A A  (N ational O ce
anic and A tm ospheric A dm inistration) and Sm ithsonian 
scientists have collaborated  to  isolate, identify, and genet
ically characterize the ciguatera-causing dinoflagellates
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of the C aribbean, as well as to  develop species-specific 
m olecular assays for assessing their abundance. As part 
of this w ork, four new  G ambierdiscus species have been 
discovered and are being described (Tester et ah, 2008; 
L itaker et ah, in press).

We are now  in a position  to  begin system atic studies 
of the incidence of CFP and d istribu tion  and abundance 
of CFP-causing dinoflagellates th roughou t the C aribbean. 
To identify areas of concern from  bo th  public health  and 
m arine resource perspectives, and  to  focus the effective
ness of environm ental sam pling, we needed to  identify ar
eas w here CFP was m ost com m on. Consequently, we in i
tia ted  active surveys of local fishery m anagers and public 
health  officials. By exam ining the CFP incidences am ong 
the 24 islands and the 9 m ain land  countries surrounding

the C aribbean, additional insights can be gained into fac
tors th a t govern the spatial and  tem poral variations in the 
prevalence of CFP.

A second objective of this study was to  determ ine 
how  CFP was being m onitored  and reported  th roughout 
the C aribbean, where m ore than  46%  of the tourists are 
from  the United States (United N ations Statistics Division, 
2004; C TO , 2008; Figure 3) and the average length of 
stay is 8.7  days (United N ations Statistics Division, 2004; 
C TO , 2008; Figure 4). This project represents the first 
steps tow ard  an assessment of com m unity vulnerability by 
the identification of susceptible populations and serves as 
a fram ew ork for developing hum an dimensions research 
as a cross-cutting priority  of ecosystem science supporting 
m arine resource m anagem ent (Bauer, 2006).
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FIGURE 3. Average percentage of American tourists visiting the Caribbean by country (1996-2005). Only 
data from Cancún and Cozumel were used for Mexico. On average, 46% of tourists who visited all Carib
bean countries came from the United States. On average, not counting visits from passengers on cruise ships, 
tourists spend over 174 million tourist days in this region each year (OAS, 1997; ACS-AEC, 2003; UNSD, 
2004; CIA, 2008; CTO, 2008).
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FIGURE 4. Average length of stay for all tourists visiting the Caribbean during 1996-2005, by country. Only 
data from Cancún and Cozumel were used for Mexico. The average length of stay for all tourists was 8.7 
days (OAS, 1997; ACS-AEC, 2003; UNSD, 2004; CIA, 2008; CTO, 2008). ND = no data.

O ur ultim ate goal is a com prehensive assessment of 
the environm ental, sociocultural, and economic impacts 
of CFP in the Caribbean and the developm ent of effec
tive detection and m onitoring tools to support m anage
m ent decisions and im prove inter-island com m unications 
am ong public health  officials, m arine resource m anagers, 
Caribbean residents, and tourists.

M ETHODS

Based on published cases and self-reporting, it ap 
pears th a t CFP is m ore prevalent in the eastern C arib
bean than  the w estern C aribbean (Stinn et ah, 2000; see 
Figure IB). To assess w hether this is the case or w hether 
the pattern  derives from  reporting  bias, we used an ac

tive m ethod to  query public health  officials and fisheries 
m anagers about the occurrence of CFP from  1996 through 
2006 in 24 C aribbean island nations and territories and 
9 m ainland countries bordering the C aribbean. Fisheries 
and public health  officials were contacted separately. One 
or both  agencies could be involved in the surveillance of 
and response to  CFP, although often w ithin different ad 
m inistrative units. Q uerying tw o separate agencies was 
intended to  allow  corroboration  of the data and to  m ea
sure inform ation-sharing between agencies. The question
naires used in this study were vetted by a panel of experts 
w ith experience in designing hum an health  surveys (see 
Acknowledgm ents ).

In itial con tac t was m ade w ith  public health  and  fish
eries departm en t staff persons by telephone. In tro d u c
to ry  conversations were conducted in English, Spanish, 
or French, depending on the preference of the official
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contacted . The follow ing prelim inary  in fo rm ation  and 
questions w ere provided during these telephone calls be
fore sending the survey:

• The focus of the project is to gather information about where 
and how many people are poisoned by eating fish contami
nated with ciguatera toxin (ciguatoxin) throughout the Ca
ribbean, including in ____________ (name of country). People
who eat fish carrying this toxin can develop ciguatera fish 
poisoning, an illness that affects primarily the digestive and 
nervous systems.

• Does your office compile information about fish that transmit
ciguatera or cases of ciguatera fish poisoning in ____________
(name of countryJ?
(If No) Do you know of another office that does?
(If Yes) What is the name of that office?
(If No) Do you know anyone who might be able to help me 
locate an office that compiles information about ciguatera fish 
poisoning?

A long-term goal of the research project is to better under
stand where ciguatera fish poisoning occurs, which could improve 
the use of resources to monitor and respond to it. The results of 
our research throughout the Caribbean will be summarized in a 
report, documented in a database, and displayed on maps that 
will be available to you and others interested in the project. We 
will not be collecting names, addresses, or other personal infor
mation from people who have ciguatera fish poisoning.

• Are you the best person in your office to provide information 
about ciguatera in ___________ (name of country)}
(If referred to another person or agency) Do you have any con
tact information for the person you recommend I speak with?

We are asking for your voluntary assistance with our research.

• Would you be willing to answer a few questions?
(If Yes) Thank you! I would greatly appreciate being able to 
e-mail you some specific questions I have. May I do so?
(If No) Why not?

O nce an app rop ria te  con tact was identified, a w rit
ten copy of the questionnaire was provided in the ap 
p rop ria te  language (or languages, as some partic ipants 
received the questionnaire in b o th  Spanish and  English 
or French and  English). Both questionnaires (the fisher
ies departm ent version and  the public health  departm ent 
version) included the 11 core questions listed in A ppen
dix  I, as well as 4 questions th a t applied to  only the fish
eries departm en t (A ppendix II) or the public health  de
p artm en t (A ppendix III). Efforts were m ade, in designing

the questionnaire, to  allow  respondents to  qualify how  
confident they were of the com pleteness of the data  they 
w ere providing.

RESULTS A N D  DISCUSSION

To date, results are prelim inary, as no t all the ques
tionnaires have been returned . However, some trends 
have begun to  emerge, and  it is possible to  provide a brief 
synopsis of these. O ne of the m ost striking results was the 
w ide range of concern and know ledge abou t CFP. Some 
governm ent agencies have simply asserted th a t CFP cases 
do no t occur in their jurisdictions and declined to  receive 
or com plete the questionnaire. O ther agencies acknow l
edged th a t a poten tia l problem  exists but have been ham 
pered by insufficient resources to  institute an organized 
m onitoring  system. Still o ther governm ents reported  
m aking progress tow ard  bringing CFP surveillance p ro 
gram s online, sometimes in response to  a recent outbreak  
of CFP cases.

Some countries h ad  a w ell-developed m andato ry  
p ro toco l for repo rting  CFP, including in fo rm ation  on 
the nam e of the patien ts, sym ptom s, and diagnosis. In 
som e instances, public health  officials have a high de
gree of confidence th a t they are finding 90%  or m ore 
of the cases, bu t m ost public health  officials w ho have 
responded  to  date are less confident in  the ir statistics. 
In som e countries, w hen clusters of CFP cases are ob 
served, the health  departm en t issues a press release. At 
the sam e tim e, the departm en t m ay do a public service 
announcem ent for rad io  and  TV ab o u t the  risk  of co n 
sum ing barracuda.

A wide range of opinions were offered abo u t how  
aw are and  concerned local popu lations and  fishers are 
abou t the risk th a t eating certain  types of locally caught 
fish could result in developing CFP. These responses 
ranged from  “N o t aw are” or “N o t concerned ,” to  
“Som ew hat aw are” or “Som ew hat concerned ,” to  “Very 
aw are” or “Very concerned .” O ne responden t com 
m ented th a t native-born  citizens had  a higher level of 
aw areness and  concern th an  people w ho recently m oved 
to  the region. Perceived levels of risk  m ight depend m ore 
on being educated  abou t the problem  ra th e r th an  an ac
tual risk of exposure. A t least in some regions w here CFP 
is well know n, m ost people seem to understand  th a t if 
they feei tingling or prickling on their tongues w hen they 
are eating fish, they should  stop eating it to  m inim ize the 
risk of becom ing sick.
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In some countries, the data also suggest a trend to 
w ard increasing num bers of CFP cases w ith time. Public 
health  officials on a few islands a ttribu ted  this no t to  en
vironm ental change, but to  population  grow th, in some 
cases as rapid as a doubling of the population  in 20 years. 
As the population has grow n, so too  has the dem and for 
fish, which could result in an increase in the num ber of 
people exposed to  CFP. It is generally agreed th a t CFP is 
underreported  and tha t this lack could be attribu tab le to 
a variety of reasons (e.g., because its sym ptom s resemble 
those of o ther diseases w hen the poisoning is mild). This 
apparen t increase may also be attribu tab le to  increased re
porting  because of heightened awareness, or it m ay reflect 
an actual increase in new  cases of CFP.

Several public health  departm ents have com piled and 
reported  the m onths and years w hen people ate ciguatoxic 
fish and were diagnosed w ith CFP. From  these lim ited data 
it appears th a t the num ber of CFP episodes was distrib
uted evenly th roughou t the year but tha t the num ber of 
cases (people diagnosed w ith CFP) per episode was greater 
in September and O ctober (Figure 5).

Overall, public health  and fisheries officials ind i
cated th a t consum ption of contam inated  barracuda was 
the m ost com m on cause of CFP. O ther species frequently 
identified w ith CFP include jack, grouper, snapper, hog- 
fish, and m ackerel. Some fishermen discard barracuda tha t 
do no t “pu t up a fight” w hen caught, believing th a t if a 
fish does no t fight, it is sick. However, it should be noted 
th a t ciguatoxic status cannot be discerned visually; seem-
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FIGURE 5. Ciguatera episodes and cases in the Caribbean by month 
from 1996 to 2007. Episodes indicate multiple cases (usually defined 
by zip code) during the same week.

ingly healthy fish can be quite toxic. O ne positive outcom e 
of this research was th a t some countries provided data in 
dicating geographic locations w here ciguatoxic fish were 
frequently found. This inform ation will guide future sam 
pling efforts.

C O N C LU SIO N S

The data currently available from  C aribbean countries 
suggest there is wide variability in the am ount of attention  
given to  CFP. This variability is probably  no t entirely a t
tribu tab le to  how  prevalent CFP is in various areas. The 
reasons for this include differences in (1) how  significant 
a problem  CFP is thought to pose, (2) awareness of the 
risk of CFP, (3) w hether central reporting of CFP cases is 
m andatory, and (4) resources available for CFP m onitor
ing and education.

Active surveys, such as the one described in this 
study, can help countries quantify  po ten tia l risks and 
establish tra in ing  and m onitoring  systems for CFP. This 
study also provides unique insights in to  hum an  dim en
sions of CFP, including perceptions of how  significant the 
risks are in different areas and  how  frequently  health  and 
fisheries departm ents exchange in fo rm ation  concerning 
CFP. The data from  this study were also detailed enough, 
in some cases, to  suggest specific regions in the C aribbean 
w here CFP occurrences are elevated or are relatively rare. 
This inform ation will facilitate identification of specific 
sam pling sites for future investigations of the factors tha t 
affect the tem poral and spatial variability in exposure to 
CFP. The fruitful partnership  between the Sm ithsonian In
stitution and N O A A  continues the Sm ithsonian’s trad ition  
of docum enting the diversity of life on earth  and NOAA’s 
m ission to  bring state-of-the-art m anagem ent tools to  the 
m arine community.
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A PPE N D IX  1

The following core questions were used in both  fisheries and health departm ent questionnaires:

1. a. W hat inform ation does your office compile about cases of ciguatera fish poisoning (for example, num ber of people
diagnosed, locations of people diagnosed, locations w here fish were caught, etc.)?

b. If your office does no t compile such inform ation, is there another governm ental office or agency th a t does, and 
w hat is its name?  Yes  N o  I’m  no t sure
N am e of o ther office or agency:

c. If yes, w hat types of inform ation do you th ink  th a t office m ight have?
d. Please provide contact inform ation for someone in th a t office, if possible (contact nam e, e-mail address, phone 

number, and fax num ber).

2. If you receive reports of ciguatera fish poisoning, from  w hom  do the reports come? (Please check A L L  that apply.)
 Doctors  Clinics and Hospitals  Fisheries D epartm ent [for the health departm ent survey]  Fishermen
 H ealth  D epartm ent [for the fisheries departm ent survey]/O ther H ealth  Agencies [for the health departm ent
survey] (please specify jurisdiction represented and contact person, if available)  R estaurants  Hotels
 Individual Citizens  O ther Sources (please list)

3. Please indicate the to ta l num ber of reported  ciguatera fish poisoning cases per calendar year from  January  1, 1996, 
th rough Decem ber 31, 2006.
[A table containing one line for each year, a colum n for the num ber of cases reported , and a colum n for any com 
m ents was provided here.]

4. To the extent available, please provide the following inform ation for each episode of ciguatera fish poisoning. (For 
this study, an episode is defined as an occasion w hen one or m ore people were poisoned on the same day by one or 
m ultiple fish of the same variety, caught in the same place.)
a. N um ber of people poisoned
b. D ate of episode (list season and year if date or m onth  is no t know n)
c. D ate of diagnosis, if date of poisoning (B) is no t know n
d. City w here fish w ith ciguatera was eaten
e. H om e city of patient(s), if city w here fish was eaten (D) is no t know n
f. Type of fish w ith ciguatera (com m on nam e or scientific name)
g. Describe w here fish w ith ciguatera was caught, in as m uch detail as possible (with latitudes and longitudes, if 

available)

5. At this time, is reporting any inform ation abou t fish transm itting  ciguatera or cases of ciguatera fish poisoning volun
tary  or m andatory?  V oluntary  M andato ry   I’m  no t sure
If reporting  is m andatory:
a. W hat inform ation m ust be reported?
b. W hen did it become m andatory?
c. W hat agency receives these reports initially?

6. a. W hat percentage of ciguatera fish poisoning cases diagnosed each year i n ______________(name o f  country or terri
tory) do you th ink  are reported  to  your office?

b. H ow  confident are you of this estimate?  Very confident  Som ew hat confident  Slightly confident
_  N o t a t all confident  I’m  no t sure

continued
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A ppend ix  1 continued

7. a. To your knowledge, has your agency or another governm ental agency issued any advisory w arnings related
to consum ing fish th a t m ight carry ciguatera, such as barracuda or large reef fish?
 Yes  N o  I’m  no t sure

b. If yes, please indicate w hich office issued the advisory.
c. If applicable, please include or a ttach the w ording of each such advisory and indicate w hen it was issued. A ttach

additional pages, if necessary.
d. If your agency has no t issued an advisory, w ho or w hat agency w ould be m ost appropriate to  consult for 

inform ation on advisories? (Please list the agency nam e and the following, if available: a contact nam e, e-mail 
address, phone number, and fax number.)

8. H ow  often do your departm ent and fisheries departm ent officials [for the health  departm ent survey]/health depart
m ent officials [for the fisheries departm ent survey] exchange inform ation abou t episodes of ciguatera fish poisoning?
 As cases occur  Every m onth   Every 3 m onths  Every 6 m onths  Every year  N ever
 O ther (please specify):

9. H ow  aw are do you th ink  local citizens are of the risk th a t eating certain types of fish could cause them  to develop 
ciguatera fish poisoning?  Very aw are  Som ewhat aw are  N o t very aw are  N o t aware
 I’m  no t sure

10. To w hat extent do you th ink  local citizens are concerned about ciguatera fish poisoning?
 Very concerned  Som ew hat concerned  Slightly concerned  N o t concerned  I’m  no t sure

11. Please provide your contact inform ation for future reference. Thanks again for your assistance!
G overnm ent represented:
Agency and office:
N am e and title of person com pleting questionnaire:
Telephone number, w ith city code:
Fax number, w ith city code: 
e-mail address:
D ate inform ation provided:
W ould you like to  receive notification of the results of the study?  Yes  N o

A PPE N D IX  2

The following questions were directed only to  officials representing fisheries departm ents:

1. a. Is inform ation usually com m unicated to  you about where fish suspected of carrying ciguatera were caught?
 Yes  N o

b. Is inform ation usually com m unicated to you about w hat types of fish have carried ciguatera?
 Yes  N o

c. If yes to either (a) or (b), and if you do no t have inform ation in the form at provided in Q uestion 4, please provide 
any inform ation you have about the types of fish, and the locations involved in episodes of ciguatera fish poisoning 
reported  to  you, for the years 1996 to  2006. [A table was provided w ith the following headings: Year, C om m on or 
scientific names of fish reported , Locations of fish reported  (latitudes/longitudes, if possible, or place names, in as 
m uch detail as possible).]



N U MB E R  3 8 • 3 11

2. Please provide any inform ation you have on economic losses resulting from  ciguatera fish poisoning, either quan tita 
tive or qualitative (for example, if fishing had  ceased at a particu lar reef because of the suspected presence of cigua
tera toxins, there m ight be an annual loss of $10,000 to  the fishing industry). Please include the year(s) your data 
reflects and note your data sources.

3. To w hat extent do you th ink  fishermen are aw are of the risk of catching certain types of fish th a t could cause people 
to develop ciguatera fish poisoning?  Very aw are  Som ew hat aw are  N o t very aw are
 N o t aw are  Pm  no t sure

4. To w hat extent do you th ink  fishermen are concerned about catching certain types of fish th a t could cause ciguatera 
fish poisoning?  Very concerned  Som ew hat concerned  Slightly concerned  N o t concerned

_  I’m  no t sure

A PPE N D IX  3

The following questions were directed only to  officials representing health  departm ents:

1. Is any inform ation available to  you on the cost per year to  your governm ent of m onitoring or docum enting the inci
dence of ciguatera fish poisoning?  Yes  N o
If yes, please provide the inform ation below  and note your data sources.

2. Is any inform ation available to  you on the cost per year of medical treatm ents i n _____________ (name o f  country or
territory) for ciguatera fish poisoning, as an average per person affected by ciguatera fish poisoning and/or annually 
f o r _____________ (nam e o f  country or territory )? ___Yes  N o
If yes, please provide it below, specify w hether it reflects a to ta l or an average per person, and note your data sources.

3. Is any inform ation available to  you related to  the num ber of days people have been unable to  w ork  due to  ciguatera 
fish poisoning per year i n ______________(name o f  country or territory)}  Yes  N o
If yes, please provide it below, specify w hether it reflects a to ta l or an average per person, and note your data sources.

4. W ould you rank  ciguatera fish poisoning as one of the 10 m ost severe food-borne illnesses i n ______________(name o f
country or territory)}  Yes  N o  I’m  no t sure
If yes, w ould it rank  in the t o p  1 to  5 o r  6 to  10?
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ABSTRACT. Coral assemblages of the rhomboid shoals of the Belizean barrier reef have 
undergone dramatic, historically unprecedented changes over the past several decades. 
Before the late 1980s, the flanks of the shoals exhibited a distinct biological zonation, 
with branching Porites spp. dominant in a shallow zone (0-3 m water depth); the stag- 
horn coral Acropora cervicornis dominant in an intermediate zone (3-15 m depth); and 
large, plating agariciids and the lettuce coral Agaricia tenuifolia dominant in a deep zone 
(15-30 m depth). Acropora cervicornis died off catastrophically from white-band disease 
after 1986 and was replaced by Agaricia tenuifolia in the intermediate zone. Push-cores 
extracted from intermediate depths in previous studies showed that Acropora cervicornis 
was the dominant space occupant and primary framework builder for millennia before 
the phase shift to Agaricia tenuifolia. Cores extracted from the shallow zone showed 
that Acropora cervicornis dominated until several centuries ago, when the tops of the 
reefs reached approximately 2 m water depth and branching Porites spp. replaced it. 
In contrast, three cores extracted from the deep zone in the present study showed that 
for millennia the subsurface coral assemblage, like the assemblage on the modern deep- 
reef surface, was dominated by large, plating agariciids and Agaricia tenuifolia. Because 
white-band disease only affects acroporid corals, the unprecedented phase shift that fol
lowed the outbreak was confined to the intermediate zone. High sea temperatures in 
the summer of 1998 caused coral bleaching and mortality, especially of agariciids in the 
intermediate and deep zones, but to date this event has not left a geologic signature in 
the Holocene record.

INTRODUCTION

Coral reef ecosystems are collapsing at an accelerating rate, jeopardizing 
the ecosystem services tha t they provide (Hughes et ah, 2003; W ilkinson, 2006; 
C arpenter et ah, 2008). The com m on presum ption th a t m ortality  of hard  corals 
(Scleractinia and M illeporina) com m enced earlier and was m ore severe in the 
Caribbean and eastern Pacific than  in o ther tropical and subtropical regions 
may no t be correct (Bruno and Selig, 2007). Nevertheless, the causes and conse
quences are best understood for the C aribbean and eastern Pacific.

Coral m ortality  has been elevated in the C aribbean since the late 1970s 
(G ardner et ah, 2003). The im pacts of global change, including increasing sea 
tem peratures, increasing cyclone intensity, and declining aragonite saturation
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state (Kleypas et al., 1999; Buddemeier et al., 2004; Hoegh- 
G uldberg et al., 2007), are sources of grave concern, but 
coral assemblages th roughout the C aribbean have already 
been severely affected by outbreaks of infectious m arine 
diseases (A ronson and Precht, 2001b; Sutherland et ah, 
2004; Weil et ah, 2006). In particular, w hite-band disease 
(WBD), a bacterial infection th a t is specific to  acroporid 
corals, decim ated Acropora palm ata  (elkhorn coral) and 
Acropora cervicornis (staghorn coral) on reefs th roughou t 
the w estern A tlantic from  the late 1970s th rough  the early 
1990s (A ronson and Precht, 2001a, 2001b). A croporid 
populations have been reduced so drastically th a t the tw o 
species are now  listed as threatened under the U.S. E ndan
gered Species Act (H ogarth, 2006) and are classified as 
critically endangered according to  the Red List criteria of 
IUCN, the In ternational U nion for C onservation of N ature 
(Carpenter et ah, 2008). Hurricanes, temperature-induced 
bleaching, declining herbivory, nutrient loading, and preda
tion by corallivores have had additional, interacting impacts 
on coral m ortality and the scope for population recovery 
(Aronson and Precht, 2006). Emergent diseases, for exam 
ple, could be related to  or exacerbated by global w arm ing 
and nu trien t loading (Harveii et ah, 2002; Rosenberg and 
Ben-Haim, 2002; Bruno et ah, 2003, 2007; Sutherland et 
ah, 2004; Kline et ah, 2006). Recent changes on C arib
bean reefs were novel events in at least the last 3,000 to 
4,000 years (A ronson et ah, 2002a, 2004, 2005a; Wap- 
nick et ah, 2004; H ubbard  et ah, 2005; Greer et ah, 2009), 
and Pandolfi et al. (2006) drew  a sim ilar conclusion about 
H olocene reef dynamics in Papua N ew  Guinea.

A ronson and Precht (2001a, 2001b, 2006; Precht 
and A ronson, 2006) argued th a t because WBD was the 
prim ary cause of recent m ortality  of Acropora palm ata  
and Acropora cervicornis in the C aribbean, and because 
the tw o species were the dom inant space occupants at 
depth ranges of 0 -5  and 5 -2 5  m, WBD was clearly one 
of the m ost im portan t causes of recent coral m ortality  
in the region. M ass m ortality  of the acroporids was fol
low ed by tw o types of phase shifts. W here coral m ortality  
exceeded the capacity of herbivores to  respond to  algal 
g row th on the space th a t had  been opened, m acroalgae 
rose to  dom inance (O strander et ah, 2000; A ronson and 
Precht, 2001a, 2006; W illiams et ah, 2001; Rogers and 
Miller, 2006). W here herbivory was sufficient to  control 
the algae, brooding, self-fertilizing corals, prim arily of the 
families Agariciidae and Poritidae, replaced the acropo
rids (A ronson and Precht, 1997; Greenstein et ah, 1998; 
Bythell et ah, 2000; K now lton, 2001; G reen et ah, 2008). 
The shift to  m acroalgal dom inance has no t been as w ide
spread as previously supposed (Bruno et ah, 2009).

An im portan t exception to  the overall C aribbean 
trend  is the Flower G arden Banks (FGB) in the northw est
ern G ulf of M exico, where coral cover has held steady at 
4 0 % -6 0 %  at depths of 17-26  m  from  the 1970s to  the 
present. A ronson et al. (2005c) explained the persistently 
high coverage of living corals based on the historical ab 
sence of the cold-sensitive acroporids. C oral m ortality  has 
been far lower at the FGB than  elsewhere in the W estern 
A tlantic region because no acroporids were present to die 
of WBD. The appearance of Acropora palm ata  at the FGB 
in the past few years could be related to  global w arm ing 
(Precht and A ronson, 2004).

An ecosystem-level version of this biogeographic ar
gum ent is th a t reef zones historically no t dom inated by 
acroporids should no t have undergone phase shifts a t the 
same time as the adjacent Acropora-dom inated zones. In 
this study we exam ined the millennial-scale history of the 
coral assemblage near the bases of the rhom boid shoals 
in the central shelf lagoon of the Belizean barrier reef. We 
cored the deep-reef fram ew ork of tw o of the shoals, recon
structed the history of the coral assemblage during the late 
H olocene, and com pleted a m odel of reef developm ent 
over the last several thousand  years from  present sea level 
dow n to the bases of the shoals. A lthough Acropora cervi
cornis dom inated at interm ediate depths for millennia un
til the late 1980s, acroporids apparently  did no t dom inate 
the deep zone for at least the past 1,500 to  2,000 years, 
providing an opportun ity  to  test our hypothesis of the oc
currence and tim ing of phase shifts.

Z O N A T IO N  A N D  PALEOECOLOGY 
O F THE R H O M B O ID  SHOALS

The rhom boid shoals are uncem ented, atoll-like reefs 
lying w ithin the central shelf lagoon of the Belizean bar
rier reef. The sloping outer flanks of the rhom boid  shoals 
displayed a clear pa ttern  of coral zonation  from  at least as 
far back as the early 1970s, when the first rigorous ecologi
cal observations were made, until 1986 (Westphall, 1986; 
A ronson and Precht, 1997; Aronson et ah, 1998). A shal
low  zone (0-3 m  water depth) was dominated by branching 
Porites spp., primarily Porites furcata and Porites divaricata, 
mixed with the hydrocoral Millepora alcicornis. Acropora  
cervicornis dom inated an interm ediate-depth zone (3-15 m 
depth), w ith the blade-form ing lettuce coral Agaricia tenui
folia  as the subdom inant. (Agaricia tenuifolia  recently has 
been revised to  Undaria tenuifolia-, however, we will retain 
Agaricia as the generic designation in this paper.) A deep 
zone, extending from  15 m  to the lagoon floor at 2 2 -3 0  m
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depth, was dom inated by large colonies of plating agari
ciids (Agaricia lamarcki, Agaricia grahamae, Agaricia u n 
data, and Leptoseris cucullata) and Agaricia tenuifolia, 
w ith  scattered massive corals. The to ta l hard-coral fauna 
consisted of approxim ately 25 species, m ost o f w hich were 
rare (A ronson and Precht, 1997).

In the decade following 1986, the dom inant coral at 
interm ediate depths, Acropora cervicornis, succum bed 
to  WBD and was replaced by Agaricia tenuifolia. This 
phase shift was m ediated by an abundant, herbivorous 
sea urchin, Echinom etra viridis, w hich lim ited m acroalgal 
grow th and prom oted  the recruitm ent and opportunistic 
grow th of agariciids on the dead skeletons of Acropora  
cervicornis (A ronson and Precht, 1997). Agaricia tenuifo 
lia was the fastest grow ing of the agariciids th a t recruited 
and, therefore, it became the new  dom inant.

To determ ine w hether the transition  was historically 
unique, A ronson et al. (2002a) extracted push-cores at 
5 -1 0  m  w ater depth from  stations d istributed over a 375 
km 2 area of the lagoon (Figure 1). Analysis and rad iocar
bon dating of the cores revealed continuous dom inance 
of Acropora cervicornis and upw ard grow th of the reef 
for at least 3,000 years before the late 1980s. Spines of 
E chinom etra viridis were present th roughou t the cores, 
indicating continuously high herbivory. D uring the past 
three millennia Agaricia tenuifolia  grew in small patches 
(of the order of square meters), which appeared as subsur
face layers of skeletal plates th a t were isolated in time and 
space (A ronson et ah, 2002a). The recent, area-w ide phase 
shift, in contrast, was preserved at the tops of the cores as 
a layer of Agaricia tenuifolia  plates overlying a thin layer 
of taphonom ically  degraded Acropora cervicornis. This 
signature persisted in the H olocene record despite sub
sequent hurricanes and bleaching events (A ronson et ah, 
2000, 2002b, 2005b). Coring in a lagoonal hab ita t at D is
covery Bay, Jam aica, showed th a t a m ore com m on phase 
shift, in w hich Acropora cervicornis was killed by WBD 
and replaced by m acroalgae as the result of lim ited her
bivory, was similarly unprecedented on a millennial time 
scale (W apnick et ah, 2004).

Cores extracted from  the rims and ridges of the shoals 
near the present sea level revealed th a t Acropora cervicor
nis dom inated the shallowest portions of these reefs for at 
least several millennia until approxim ately 500 years ago 
(W estphall, 1986; A ronson et ah, 1998, 2005a; M acintyre 
et ah, 2000). A t th a t tim e the reef tops grew  to w ith in  
2 m  of sea level, and  branching  Porites spp. replaced 
A cropora  cervicornis as the dom inan t coral taxon . 
Since then , the Porites-dom inated  assem blage has kept 
up w ith  the slowly rising sea level, form ing the shallow

zone. The shallow ing-upw ard, successional sequence in 
the shallow  zone contrasts w ith the post-1986, disease- 
induced replacem ent of Acropora cervicornis by Agaricia 
tenuifolia  a t interm ediate depths.

As p a rt of the w orldw ide reef-bleaching event of 
1997-1998 (W ilkinson, 2000), w hich was related to  the 
El N iño-S ou thern  O scillation and probably  augm ented by 
global w arm ing, a high-tem perature anom aly in the sum 
m er of 1998 bleached alm ost all corals in the interm edi
ate and deep zones of the rhom boid shoals (A ronson et 
ah, 2000, 2002b). Agaricia tenuifolia  is particularly  prone 
to tem perature-induced bleaching (R obbart et ah, 2004), 
and populations of this coral at interm ediate and deeper 
depths experienced nearly com plete m ortality. M ortality  
rates were lower, bu t still very high, for plating agariciids. 
The dead coral skeletons were colonized prim arily by thin 
algal turfs and the sponge Chondrilla  aff. nucula  (A ron
son et ah, 2002b), w hich Rützler et al. (2007) have now  
described as Chondrilla caribensis. Agariciid populations 
had  no t recovered as of D ecem ber 2008 (W. F. Precht, per
sonal observation). Branching Porites corals in the shal
low  zone were less affected by the 1998 therm al anomaly. 
These corals did no t bleach to the extent the agariciids did, 
and as a result they did no t experience large-scale m ortality  
(W. F. Precht and R. B. A ronson, personal observation).

MATERIALS A N D  M ETHODS

In April 2008, we extracted six push-cores in w ater 
depths of 14 .0-19.5  m  from  the reefs a t Channel and El
bow  Cays, in the center of our 375 km 2 study area (see 
Figure 1). Push-coring requires less equipm ent than  m e
chanical techniques such as ro tary  drilling and percus
sion vibracoring. By elim inating the need for tripods and 
other heavy equipm ent, push-coring offers easier logistics, 
greater mobility, and a m uch low er cost per core. Penetra
tion  and recovery of cores dom inated by branching and 
foliose corals have been excellent in the shallow  and in- 
term ediate-depth zones of the rhom boid  shoals, as well 
as on uncem ented lagoonal reefs in Panam a and Jam aica 
(D ardeau et ah, 2000; A ronson et ah, 2004; W apnick et 
ah, 2004). R otary  drilling is no t an option  because b ranch
ing and foliose corals generally are broken up and flushed 
ou t of the core barrel. As a result, recoveries are poor in 
lagoonal and fore-reef environm ents dom inated by fragile 
corals (Glynn and M acintyre, 1977; Hailey et ah, 1977; 
M acintyre et ah, 1981; Shinn et ah, 1982).

D ardeau et al. (2000) described the push-coring 
m ethod in detail. Briefly, alum inum  tubes, 5 m  long and
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the two coring stations. Three of the six cores extracted were analyzed for this study, as noted on the map. (Modified from 
Aronson et al., 2002a.)
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7.6 cm (3 in.) in diam eter w ith teeth cut into their leading 
ends, were driven by hand  into the uncem ented reef fram e
w ork. The tubes were ro tated  in using adjustable core slips 
w ith handles and tapped  w ith a sliding ham m er-w eight, 
sleeved over the top , to  aid in penetration . The tubes cut 
th rough , penetrated , and cap tured  the loose fram ew ork 
of branching and foliose coral skeletons, and they cored 
th rough  m ost massive coral heads as well. A lthough head 
corals are rare in the subsurface at shallow  and in term edi
ate depths, they are m ore com m on in the deep zone. The 
cores were sealed w ith plastic caps and electrical tape, 
ex tracted  from  the reef, and  transpo rted  to  the labora to ry  
for analysis.

Estimates of recovery were obtained at intervals dur
ing the coring process by dropping a weighted fiberglass 
m easuring tape dow n the open core barrel. In previous 
studies these m easurem ents, along w ith sim ultaneous 
m easurem ents of penetration, confirm ed th a t m aterial 
entered the tubes continuously as they were forced into 
the reef. In some cases in the present study the tube cored 
through a massive coral and was plugged by it, preventing 
further recovery as the tube was forced deeper into the 
uncem ented fram ew ork. We used the penetration  depth 
at the po in t a t w hich the tube was plugged to  calculate 
percent recovery. C om parison of final recoveries m easured 
before extraction  w ith recoveries m easured after extrusion 
in the laboratory  show ed th a t little or no m aterial was 
lost from  the bottom s of the tubes during extraction. O f 
course no m aterial was lost from  cores tha t were plugged 
at their bases by massive corals.

There were no indications of significant voids in the 
reef fram ew ork. In no case did the tube suddenly drop 
vertically while we were driving it in to  the reef. We also 
saw no reversals in the in situ estimates of recovery, which 
w ould have indicated episodic com paction during coring.

Three of the ex truded  cores were analyzed at in ter
vals of 5 cm. The constituents of each in terval retained 
on a 5 m m  sieve w ere cleaned of m atrix , sorted  to  spe
cies, dried to  a constan t m ass, and  w eighed to  the nearest 
m illigram . In earlier studies, we show ed from  regression 
analysis th a t, for the coral constituen ts, log(mass) was a 
strong p red ictor of log(volum e), as m easured by w ater 
displacem ent.

In the m anner described previously by W apnick et al. 
(2004), we assessed the degree of taphonom ic degradation 
of the Acropora cervicornis m aterial— encrustation, sur- 
ficial erosion, and internal boring— using a m odified ver
sion of the rank  scales of Greenstein and M offat (1996). 
The average taphonom ic condition of each coral fragm ent 
was rated  as good, interm ediate, or poor. The good rating

was applied to  fresh-looking pieces th a t had  little or no 
encrustation, retained essentially all their surface sculp
ture, and show ed little to  no evidence of in ternal boring. 
Poor fragm ents were those w ith extensive encrustation, 
surficial erosion, and/or boring; degradation was extensive 
enough th a t the structure of the corallites was completely 
obscured. Fragm ents were rated  as interm ediate if their 
condition, averaged over the three categories, fell between 
good and poor. A coral taxon , or a taxon  in a particular 
taphonom ic condition, was considered dom inant in a 5 
cm interval if its mass exceeded the mass of each of the 
other taxa/conditions in th a t interval.

A coral sample from  the bo ttom  of each core was ra 
diocarbon dated by Beta Analytic, Inc. (M iam i, Florida), 
using standard  techniques. M easured dates were corrected 
for isotopic fractionation to  generate conventional dates, 
w hich are expressed as rad iocarbon  years before 1950 
(14C year). C onventional dates were calibrated to  calendar 
years before 1950 (CalBP).

RESULTS

The cores captured the fram ew ork of loose coral skel
etons surrounded by a light gray w atery m atrix  of sandy 
m ud. The m atrix  was alm ost entirely carbonate, w ith only 
a trace of noncarbonate m aterial. It was less com pact 
than  the m atrix  in cores collected from  the shallow  and 
interm ediate zones (A ronson et ah, 1998; M acintyre et ah, 
2000; A ronson et ah, 2002a). X -ray diffraction analysis 
of sedim ent samples revealed a notable lack of high m ag
nesium  calcite in the sand and silt fractions. The m ajority 
of high m agnesium  calcite was found in the clay fraction, 
co rroborating  our earlier conclusion of active precipita
tion  of micritic high m agnesium  calcite w ithout significant 
cem entation (M acintyre and A ronson, 2006). Spines of 
Echinom etra viridis in the m atrix  indicated th a t those her
bivores were present during the time interval represented 
by the cores.

Three of the six cores we collected provided penetra
tions, recoveries, and bo ttom  dates sufficient to  analyze 
tem poral trends in the coral assemblage of the deep zone 
(Table 1). Cores BZ08-3 and BZ08-5 from  Channel Cay 
were bo th  plugged by heads of Porites astreoides a t pen
e tra tion  depths of 2 -3  m. Core BZ08-6 from  Elbow  Cays 
penetrated  nearly 3.5 m. B ottom  samples consisting of 
Porites astreoides from  the bases of cores BZ08-3 and 
BZ08-5, and plating Agaricia  from  the base of BZ08-6, 
were rad iocarbon  dated. The rem aining three cores yielded 
recoveries of 65 cm or less and were no t analyzed.
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TABLE 1. Summary statistics for the three cores.

Basal radiocarbon dates a

Core
Water 

depth (m) Site Penetration (cm) Recovery (cm)
Percent
recovery

Conventional date 
(14C year ± SE)b

Calibrated date 
(CalBP)c

BZ08-3 14.5 Channel 256 81 31.6% 2,730 ± 50 2,420 (1,860-1,560)
BZ08-5 16.2 Channel 216 78 36.1% 2,130 ± 60 1,710 (2,650-2,320)
BZ08-6 15.3 Elbow 347 109 31.4% 1,290 ± 60 840 (940-700)

a Radiocarbon dates are of coral samples from the bases of the cores.
k Conventional dates are measured dates corrected for isotopic fractionation, expressed as radiocarbon years before 1950 (14C year) and accompanied by standard errors (SE). 
c Calibrated dates (CalBP) are expressed as calendar years before 1950, with 95% confidence intervals in parentheses.

The m ean recovery for the three cores analyzed was 
33.0%  of penetration  depth (± 1 .5 3  SD). This figure is 
slightly lower than  the m ean of 35 .9%  obtained for cores 
from  interm ediate depths on the rhom boid  shoals and con
siderably low er than  the m ean of 62.3%  for cores from  
interm ediate depths in Bahia Alm irante, a coastal lagoon 
in Panam a (D ardeau et ah, 2000). The low  recoveries in 
the present study probably  reflect the open reef fram ew ork 
of the rhom boid  shoals (com pared to  Bahia Alm irante), 
com bined w ith the low  sedim ent content of the m atrix  in 
the deep zone (com pared to  interm ediate depths on the 
rhom boid shoals).

All three cores were dom inated by agariciid cor
als (Figure 2). These corals were prim arily large, plating 
forms, w hich characterized the living com m unity until 
1998 and th a t now  characterize the m odern, postbleach- 
ing death assemblage in the deep zone. Agaricia tenuifo
lia was m ore com m on near the tops of cores BZ08-5 and 
BZ08-6 than  lower in those cores. The agariciids were in 
m ixed taphonom ic condition, w ith m ost intervals con ta in 
ing both  interm ediate and poor m aterial. The skeletons 
from  the top 20 cm of the cores were in neither better nor 
w orse condition than  those further dow n.

Slope angles in the vicinity of the coring sites, m ea
sured w ith an inclinom eter (A ronson et ah, 2002a), were 
36°-39°. Those slopes were less steep than  the critical an 
gle of 45°, above w hich Agaricia tenuifolia  skeletons are 
transported  dow nslope (A ronson et ah, 2002a). The criti
cal angle of 45° probably  applies to  the dead, fragm ented 
skeletons of plating agariciids as well.

Core BZ08-3 contained a layer of Acropora cervicor
nis branch fragm ents in poor taphonom ic condition. This 
layer could have been the result of dow nw ard transport 
from  interm ediate depths. O n the o ther hand, Acropora  
cervicornis is less sensitive to  slope angle than  Agaricia

tenuifolia  (A ronson et ah, 2002b), so an autochthonous 
layer cannot be ruled out. O ther coral taxa, including 
branching Porites spp. and Porites astreoides, M ontas
traea annularis species com plex, C olpophyllia natans, 
Madracis auretenra  (formerly M adracis mirabilis-, Locke
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FIGURE 2. Schematic diagrams of the three extmded cores. The 
lengths of the cores depart slightly from recoveries estimated in the 
field (Table 1). Gray shading indicates a matrix of watery, sandy 
mud; Ag. = Agaricia; Ac. = Acropora; P. = Porites.
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et al., 2007), and Stephanocoenia intersepta, were rare in 
the cores. N one of the cores recorded millennial-scale in 
tervals of actively accreting Acropora cervicornis fram e
w ork, w hich were represented in the interm ediate-zone 
cores by thick accum ulations of Acropora cervicornis in 
good taphonom ic condition.

DISCUSSION

Shinn et al. (1979; see also W estphall, 1986) extracted 
cores from  the flanks of the Channel Cay shoal, including 
one from  the base of the reef near our coring sta tion  (see 
Figure 1). Their general statem ent, th a t the cores were 
dom inated  by Acropora cervicornis w ith  agariciids as the 
subdom inants, did no t d raw  distinctions betw een cores 
ex tracted  from  the different zones. We found th a t agari
ciids were the dom inan t fram ew ork constituents in the 
deep zone.

Core BZ08-3, which contained a layer of taphonom i- 
cally degraded Acropora cervicornis underlying a thick 
upperm ost layer of agariciids, could represent a deepening- 
upw ard  sequence. This scenario seems unlikely, however, 
considering  th a t sea level has risen  only ap p ro x im ate ly  
2 m  during  the past 3 ,000  years (Toscano and  M ac
intyre, 2003). F urtherm ore , the  o ther tw o cores show ed 
no such A cropora  cervicornis-dom inated  layer. R egard 
less, none of the three cores suggests a recent transitio n  
from  m illennia of fast-grow ing and rap id ly  accum ulat
ing A cropora  cervicornis fram ew ork  to  dom inance by 
agariciid  corals, as was observed in the cores from  in 
term ediate  depths. The layer of A cropora  cervicornis in 
BZ08-3 is m ore likely derived from  m ateria l th a t was 
tran sp o rted  dow nslope, form ing debris fans a t the bases 
of the shoals.

A ronson et al. (2005a) com pared late Holocene reef 
developm ent between the rhom boid  shoals and the u n 
cem ented reefs of Bahia A lm irante in Panam a. The shal
low  and interm ediate zones had  been cored extensively in 
both  locations, providing an accurate picture of stasis and 
change in the dom inant coral taxa. In bo th  cases, however, 
the deep zones were poorly characterized. The dearth  of 
push-cores from  the bases of the reefs has been prim arily 
a consequence of the greater densities of core-occluding 
massive corals in the subsurface, com pared to  the subsur
face of the shallow  and interm ediate zones.

The cores analyzed in this study allow  us to  present 
a m ore com prehensive m odel of the history  of the coral 
assemblages of the rhom boid  shoals (Figure 3). In the 
shallow  zone, catch-up dynam ics gave w ay to  keep-up

Plating Agaricia 

\ ^ p  Ag. tenuifolia

Lightly altered 
Ac. cervicornis

Degraded Ac. 
cervicornis

/|||||v  Massive corals

FIGURE 3. Model of reef development on the rhomboid shoals of 
Belize over the last several thousand years. Gray shading indicates 
that the coral assemblages at intermediate water depths experienced 
a recent transition. Black fill represents earlier Holocene and ante
cedent Pleistocene reef framework at depths not penetrated by the 
cores. Horizontally oriented, subsurface ellipses indicate spatially 
isolated layers of Agaricia tenuifolia and taphonomically degraded 
Acropora cervicornis. (Modified from Aronson et al., 2005a.)

dynam ics: the A cropora cervicornis th a t had  dom inated 
for m illennia during the catch-up phase was replaced cen
turies ago by branching Porites spp. during the keep-up 
phase. A cropora cervicornis was also dom inan t for m il
lennia at interm ediate depths, bu t in the late 1980s it 
was nearly extirpated  by w hite-band disease and  then re
placed by Agaricia tenuifolia. The deep zone, in contrast, 
appears to  have been dom inated by agariciids for a t least 
1,500 to  2 ,000 years. N o recent transitions were evident 
in the deep zone, a result consistent w ith  the hypothesis 
th a t such shifts were predicated on the p rio r dom inance 
and  subsequent m ortality  of acroporids.

Thus, only the interm ediate zone was affected when 
Acropora cervicornis died off regionally in the late 1980s 
to  the early 1990s. The subsequent bleaching event in 
1998 killed m ost of the agariciids on the rhom boid  shoals. 
Cores extracted from  the interm ediate zone in 2004 did 
no t display a taphonom ic signature of th a t mass m ortality  
event, w hich w ould have appeared as a discrete, upper
m ost layer of taphonom ically  degraded agariciid skeletons 
(A ronson et ah, 2005b). Similarly, because of the mixed 
taphonom ic character of the subfossil agariciid m aterial 
in the deep zone, the expected signature of the 1998 event 
had  no t been observed in the H olocene record of th a t zone 
as of April 2008.
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Climate and Hydrological Factors 
Affecting Variation in Chlorophyll 
Concentration and Water Clarity 
in the Bahia Almirante, Panama

Rachel Collin, Luis D ’Cr
and Juan B. Del Rosario

ABSTRACT. Water clarity and productivity are fundamentally important for the dis
tribution of tropical marine organisms. In the Caribbean, changes in nutrient loading 
that result from rapid development are thought to have caused increased planktonic pro
ductivity, reduced water clarity, and reduced reef and seagrass health. Here we analyze 
chlorophyll a concentration and water clarity from eight years of environmental moni
toring in Bocas del Toro, Panama. Chlorophyll a concentrations did not vary significantly 
among the six sampled sites and showed no significant temporal changes, despite the 
recent rapid development in the region, accompanied by scant wastewater treatment. In 
contrast, water clarity increased significantly during the study period. Because chloro
phyll a does not vary closely with water clarity, Secchi depths are likely to reflect changes 
in suspended particulate matter rather than in phytoplankton biomass. Secchi depths 
decreased with rainfall and wind speed but increased with solar radiation, supporting the 
idea that clarity was not tightly linked to phytoplankton biomass. The decrease in annual 
rainfall, but not wind speed, over the past eight years suggests that the long-term trend in 
Secchi readings is the result of changes in rainfall patterns.

INTRODUCTION

W ater clarity and productivity are fundam entally im portant to  the distribu
tion of tropical m arine organisms, especially corals. O cean prim ary productivity 
is also im portant for global geochemistry and carbon sequestration (Falkowski et 
ah, 1998). Global warm ing and increase in atm ospheric C O 2 are expected to influ
ence the distribution of the biota, as well as its abundance, and the photosynthetic 
activity of phytoplankton (Falkowski et ah, 1998). SeaWiFS satellite imagery 
shows that worldwide oceanic chlorophyll a concentrations are about 0.2 mg/m3 
(Yoder et ah, 1993) and can reach 5 mg/m3 in coastal upwelling zones (Falkowski 
et ah, 1991; Walsh et ah, 1978). It is difficult to  use this m ethod to obtain infor
m ation on chlorophyll a concentrations for m any onshore tropical areas because 
accurate rem ote sensing is difficult in coastal areas w ith large sediment input and 
because m any tropical regions have high frequencies of cloud cover. In such areas 
field m easurements of w ater clarity and chlorophyll a concentrations are vital for 
assessing short-term  variation and ground-truthing rem ote measurements.
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Coral reef environments are particularly sensitive to 
changes in w ater quality, especially changes in nutrients, 
sediment load, and productivity. The paradigm  of coral 
reef biology is tha t reef development and coral health are 
greatest in areas w ith low  sedimentation, low  prim ary p ro 
ductivity, low  abundances of Zooplankton, and high w ater 
clarity. These habitats are m ost conspicuous in the Indo- 
Pacific and the offshore islands in the Caribbean. In m any 
locations these habitats are suffering from  reduction of w a
ter quality associated w ith coastal development (Bell, 1992; 
Tapointe, 1992). In the Caribbean, m ost studies of reefs and 
their waters are conducted in the Bahamas, Puerto Rico, 
N etherlands Antilles, and other offshore islands (Gilbes et 
ah, 1996; O tero and Carbery, 2005; van Duyl et ah, 2002; 
W ebber et ah, 2003). In addition there have been some stud
ies of the unusual upwelling sites along the coast of Ven
ezuela and Colombia (Franco-Herrera et al., 2006) and the 
strongly freshwater-influenced regions around the Yucatan

(Herrera-Silveira et ah, 2002). However, few studies have 
examined heavily terrestrially influenced systems w ithout 
these unusual features in the Caribbean. Here we report the 
results of eight years of physical climatic and w ater quality 
m onitoring in Bahia Almirante, an enclosed Caribbean ar
chipelago tha t is highly terrestrially influenced.

STUDY LOCATION: 
BOCAS DEL T O R O , P A N A M A

Three bodies of w ater surround the Bocas del Toro 
Archipelago on the Caribbean coast of Panam a: the Bahia 
A lm irante and the Taguna de Chiriqui on the landw ard 
side, and the C aribbean Sea on the exposed coastal side 
(Figure 1). The m ainland surrounding the region is largely 
forested, although the com pletion of a road  linking Costa 
Rica to  Bocas del Toro and the rest of Panam a in the year

82°10'0"W

Caribbean Sea
BTRS

MTJColon Is.

Colon

Bahia
Almirante kilometers

STRI

Cristobal

Bastimento Is.
Bottomwood

Zapatilla
ian Cristobal Is.

Pastores

FIGURE 1. Map of the Bahia Almirante region with sampling sites indicated. BTRS = Bocas del Toro Re
search Station; CSS = CARICOMP seagrass site; MT = instrument platform; STRI = Smithsonian Tropical 
Research Institute.
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2000 has resulted in increased low land deforestation, as 
well as land developm ent for small farms and tourism . 
The landw ard  sides of the islands are fringed w ith largely 
in tact red m angrove forests, although these are also being 
cleared from  the landw ard  side. The Taguna de Chiriqui, 
w hich receives twice the freshw ater runoff of Bahia Almi
rante, has higher nu trien t loads and lim ited coral reef 
developm ent (D ’Croz et ah, 2005) and is no t discussed 
further here.

The Bahia A lm irante has significantly m ore oceanic 
influence than  the Taguna de Chiriqui and supports well- 
developed coral reefs. It receives runoff from  only tw o riv
ers of any note. H igh rainfall (about 3 m/year) and ru n 
off from  the San San Pond Sac peat swamp forest often 
result in pronounced haloclines w ith low-salinity waters 
(which are often cold) overlying full-salinity bottom  waters 
(Kaufmann and Thom pson, 2005). Surface salinities are 
generally 30 -34  PSS (practical salinity scale) but can drop 
as low  as 20 PSS after heavy rains (Kaufmann and T hom p
son, 2005). O ther conditions are relatively aseasonal, with 
m ean sea surface tem peratures varying from  27.5°C  
(January-February) to  29.7°C (Septem ber-October). Aver
age w ind speed is about 7 km /h bu t occasionally exceeds 
20 km /h (K aufm ann and Thom pson, 2005). Despite the 
high levels of runoff, N :P was always recorded to  be below 
Redfield ratios in a previous survey of the area (D’Croz 
et ah, 2005). This observation suggests th a t prim ary p ro 
ductivity could be nu trien t lim ited and tha t inputs from  
freshw ater runoff o r w ind m ixing could fertilize prim ary 
productivity in the Bahia Alm irante.

The Sm ithsonian Tropical Research Institu te’s Bocas 
del Toro Research Station is on the Bahia A lm irante side 
of Isla Colon. As part of the developm ent of the scientific 
knowledge base of the station, and as p a rt of the CARI- 
CO M P program , various physical and biological features 
of the surrounding environm ent have been m onitored 
since 1999. H ere we exam ine these data (1) to  develop a 
baseline to which future studies can be com pared, (2) to 
determ ine if the recent rapid  developm ent of the region 
has had  an effect on w ater clarity and phytoplankton  bio
mass, and (3) to  explore the physical data to understand 
w hat factors influence the variation in these param eters.

MATERIALS A N D  METHODS

M onitoring H istory

Isla Colon is the site of the Sm ithsonian Tropical 
Research Institu te’s Bocas del Toro Research Station. At 
its inception in 1998 a long-term  physical and biological

m onitoring program  was initiated. Physical records of air 
and w ater tem perature, rainfall, salinity, solar radiation, 
and w ind speed have been kept since 1999 (reviewed in 
K aufm ann and Thom pson, 2005). M onitoring  of Secchi 
depths and chlorophyll a concentrations was conducted 
approxim ately biweekly at five sites (see Figure 1) from  
1999 until 2001. The sam pling intervals were no t equal 
(ranging from  7 to 28 days), so these data were no t ap 
p ropriate  for time-series analyses.

The Secchi depths and chlorophyll a m onitoring was 
reinitiated at three of these sites and at an additional site 
in 2006 and continues to  be m easured weekly. At one of 
these, the CA RICO M P reef m onitoring site (described 
in G uzm án et al., 2005), the Secchi depths have been re
corded weekly since 2000. At the CA RICO M P seagrass 
site, horizontal Secchi readings have been taken  weekly 
since 1999. D uring the entire period, m easurem ents were 
m ade by the same three-person team .

Sampling Localities

Sampling sites (Figure 1; Table 1) were chosen in 1999 
to  include a range of environm ents. In 2006 sites were 
chosen to  include an onshore-offshore gradient, in which 
we expected m ore oceanic conditions on one end and ter
restrially influenced conditions on the o ther end.

• Colon, 6.3 km  northeast of Bocas del Toro Town, is 
the m ost exposed site. The bottom  at 20.5 m  is muddy. 
R ough conditions occasionally m ade it im possible to 
take m easurem ents in this location.

• C ristobal, in the m iddle of the A lm irante Bay, is a site 
7 km  from  the m ainland and surrounded by patch reefs. 
The bo ttom  at 25 m  is muddy.

• Pastores is a semienclosed bay, 500 m  from  the m ain
land. It is m ore heavily influenced by continental runoff 
and creek discharge than  the other sites. D epth at the 
sam pling site is 26 m  but a nearby coral reef slopes from  
5 to  16 m. Jellyfishes are abundan t a t this site.

• Smithsonian Tropical Research Institute (STRI) is the site 
closest to the Bocas del Toro Research Station, 500 m 
from  the shore. This site serves as the w ater m onitor
ing site for the CA RICO M P reef site, w hich is onshore 
of this location, over a reef th a t slopes from  5 to  20 m. 
The bo ttom  is m uddy and sandy w ith isolated patches 
of coral.

• Bottom w ood, between Solarte and San Cristobal Islands, 
is protected from  oceanic influence. The sampling site is 
near m angrove islets, sand cays, and a shallow  coral reef. 
The reef slopes to a fine sand bottom  at 16 m.
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• Zapatillas has the highest diversity and abundance of 
coral and octocoral species of any of our sam pling sites. 
The bo ttom  at about 15 m  is m ostly covered by patch 
reefs and fine sand.

• The CA RICO M P seagrass site is several hundred  meters 
along the shore to  the northw est of the Bocas del Toro 
Research Station. This shallow  (2 m  depth) location has 
extensive Thalassia cover, and the small bay is fringed 
by red mangroves.

Hydrological M easures

W ater tem perature and salinity were recorded w ith 
an YSI 85 m ultiparam eter probe (Yellow Springs Instru 
m ents, Yellow Springs, O hio, USA) at the same time and 
depth as the seaw ater was sam pled. M easurem ents were 
taken at approxim ately 50 cm. Dissolved oxygen was 
also m easured in 2 006-2008 . Salinity is expressed in the 
practical salinity scale (PSS) and dissolved oxygen in m il
ligrams per liter.

C limate Records

Rainfall, solar rad iation , and w ind speed are m oni
to red  continuously at the Bocas del Toro Research Sta
tion , as described by K aufm ann and  T hom pson (2005). 
These m easurem ents are taken  close to  the STRI site (see 
Figure 1). For the purposes of this study average ra in 
fall, solar rad iation , and w ind speed were calculated for 
3 days and 6 days before each sam pling day. We chose

these periods because Beman et al. (2005) show ed tha t 
phy top lank ton  bloom s can peak 3 to  5 days after nu trien t 
inpu t from  terrestrial runoff.

A nnual rainfall was obtained in tw o ways. First, an 
hourly  tipping bucket m easured rainfall from  2002. Be
cause data are incom plete for three of the years (including 
2008), we calculated the average daily rainfall to  stan
dardize across the years. The second estimates were from  
the Bocas del Toro airport. These records extend to  1999 
and were also converted to  annual daily averages.

S ecchi D epths

W ater clarity was m easured by lowering a 30 cm di
am eter Secchi disk into the w ater until it was no longer 
seen and then raised until it reappeared. The Secchi depth 
was m easured according to  the length of the subm erged 
rope. This operation was repeated three times at each site 
during each m easurem ent. At the seagrass site the Secchi 
was m easured horizontally, underw ater a t 0.5 m  depth, 
and was read w ith a dive m ask.

C hlorophyll a

Three replicate w ater samples were collected by hand 
a t 50 cm below the surface in polyethylene bottles and 
placed in a cooler for the retu rn  to  the laboratory. Two 
liters of each replicate were vacuum  filtered on W hatm an 
GF/F (0.7 p.m pore size). Filters were w rapped in alum inum  
foil and stored frozen ( — 20°C). A Teflon pestle was used

TABLE 1. Study site locations and the data available for each site.

Site Location Secchi depths Chlorophyll a

Colon 9°22'37''N 1999-2001 1999-2001
82°12'37''W 2006-2008 2006-2008

Cristobal 9°18'15''N 2006-2008 2006-2008
82°17'55''W - -

Pastores 9°12'36''N 1999-2001 1999-2001
82°19'37''W 2006-2008 2006-2008

STRI3 9°20'40''N 2000-2008 1999-2001
82°16'39''W - 2006-2008

Bottomwood 9°17'47''N 1999-2001 1999-2001
82°13'25''W - -

Zapatilla 9°15'27''N 1999-2001 1999-2001
82°06'19''W - -

CARICOMP seagrass 9°21'06''N 1999-2008 -

82°15'29"W Horizontal

a STRI, Smithsonian Tropical Research Institute.
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to  grind the filters in 5 mL 90%  aqueous acetone solution. 
The slurry was transferred to 15 mL polypropylene screw- 
cap centrifuge tubes and filled to  10 mL w ith acetone. The 
tubes were kept in the dark  at —20°C for 24 h. Extracts 
were centrifuged at 3,000 rpm , and the supernatan t was 
analyzed for chlorophyll a following the nonacidification 
fluorom etric m ethod (Welschmeyer, 1994).

Statistical A nalysis

Correlation analyses and multiple regression analyses 
were used to  describe the relationships between the vari
ables of interest (Secchi depth and chlorophyll a concen
tration) and the hydrological data and the climate data. 
Student’s t test, analysis of variance (ANOVA), and analysis 
of covariance (ANCOVA) were used to test for differences 
between sites and sampling periods. Because it is likely that 
there is a lag in the response of phytoplankton to  the input 
of nutrients from  river runoff or turbulence, we looked for 
correlations between Secchi depths or chlorophyll a con
centrations and the average of rainfall, solar radiation, and 
wind speed over the previous 3 and 6 days. Because the 3 
day and 6 day results did not differ substantively, only the 
results using the 3 day average are reported here. Because 
rainfall and cloud cover are patchy on a local scale, we only 
examined climatic variables for the STRI and CARICOM P 
seagrass sites. Time-series autocorrelation analyses were ap 
plied to  Secchi depth and chlorophyll a data. The few weeks 
of missing data were filled w ith the averages values for the 
time series under analysis.

RESULTS

A num ber of com plex relationships were dem onstrated 
between the hydrological param eters, Secchi depths, and 
chlorophyll a concentrations at the different sites. Several 
of these relationships vary am ong the sites, and there are 
a num ber of interactions between factors; however, the 
following generalizations can be m ade. (1) Secchi depths 
increased w ith tem perature, salinity, and solar radiation , 
and decreased w ith rainfall, w ind speed, and chlorophyll a 
concentration. (2) C orrelations between any hydrologi
cal characteristic and Secchi depths or chlorophyll a were 
low  (r 2 rarely exceeding 0.10) bu t were higher for all the 
climatic variables (rain and solar rad iation  had  r 2 up to 
0.22). (3) C hlorophyll a concentrations show ed no con
sistent tem poral or spatial patterns. (4) Secchi depths were 
no t tightly correlated w ith chlorophyll a concentrations. 
(5) Secchi depths increased and rainfall decreased th rough
ou t the study.

Hydrological C onditions at Each S ite

H ydrological param eters varied som ew hat am ong the 
six sites (Table 2, Figure 2). Salinity was significantly differ
ent at all sites (ANOVA w ith post hoc t test; Table 2), w ith 
the lowest average salinity in Pastores, the m ost inland site, 
and the highest average salinity in Colon, the m ost oceanic 
site. For 1999-2001 the average tem perature at Pastores 
was significantly higher than  the other sites and the tem 
perature a t Colon was significantly lower. The tem perature

TABLE 2. Summary of physical and biological data from 1999-2001 and 2006-2008.

Site Years
Temperature, 

°C (SD)
Salinity,® 
PSS (SD)

Dissolved 
oxygen, 

mg/L (SD)
Secchi depth, 

m (SD)
Chlorophyll a, 

mg/m3 (SD)

Significant changes 
between periods 

(t  test)

Colon 1999-2001
2006-2008

28.1 (1.26) 
28.6 (0.89)

33.0 (1.70) 
33.5 (1.31) 5.80 (0.43)

9.1 (3.6) 
10.0 (3.6)

0.44 (0.19) 
0.47(0.23)

Temperature increased

Cristobal 2006-2008 28.8 (0.95) 32.9 (1.46) 5.83 (0.49) 12.4 (3.2) 0.46 (0.25) NA
Pastores 1999-2001

2006-2008
28.6 (1.29) 
29.2 (0.98)

31.9 (2.15) 
32.4 (1.76) 5.81 (0.51)

11.0 (3.3) 
13.2 (3.0)

0.46 (0.24) 
0.49 (0.28)

Temperature and Secchi 
depth increased

STRI 1999-2001
2006-2008

28.3 (1.16) 
28.7(0.91)

32.9 (1.33) 
33.0 (1.34) 5.78 (0.49)

10.9 (3.9) 
13.2 (3.6)

0.37(0.24) 
0.43 (0.23)

Temperature and Secchi 
depth increased

Bottomwood 1999-2001 28.3 (1.24) 32.7 (1.43) - 11.9 (3.7) 0.36 (0.19) NA
Zapatillas 1999-2001 28.3 (1.28) 33.0 (2.78) - 11.3 (2.6) 0.46 (0.22) NA

a PSS = practical salinity scale.
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FIGURE 2. Averages of temperature (A), salinity (B), Secchi depths (C), and chlorophyll concentration (D) from the two sampling periods (1999 
data excluded). Student’s t tests showed significant increases in temperature between periods at Colon, Pastores, and STRI and increases in Secchi 
depth at Pastores and STRI. Single-factor analysis of variance (ANOVA) detected significant (P <  0.01) site effects. Significant differences between 
groups of sites within either sampling period are indicated with letters, so that bars both labeled with “A” are not significantly different from each 
other but are different from those otherwise labeled with post hoc tests. Specific letters were assigned arbitrarily, but A-C refer to 2000-2002 data 
and W-Z refer to 2006-2008 data. Bars = one standard deviation (1 SD) of the mean. (Salinity is expressed in the practical salinity scale, PSS.)

at Pastores was also significantly higher than  at the other 
sites in 2 0 0 6 -2 0 0 8 , but there were no significant differ
ences between the rem aining sites. Dissolved oxygen did 
no t differ between sites.

Tem perature increased significantly between the tw o 
time periods at the three sites for w hich data were avail
able over bo th  periods (t test, P <  0 .002 for each site), 
despite an overall tem perature decrease during the 2 0 0 6 - 
2008 period. Salinity did not show  a significant tem poral 
trend during either time period nor did it differ between 
the tw o periods. Dissolved oxygen was only m easured for 
the 2 006-2008  period, where it show ed no tem poral trend. 
Eight years of data from  climatic m onitoring at the Bocas 
Research Station instrum ent p latform  shows a dow nw ard 
trend in rainfall, but little change in average solar rad ia
tion or average w ind speed (Figure 3).

Factors A ffecting Secchi D epths

Secchi depths ranged from  2 to  22 m, and  the depths 
varied substan tia lly  from  w eek to  week (Figure 4). Sec

chi depths show ed significant effects of site, and  signifi
can t associations w ith  tem pera tu re , salinity  and  ch lo ro 
phyll a concen tra tions during bo th  the 199 9 -2 0 0 1  and  
2 0 0 6 -2 0 0 8  periods (ANCOVA; Table 3). The corre la 
tion  of any one variable w ith  w ater clarity  w as low, w ith

•  Airport rain 
■  STRI rain 
A  Wind speed
♦  Solar radiation

•H i r  1----------1---------- 1— — i------~ i  1 — i o
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

FIGURE 3. Long-term trends in climatic variables. Yearly aver
ages for rainfall, solar radiation, and wind speed during the past 
8 years show the decline in average daily rainfall. Daily averages 
are used because missing data prevent the use of cumulative data. 
(Rainfall is mm/d.)
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FIGURE 4. Variation in Secchi depths (top graph) and chlorophyll a 
(bottom graph) concentrations over time for the 2006-2008 dataset. 
Straight line is the trend line of depth or concentration on that date. 
Superimposed lines show individual variation.

the highest r 2 value for tem pera tu re  a t 0 .1 3 -0 .1 7 . Sec
chi depths increased w ith  tem pera tu re  (O rd inary  Least 
Squares regression [OLS]: 1 9 9 9 -2 0 0 1 , r 2 =  0 .13 , P < 
0 .001; and  2 0 0 6 -2 0 0 8 , r 2 = 0 .17 , P <  0 .001), and 
salinity  (OLS: 1 9 9 9 -2 0 0 1 , r 2 = 0 .10 , P <  0 .001; and 
2 0 0 6 -2 0 0 8 , r 2 = 0 .06 , P <  0 .001) and  decreased w ith  
chlorophyll a concentration  (OLS: 1999 -2 0 0 1 , r 2 =  0 .09, 
P <  0 .0001; and  2 0 0 6 -2 0 0 8 , r 2= 0 .06 , P <  0 .001). The 
average Secchi depth  w as significantly low er for the ex
posed C olon site th an  for the o ther sites in bo th  tim e 
periods (see Table 2, Figure 2). Analysis of the da ta  from  
the tw o different periods show ed different com binations 
o f in terac tion  effects (see Table 3).

C lim atic variables were m ore tightly  correlated  w ith  
Secchi depth  th an  were the seaw ater variables. Using the 
six years of com plete clim ate data  from  the STRI site, we 
found th a t Secchi depths a t the STRI site show  significant 
effect of year (P <  0 .0001), a m arginal effect of rainfall 
(P = 0 .056), and  significant effects of solar rad ia tion  (P 
= 0 .002) and w ind speed (P <  0 .001), bu t no significant 
in teractions betw een these factors. For the CA R IC O M P 
seagrass site there was no effect of year, bu t rainfall and 
w ind speed over the p rio r 3 days were significant (P < 
0 .01), as well as the in teraction  betw een rainfall and so

lar rad ia tio n  (P <  0 .0008). Secchi depth  decreased w ith  
the am ount of rainfall ( r 2 = 0.22 and 0.23, respectively, 
w ith  P <  0 .001) and  w ind speed (r2 = 0 .21; P <  0.001) 
at bo th  sites and increased w ith  solar rad ia tio n  (r2 = 
0.21 and 0.15, respectively, w ith  P <  0 .0001) a t the STRI 
site bu t w as only significant by its in teraction  w ith  ra in 
fall in the seagrass site. The in teraction  a t the seagrass 
site show ed th a t Secchi distances decreased m ore quickly 
w ith  rainfall at high levels of solar rad ia tion  th an  a t low  
solar rad ia tion .

Secchi depths increased over the long term: they in
creased from  1999-2001 to  2 006-2008  at Pastores and 
STRI (t test, P <  0.0001 for both) but not at Colon. Least 
squares regression show ed a significant increase in Secchi 
depths (r 2 = 0.02; n =  381; P <  0.0002; slope = 0.3) 
w ith  date over the 8 years of weekly sam pling at STRI. 
The horizontal Secchi data from  the nearby CA RICO M P

TABLE 3. Analysis of covariance (ANCOVA) effects of physi
cal variables on chlorophyll a concentration and Secchi depth 
in 1999-2001 and 2006-2008 data after stepwise removal of 
nonsignificant variables.

Sum of
Source d f* squares F ratio P

Secchi depth, 1999-2001
Site 4 235.03 6.78 <0.0001
Temperature 1 100.97 11.65 0.0008
Salinity 1 290.63 33.53 <0.0001
Chlorophyll a concentration 1 150.82 17.40 <0.0001
Site "'salinity b 4 104.02 3.00 0.02
Salinity "'temperature b 1 67.31 7.76 0.006

Secchi depth, 2006-2008
Site 3 556.41 21.77 <0.0001
Temperature 1 454.35 53.33 <0.0001
Salinity 1 216.91 25.46 <0.0001
Oxygen 1 2.86 0.33 0.56
Chlorophyll a concentration 1 47.15 5.53 0.02
Site "'temperature b 3 70.34 2.75 0.04
Temperature "'oxygen b 1 49.58 5.82 0.02

Chlorophyll a, 1999-2001
Site 4 0.38 2.30 0.06
Temperature 1 1.24 30.11 <0.0001
Salinity 1 0.06 1.43 0.23
Site "'salinity b 4 0.55 3.34 0.01
Salinity "'temperature b 1 0.31 7.58 0.006

Chlorophyll a, 2006-2008
Temperature 1 0.26 4.90 0.03
Salinity 1 2.41 45.35 <0.0001
Oxygen 1 0.25 4.67 0.03

a df=  Degrees of freedom, 
b = Run with only two-way interactions.
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seagrass site show  no long-term  trend. W hen these values 
are binned by m onth , there is a m arginal effect of m onth  
on the Secchi depths in the seagrass site (P = 0.07) and a 
significant effect of m onth  at the reef site (P = 0.0007). 
G reater Secchi depths were recorded from  drier m onths 
and sunnier m onths (Figure 5), a result also found by 
K aufm ann and Thom pson (2005).

Factors A ffecting C hlorophyll a C oncentrations

C hlorophyll a concen tra tion  varied betw een 0.04 
and  1.66 m g/m 3. Similar to  Secchi depths, concentrations 
varied substantially  from  w eek to  w eek and  w ith  no clear 
seasonal com ponent to  the varia tion  (see Figure 4). D ur
ing the first 14 sam pling dates of the 1999-2001  study 
period , chlorophyll a concentrations were m easured w ith  
a spectrophotom eter. An ANOVA testing for effects of 
site and  m ethod  show ed th a t the results from  the spectro
pho tom eter were significantly higher (site: P =  3.96; d f  
= 4; P <  0 .005; m ethod: F = 26 .8 ; d f  = 1; P <  0 .0001; 
n = 328). Therefore values ob tained  from  the spectro
pho tom eter were excluded from  the subsequent analyses 
and  this dataset included only data  from  2 0 0 0 -2 0 0 1  or 
2 0 0 6 -2 0 0 8 .

A lthough the average chlorophyll a concentrations 
did no t differ betw een the tw o periods (t test, P > 0 .05), 
there w ere different pa tterns for the tw o sam pling pe
riods. The only com m on results were tha t chlorophyll a 
concen tra tion  decreased w ith  tem peratu re, and  th a t the 
variables exam ined explained no m ore th an  10%  of the 
variance in chlorophyll a concentrations. D ata  from  
2 0 0 0 -2 0 0 1  show ed a significant effect o f tem perature  
and  a m arginal effect o f site, bu t no effect of salinity 
(A N C O VA; see Table 3). There were significant in ter
actions betw een site and salinity and betw een site and tem 
perature  (Table 3). Overall, chlorophyll a concentrations 
decreased w ith  tem perature  (OLS: n =  328; r 2 = 0.06, 
P <  0.0001). Results from  2 0 0 6 -2 0 0 8  were different: 
there were significant effects of tem perature and salinity, 
but no t of site or oxygen concentration, nor were there 
significant interactions (Table 3). C hlorophyll a concen
trations decreased w ith  tem perature (OLS: n =  402; r 2 = 
0 .03, P = 0 .002) and salinity ( r2 = 0.11, P <  0.0001) but 
these factors explained very little of the variation.

Climate data were poorly linked to  chlorophyll a 
concentrations. Average w ind speed for the 3 days before 
sam pling was positively correlated w ith  chlorophyll con
centration ( r2 = 0.19, P <  0.005) but this appeared to  be 
caused by a few periods w ith  extremely high winds. Chlo-
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FIGURE 5. Bar graph with monthly averages of Secchi depths, rain
fall, solar radiation, and wind speed for the 8-year dataset showing 
that months with higher average Secchi depths also had lower aver
age rainfall. Bars = 1 SD of the mean.
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rophyll a concentration  was independent of bo th  rainfall 
over 3 days prior and average solar rad iation  over the 3 
days before the m easurem ents.

Time S eries

Both the Secchi depths and chlorophyll a concentrations 
varied considerably from  week to week (see Figure 4). To 
determ ine if this variation  has a tem poral autocorrelation , 
we conducted a time-series analysis. For 1999-2008  Sec
chi depth is tem porally auto-correlated at both  the CARI
C O M P seagrass and the STRI sites (seagrass: Fisher’s 
kappa = 9.9, P <  0.01; for coral: Fisher’s kappa = 12.2, 
P <  0.001). Over the shorter period, 2006-2008 , Secchi 
depth was tem porally auto-correlated at Colon (Fisher’s 
kappa = 8.59, P <  0.01), Cristobal (Fisher’s kappa = 7.39, 
P <  0.02), and STRI (Fisher’s kappa = 6.91, P <  0.04) 
but not Pastores (P > 0.05). Chlorophyll a concentrations,

on the other hand, showed an autocorrelation only for Co
lon (P <  0.005). Exam ination of the autocorrelation func
tion shows that, over the short term  (lag of up to several 
m onths), the autocorrelation function appears stationary 
(Figure 6). However, a peak around the 52 week lag (Fig
ure 6) is evidence of seasonal externally driven periodicity 
and suggests an annual cycle tha t is not obvious from  plots 
of the raw  data (see Figure 4).

DISCUSSION

The overall values for the da ta  presen ted  here are 
sim ilar to  those repo rted  for the Bahia A lm irante by 
D ’Croz et al. (2005), K aufm ann and  T hom pson  (2005), 
and  C arru thers et al. (2005). We rep o rt some long
term  trends th a t w ere no t detected by K aufm ann and  
T hom pson , w ho closely exam ined the patte rn s  of daily
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FIGURE 6. Autocorrelation function for 8 years of Secchi data for STRI and CARICOMP seagrass sites and chlorophyll a concentrations for 2 
years for Colon (significant autocorrelation) and STRI (no significant autocorrelation) sites.
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and m onth ly  varia tion  in physical param eters. C om par
ing the YSI 85 probe m easures of tem pera tu re  and sa 
linity  betw een the 2 0 0 0 -2 0 0 2  sam pling period  and  the 
2 0 0 6 -2 0 0 8  period , we found significant increases in w a 
ter tem pera tu re  and  salinity. This finding appears to  be 
associated w ith  the recent trend  to w ard  low er rainfall in 
the region.

Annual rainfall is typically high, in excess of 3,000 
mm, in the Bahia A lm irante, and the m ean freshw ater ru n 
off is approxim ately 1,600 m m  per year (IGNTG, 1988). 
However, average daily rainfall per year dropped from  
12.48 m m  in 2002 to  7.91 m m  in 2007  (see Figure 3). 
Reduced rainfall likely affected the hydrological condi
tions in Bahia Alm irante, w hich result from  the interaction 
between river discharge and ocean in trusion (D ’Croz et 
ah, 2005). D uring the 1999-2001 sam pling period, ra in 
fall was high and salinity show ed the typical increasing 
trend  from  Pastores, the site nearest the m ainland, to  the 
ocean-exposed sites at Colon and Z apatilla. This pattern  
in surface salinity is consistent w ith the expected high dilu
tion  at nearshore sites resulting from  river discharge into 
the bay. The inshore-to-offshore salinity gradient was no t 
apparen t during the 2006-2008  sam pling period, presum 
ably because of the reduction of river discharge and conse
quent greater influence of salinity from  open ocean w aters 
(see Figure 2).

Lo n g -Term Trend in Secchi D epths

The m ost striking long-term  trend we detected was 
the surprising increase in Secchi disk depths. D uring the 8 
years of m onitoring, visibility has increased by 2 m  (a rate 
of 0.25 m/year) for several of the sites. Tong-term  trends 
of decreased Secchi depths have been reported  for m oni
toring in o ther areas. For exam ple, in a dataset from  the 
Baltic Sea spanning 77 years, Secchi depths have decreased 
0.05 m/year (Sandén and H âkansson, 1996), and a de
crease of 0.03 m /year was reported  in the M enai Strait in 
Wales (Kratzer et al., 2003). The few reports of increased 
Secchi depths were associated w ith biorem ediation or ef
forts to  reduce untreated  sewage outfall. For exam ple, Sec
chi depths increased at 0.05 m/year in N arragansett Bay, 
R hode Island, coincident w ith reductions in anthropogenic 
to tal suspended solids (Borkm an and Smayda, 1998), as 
at one of several sam pled sites in the Southern Califor
nia Bight (Convers and M cG ow an, 1994). O ur measures 
show  a m uch m ore rap id  change in Secchi depths than  
these previous studies.

The observed changes in Secchi depths were no t in the 
expected direction. A num ber of com plicated, interacting

factors can influence w ater clarity, as m easured by Secchi 
disk, bu t m any of them  w ould indicate a decrease in Sec
chi depth. The ongoing rap id  developm ent of tourism  in 
Bocas del Toro, particularly  on Isla Colon, is accom panied 
by an increase in w astew ater input to  the Bahia A lm irante. 
Changes in Secchi readings can reflect changes in particu 
late m atter (from  runoff or w ind-induced turbidity) but 
can also be caused by changes in phytoplankton  biomass 
or yellow pigm ents (mostly hum ic and fulvic acids) in the 
water. D eforestation and coastal developm ent can affect 
all three of these factors. Inputs from  untreated  w aste
w ater as well as runoff from  deforested areas can increase 
the nutrients, particulate m atter, and yellow pigm ents in 
the water. In addition, increased nutrients often lead to 
increased prim ary productivity, w hich can result in higher 
standing phytoplankton  biom ass. These anthropogenic ef
fects have been increasingly affecting coral reef habitats 
th roughout the Caribbean, w here w astew ater disposal is 
the leading cause for eutrophication and decreased w ater 
clarity (Szmant, 2002). We had  expected to  see a long-term  
reduction in w ater clarity as a result o f similar changes in 
Bocas del Toro.

Secchi depth is often strongly correlated w ith ch loro
phyll a concentration and has been used as a proxy for p ro 
ductivity in highly seasonal upwelling zones or tem perate 
lakes. This m ethod is often favored because it is cheaper, 
faster, and easier to  obtain  than  a quantification of ch loro
phyll a concentration. Sandén and H âkansson (1996) re
viewed four studies as well as their ow n data th a t showed 
a relationship between Secchi depths and chlorophyll a 
concentrations. The relationships are reported  as pow er 
functions and show  chlorophyll a to scale w ith Secchi 
depth to  the 1 .47-2 .6  power. M egard and Berm an (1989) 
show ed th a t the p roportion  of light a ttenuation  caused 
by chlorophyll concentration differed between neritic and 
pelagic seawater, but there were clear relationships none
theless. H ere we found th a t chlorophyll a concentration 
explained only 6 % -9 %  of the variance in Secchi depths. 
In addition, m ean chlorophyll a concentrations were rela
tively low  in the A lm irante Bay, near 0.5 mg m ~3, w hich is 
the suggested threshold value for oligotrophic conditions 
required for coral reef developm ent (Bell, 1992). There
fore, these measures are no t consistent w ith the presence 
o f phytop lank ton  bloom s resulting from  anthropogenic 
nu trien t enrichm ent. They do, however, suggest th a t even 
small increases in nutrients or chlorophyll a concentrations 
in this region could result in a shift from  coral-dom inated 
to  algal-dom inated benthic com m unities.

It seems unlikely to  us th a t there has been a drop in the 
load of anthropogenic suspended solids and/or nutrients
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during the past eight years, despite the probable decrease 
in the volume of runoff. In fact, it appears tha t, if any
thing, these inputs have increased. So, w hat is the cause 
of the long-term  trend in Secchi depth? The correlation 
analysis and the m onthly trends (see Figure 5) both  sug
gest tha t rainfall and solar rad iation  are the m ost closely 
associated w ith Secchi depth. However, rainfall is the only 
variable showing a strong annual trend  consistent w ith the 
increased Secchi depths, and rainfall over the three days 
before the m easurem ents was the variable m ost highly cor
related w ith Secchi depths of any hydrological or climate 
variable examined. Solar radiation, although it is positively 
correlated w ith Secchi depths on the reef, does no t show 
the pronounced long-term  trend tha t rainfall does. The ef
fect of w ind on Secchi depth similarly does no t explain the 
long-term  trend. It could, however, explain the fact tha t 
Colon, the m ost exposed site, w ith the highest w inds had 
consistently lower Secchi depths than  the other sites. W ind- 
induced turbidity, w hich resuspends bottom  sediment, is 
the likely cause of the lim ited w ater clarity at this site.

CO N C LU SIO N

The baseline data reported  here will be useful for fu
ture studies of anthropogenic effects in the unique Bocas 
del Toro archipelago. Rapid local developm ent is p ro 
gressing in the face of little inform ation on the im pact of 
such developm ent and the factors affecting such impacts 
(e.g., w ater residence time or currents in the Bahia Almi
rante). It is likely tha t anthropogenic inputs of nutrients 
and suspended particulate m atter will contribute to  eu tro 
phication of some areas. This study suggests th a t despite 
the im pact of developm ent, patterns of w ater clarity and 
chlorophyll a concentrations in the region are currently 
driven m ainly by large-scale climate patterns. There is lit
tle evidence of a tight relationship between these measures 
and features of the local w ater mass, no r is there evidence 
of eutrophication  at the sites we sam pled. Future sam pling 
closer to  highly developed areas is necessary to  docum ent 
and m onitor the im pact o f developm ent on w ater quality.
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Nutrient and Chlorophyll Dynamics 
in Pacific Central America (Panama)

Luis D ’Croz and Aa

ABSTRACT. Strong wind jets from the Caribbean and the Gulf of Mexico cross Cen
tral America through topographic depressions in the cordillera during the boreal winter, 
pushing Pacific coastal waters offshore, lowering sea levels at the coast, and causing 
coastal upwelling. Where high mountains impede the winds, this phenomenon does not 
occur. The Panamanian Pacific shelf is an excellent example of this variability. The coast 
is divided into two large areas, the Gulf of Panama and the Gulf of Chiriqui. To investi
gate hydrological conditions between the two gulfs, we sampled the water column during 
upwelling and non-upwelling seasons in each region. In both gulfs during non-upwelling 
conditions, surface-level nutrients are poor, and the chlorophyll maximum occurs around 
30 m where the thermocline intersects the euphotic zone. Oxygen-poor waters (<2 ppm) 
commonly occurred below the thermocline. During the dry season, wind strength in
creased and strong upwelling was observed in the Gulf of Panama. The thermocline rose 
and surface waters became nutrient enriched and chlorophyll a levels increased. Well- 
oxygenated waters were compressed to shallow depths. In the Gulf of Chiriqui, wind 
strength was weaker, surface waters did not become enriched with nutrients, and surface 
chlorophyll a remained low. We did observe a shallowing of the thermocline in the Gulf 
of Chiriqui, but in contrast to the Gulf of Panama, wind mixing was not strong enough 
to result in sea-surface cooling and nutrient enrichment. We postulate that the conver
gence of a shallow thermocline and internal waves in the Gulf of Chiriqui is the likely 
mechanism that causes pockets of deep water to occasionally migrate into surface waters, 
leading to restricted and ephemeral upwelling-like conditions. Although its effects upon 
shallow-water communities remain to be studied, we propose that the process may be 
more likely to occur during the boreal winter when the thermocline is shallower.

INTRODUCTION

Luis D ’Croz and Aaron O ’Dea, Smithsonian 
Tropical Research Institute, Box 0843-03092, 
Panama, Republic o f Panama. Corresponding 
author: L. D ’Croz (dcrozl@si.edu). Manuscript 
received 13 M ay 2008; accepted 20 April 2009.

O ne of the m ost pervasive hydrological events to  influence the shelf w a
ters of Pacific C entral America is upwelling. In term ittent or seasonal upw ell
ing develops in the gulfs of Tehuantepec (M exico), Papagayo (Costa Rica), and 
Panam a (Legeckis, 1988; M cC reary et ah, 1989; Xie et ah, 2005), driving exten
sive planktonic productivity and shaping the secondary production  of biological 
com m unities (Jackson and D ’Croz, 1997; O ’Dea and Jackson, 2002).

The shelf waters along the Pacific coast of Panama are am ong the m ost dy
namic in the region. Here, the coastal shelf is naturally divided into tw o large gulfs 
by the Azuero Peninsula: the Gulf of Panama (shelf area, 27,175 km 2) and the Gulf

mailto:dcrozl@si.edu
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of Chiriqui (shelf area, 13,119 km 2) (Figure 1). The Gulf 
of Panam a experiences strong seasonal upwelling while the 
Gulf of Chiriqui exemplifies a non-upwelling environment 
(Dana, 1975; Kwiecinski and Chial, 1983). This distinc
tion is customarily explained using geographic differences 
between the tw o gulfs. Seasonal upwelling in the Gulf of 
Panam a develops during Panam a’s dry season, correspond
ing to the boreal winter, when northeast trade winds cross 
to the Pacific over low  areas in the isthmian m ountain range, 
pushing w arm  and nutrient-poor coastal surface w ater off
shore, lowering the nearshore sea level, and causing the up
w ard movement of colder and nutrient-richer deep water 
(Smayda, 1966; Forsbergh, 1969; Kwiecinski et ah, 1975; 
D ’Croz et ah, 1991; D ’Croz and Robertson, 1997). The es
tablished model proposes that because western Panam a has 
higher m ountain ranges that block the winds, surface waters 
in the Gulf of Chiriqui are not displaced out to the Pacific, 
and no upwelling as such occurs there.

The structure of shallow  biological com m unities be
tween the tw o regions supports this inference. Coral reefs, 
which respond poorly to upwelling conditions, are more 
extensive in size in the G ulf of Chiriqui than  in the G ulf of 
Panam a (Glynn, 1977; Glynn and M até, 1997), whereas 
small pelagic fish species from  the G ulf of Panam a repre
sent a large p roportion  of the to tal estim ated fishery re
source in the country (NO RA D , 1988). Satellite imagery

shows both  wind speeds and chlorophyll content of surface 
w aters to be lower in the Gulf of Chiriqui than  the Gulf of 
Panam a during the dry seasons (Pennington et ah, 2006).

However, the statem ent th a t upwelling does no t occur 
in the G ulf of Chiriqui is supported by sea-surface data 
derived from  satellite im agery analysis or from  the m ea
surem ent of properties in the shallow  section of the w ater 
colum n. H ydrological profiles of the w ater colum n have 
docum ented the shoaling of the therm ocline in the Gulf 
of Chiriqui, yet there appears to  be no clear association 
betw een the physical forcing of this event w ith  the w ind- 
induced upwelling in the G ulf of Panam a. Nevertheless, 
the m ovem ent of pockets of cool w ater th a t bring n u tri
ents into the upper layer may be a m ore com m on occur
rence in the G ulf of Chiriqui than  previously suspected 
(D ’Croz and O ’Dea, 2007).

It is therefore essential th a t we obtain  detailed and 
com parable hydrological data from  both  gulfs if we wish 
to  explain variability in biological com m unities along the 
Pacific coast of the Isthm us of Panam a today and through 
geologic time (O ’Dea et ah, 2007). In this paper we ex
pand  the inform ation presented in our previous study 
(D ’Croz and O ’Dea, 2007), adding new  hydrological and 
biological data from  the G ulf of Chiriqui and the G ulf of 
Panam a, and we further discuss the issue of w hether up
welling takes place in the G ulf of Chiriqui.

Caribbean Sea

Gulf of 
Chiriqui Pacific Ocean

FIGURE 1. Map of the Republic of Panama showing sampling sites. Red dots represent the location of the 
rainy season samplings in the Gulf of Panama (a = 18 December 2004) and in the Gulf of Chiriqui (a = 13 
July 2003; b = 17 December 2004). Blue dots represent the location of the dry season samplings in the Gulf 
of Panama (a = 29 February 2000) and in the Gulf of Chiriqui (a = 1 March 2000; b = 13 April 2007). 
Yellow squares indicate the location of the meteorological stations.
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MATERIALS A N D  M ETHODS

St u d y  A rea

Panam a’s Pacific shelf is located from  07°30 ' to 
09 °0 1 'N  and 78°10 ' to  82°52'W . The shelf is predom i
nantly occupied by low-salinity surface water, similar to 
the w ater mass found over the center of the tropical Pacific 
O cean at about 10°N (Wyrtki, 1967; Fiedler and Talley, 
2006). The clim atology is governed by the Inter-Tropical 
Convergence Zone (ITCZ), the position of w hich defines 
the seasonal pattern  of rainfall and winds. The rainy season 
develops between M ay and Decem ber w hen the IT C Z  is 
located over or slightly to  the no rth  of Panam a and winds 
are light and variable in direction. The dry season devel
ops between January  and M arch w hen the IT C Z  moves 
south of Panam a, a time period characterized by p re
dom inating intense northeast trade w inds. The m ean an 
nual rainfall recorded at m eteorological stations near the 
coast (1999-2004) was 2,760 m m  in the Gulf of Chiriqui 
(David) and 1,880 m m  in the G ulf of Panam a (Tocumen). 
A pproxim ately 94%  of the annual rainfall in both  areas 
corresponded to  the rainy season, the m onths of Septem
ber and O ctober being the rainiest in both  regions. The 
estim ated sizes of the drainage basins are 11,846 km 2 in 
the Gulf of Chiriqui and 33,828 km 2 in the Gulf of P an
am a. River discharges into both  gulfs typically follow  the 
seasonal trend described for rainfall. Detailed discussions 
on wind-stress, rainfall, and river discharge patterns are 
presented in D ’Croz and O ’Dea (2007). The tidal regime 
is sem idiurnal, and the sea-level difference during spring 
tides is 6 m  (Glynn, 1972).

Sa m p l in g  Procedures

Sampling research cruises were conducted in the gulfs 
of Panam a and Chiriqui using the Smithsonian Tropical 
Research Institute’s R/V Urraca (see Figure 1). Samplings 
were scheduled to  correspond with different times of the 
year, representing contrasting hydrological conditions (up- 
welling and non-upwelling). Surface-to-bottom  profiles for 
salinity, tem perature, dissolved oxygen, and chlorophyll a 
were recorded w ith a CTD (conductivity, tem perature, 
depth) m ultiparam eter profiler (Ocean Seven 316, Idro- 
n au t Sri, M ilano, Italy). H ydrological casts w ith the CTD 
corresponding to  the dry season were carried ou t in both 
gulfs on 29 February 2000 and 1 M arch 2000 and in the 
Gulf of Chiriqui on 13 April 2007. Rainy season CTD 
casts were carried ou t in the G ulf of Chiriqui on 13 July 
2003 and in both  gulfs during 17 and 18 Decem ber 2004. 
The w ater colum n was sam pled at discrete levels to  study

nu trien t and chlorophyll a concentrations. W ater samples 
were collected using N iskin bottles during the dry season 
of the year 2000 (29 February to  1 M arch) and during 
the rainy season of the year 2004 (17 and 18 December). 
Three replicate w ater samples per selected depth were col
lected at each site. Two liters of each individual replicate 
w ater sample were im m ediately sieved through N itex  
(350 p.m) to exclude Zooplankton and vacuum  filtered on 
W hatm an GF/F filter (0.7 p.m pore size) for chlorophyll a 
analysis. An aliquot from  each filtrate was set apart for the 
determ ination of dissolved inorganic nutrients. Filters and 
w ater samples were stored frozen (— 20°C) until analysis. 
Salinity is expressed using the Practical Salinity Scale (pss) 
indicated by UNESCO (1981). Results from  the ch loro
phyll a analyses were used to check the calibration of the 
C T D ’s fluorometer. The depth of the euphotic zone (1% 
incident radiation) was estim ated from  Secchi disk read
ings (Parsons et ah, 1984). The light a ttenuation  coeffi
cient was calculated as K¿ = f/zs w here zs is the Secchi 
depth and f =  1.4.

A nalysis o f  Samples

N o t later than  tw o weeks after sampling, filters ho ld 
ing the phytoplankton  were analyzed for chlorophyll a 
using the non-acidification fluorom etric m ethod (Welsch- 
meyer, 1994). W ater samples were analyzed for N 0 3~ + 
N 0 2~ (nitrate + nitrite), Si(OH)4 (silicate), and P 0 43~ 
(phosphate) by colorim etric m ethods using an Alpkem 
Flow Solution IV autom ated analyzer. M inim um  detection 
limits were 0.02 |j.M for n itrate, 0.01 p.M for nitrite, 0.12 
p.M for silicate, and 0.02 p.M for phosphate.

A nalysis a n d  Presentatio n  o f  D ata

W ater quality variables, nam ely tem perature, salin
ity, dissolved oxygen, dissolved inorganic nutrients, and 
chlorophyll a, are presented graphically as profiles of the 
samplings. Overall differences in between the tw o gulfs 
were assessed w ith the M ann-W hitney  test (U) by taking 
the m edian of each variable from  samples collected in the 
top 30 m  of the ocean w here the highest hydrological vari
ability occurred (Table 1). W ater transparency data were 
com pared using the paired  t  test. We followed the practice 
o f taking the position of the 20°C isotherm  to represents 
the depth of the center of the perm anent therm ocline in 
the eastern Pacific O cean (W yrtki, 1964; Fiedler et ah, 
1991; Xie et ah, 2005). Pearson correlations w ith Bonfer- 
roni adjustm ent were used to  test statistical relationships 
am ong variables.
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TABLE 1. Average value of hydrological variables in the top water column (30 m) in the gulfs of Panama (GP) and Chiriqui
standard error of the mean. Statistical tests were either Mann-Whitney U test or paired t test {"P < 0.05, ""P  <  0.01, .....
ns = nonsignificant).

(GC);SE = 
P <  0.001,

Hydrological
variables

Dry season values Rainy season values

GP
(Mean ± SE)

GC 
(Mean ± SE)

Statistical 
value a,b

GP
(Mean ± SE)

GC 
(Mean ± SE)

Statistical 
value a’b

Temperature (°C) 17.97 ± 0.92 27.17 ± 0.92 16.0* a 26.75 ± 0.54 28.61 ± 0.05 18.0 nsa
Salinity (pss) c 34.18 ± 0.29 32.98 ± 0.29 12 .0 * a 31.67 ± 0.64 30.48 ± 0.38 3.0 ns
Chlorophyll a ( jig 1. 1 i 1.82 ± 0.65 0.83 ± 0.65 4.0* a 0.23 ± 0.13 0.18 ± 0.06 8.5 nsa
Dissolved oxygen (ppm) 3.45 ± 0.27 4.78 ± 0.27 13.0* a 3.98 ± 0.16 4.38 ± 0.01 4.0 ns a
n o ,- (m-M) 14.37 ± 2.48 3.72 ± 2.48 1.0 ** a 0.99 ± 0.34 0.36 ± 0.02 2.5 ns a
PO43- (pM) 1.08 ± 0.21 0.39 ± 0.21 1.0 ** a 0.43 ± 0.07 0.24 ± 0.03 4.0 ns a
N:P ratio 12.82 ± 1.10 7.77 ± 1.10 1.0 ** a 2.11 ± 0.36 1.49 ± 0.10 3.0 ns a
Si(OH)4 (pM) 8.99 ± 1.03 4.40 ± 1.03 5.0* a 5.40 ± 0.71 4.87 ± 0.47 13.0 nsa
Secchi depth (m) 4.20 ± 0.00 14.80 ± 0.00 -1591.0*** b 20.00 ± 0.00 19.00 ± 0.00 2.0 nsb
Euphoric zone(m) 13.8 ± 0.00 48.63 ± 0.00 -1394.2*** b 65.71 ± 0.00 62.43 ± 0.00 188.4 nsb

a Mann-Whitney U  test, 
k Paired t  test.
c pss = practical salinity scale.

RESULTS

T h e r m o h a l in e  Structure

Both the G ulf of Panam a and the G ulf of C hiriqui 
exhibit the typical trop ical coastal ocean w ater struc
ture of cool deep w aters leading upw ard  to  a shallow  
therm ocline topped  by w arm  surface w aters. However, 
significant differences occur betw een the tw o gulfs w ith 
respect to  clim atic variability. D uring the rainy season, 
the therm al structure  in bo th  gulfs is rem arkably  sim ilar 
(see Table 1). Sea-surface tem peratures (SSTs) are invari
ably w arm  (27°-28°C ), and  the therm ocline sits a t ap 
proxim ately  60 m  (Figure 2).

D uring the dry season, therm al conditions become dis
similar between the tw o regions (Table 1). In our observa
tions, the therm ocline in the Gulf of Panam a rose sharply 
and nearly broke at the surface, resulting in a significant 
cooling of surface w aters to  22°C (Figure 3a). Sim ultane
ously, the therm ocline in Gulf of Chiriqui rose to  around 
30 m, com pressing w arm  SSTs into shallow  w aters (Figure 
3b). However, the shoaling of the therm ocline in Chiriqui 
was no t as intense as th a t seen in the G ulf of Panam a and 
did no t result in SST cooling.

In general, salinity  profiles in b o th  regions revealed 
a sharp  g rad ien t from  high-salin ity  deep w ater to  fresher 
surface w aters. Seasonal variab ility  in surface salinities 
in b o th  gulfs was very sim ilar (Table 1). D uring  the rainy

season, bo th  regions experienced high freshw ater d ilu 
tio n  in the  upper-layer w aters, w ith  surface salinities 
below  30 on the pss (see Figure 2). The halocline was 
located  a t 60 m  depth , coinciding w ith  the therm ocline. 
D uring  the dry season, low er rainfall led to  increased 
salinities in the surface w aters of bo th  gulfs (Figure 3). 
H ow ever, the effect w as m ore strik ing in  the G ulf of 
Panam a as the halocline shoaled and  salinity in surface 
w aters reached 34.

In April 2007 , the therm ohaline structu re  in  the 
G ulf of C hiriqui departed  drastically  from  the typical 
cond ition  as the therm ocline/halocline shoaled to  20 m. 
D espite this cond ition , however, SSTs rem ained  w arm  
(Figure 3c).

C h lo r o p h y ll

C oncentrations of surface chlorophyll were always be
low  0.30 p.g/T in bo th  gulfs during the rainy season (Table 
1), but a deep chlorophyll m axim um  developed from  30 m 
to 50 m, lying above the therm ocline (Figure 2). The deep 
chlorophyll m axim um  contained m ost of the chlorophyll a 
in the w ater colum n in both  gulfs, concentrations reaching 
1 p.g/T during the rainy season. The dry season upwelling 
changed this pa ttern  in the Gulf of Panam a, as the ch loro
phyll m axim um  m oved into shallow er w aters, where con
centrations surpassed 4 ptg/L (Figure 3a). Surface chloro-
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FIGURE 2. Profiles of dissolved oxygen, chlorophyll a, salinity, and temperature in the Gulf of Panama and 
the Gulf of Chiriqui during the rainy season, a = Gulf of Panama, 18 December 2004; b = Gulf of Chiriqui, 
13 July 2003; c = Gulf of Chiriqui, 17 December 2004.

phyll a rem ained at very low  values in the G ulf of Chiriqui 
during the dry season, but the deep chlorophyll m axim um  
became rem arkably  intense at 30 m  w here concentration 
reached 3 ptg/L (Figure 3b).

D issolved  O x y g e n

Dissolved oxygen profiles follow ed the typical p a t
tern  of w ell-oxygenated surface w aters lying on top of 
deeper oxygen-poor w aters. D uring the rainy season, se
vere hypoxic conditions (< 2  ppm ) were recorded below 
the strong oxycline, at 50 m  and  nearly coincident w ith 
the therm ocline (see Figure 2). O xygen concentrations in 
w aters above the therm ocline were strongly correlated  
w ith  tem peratu re  in bo th  the G ulf of Panam a (r = 0.91; 
P <  0.001) and the G ulf o f C hiriqui (r =  0.89; P < 
0 .001) during the rainy season. This arrangem ent, h o w 
ever, had  strong seasonal varia tion  in the G ulf of Panam a 
during the dry season, as the oxycline rose to  25 m  and

com pressed the oxygenated w aters into shallow  depths 
(Figure 3). D issolved oxygen below  this depth rapidly de
clined to  less th an  1 ppm  (Figure 3a), w hereas w aters in 
the G ulf of Chiriqui only becam e hypoxic below  the 50 m 
oxycline (Figure 3b). N o correlations were confirm ed be
tw een dissolved oxygen and tem perature in any of these 
regions during the dry season.

D issolved  N utrients

Both gulfs exhibit a strong vertical gradient of upwardly 
decreasing nutrient concentrations. N itrate in surface waters 
was depleted in both gulfs during the rainy season, w ith val
ues below 0.5 p,M (Figure 4). During the dry season, nitrate 
concentrations at the surface were observed to increase 10 
fold in the Gulf of Panam a when the nutricline shoaled to 
around 10 m  (Figure 5a). N o similar surface enrichment 
was detected in the Gulf of Chiriqui, where a strong nutri
cline was developed at 60 m  (Figure 5b).
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FIGURE 3. Profiles of dissolved oxygen, chlorophyll a, salinity, and temperature in the Gulf of Panama and 
the Gulf of Chiriqui during the dry season, a = Gulf of Panama, 29 February 2000; b = Gulf of Chiriqui, 1 
March 2000; c = Gulf of Chiriqui, 13 April 2007.

Overall, the patterns of phosphate resembled those of 
nitrate, but concentrations were lower by an order of m ag
nitude. Concentrations of phosphate in excess of 1 p,M were 
usually found below 30 m  depth. Phosphate concentrations 
in surface waters remained relatively low (<0 .3  p,M) in the 
Gulf o f Chiriqui during both  climatic seasons (Figures 4b, 
5b). However, phosphate enrichm ent of surface waters 
clearly occurred in the G ulf of Panam a during the dry sea
son when the nutricline shoaled and phosphate concentra
tions in the top of the w ater colum n reached about 1.0 p,M 
(Figure 5a).

Silicate profiles followed sim ilar trends to  tha t of the 
n itra te  and phosphate (Figures 4, 5). A lthough silicate 
concentrations were similar in surface w aters in bo th  gulfs 
during the rainy season, they doubled in the G ulf o f P an
am a during the dry season (Table 1).

Dissolved nutrients in the upper 50 m  had a high de
gree of relationship w ith tem perature and salinity. During 
the rainy season, nitrate concentrations were inversely cor

related to tem perature in both the Gulf of Chiriqui (r = 
-0 .78 ; P <  0.001) and the Gulf of Panama (r =  -0 .97 ; P <
0.002). In the dry season, nitrate in the Gulf of Panam a was 
negatively correlated to  tem perature (r = -0 .98 ; P <  0.044) 
and directly related to  salinity (r =  0.98; P <  0.049). N i
trate was negatively correlated to tem perature in the Gulf of 
Chiriqui during the dry season (r = -0 .89 ; P <  0.016), but 
not to salinity (r = 0.67; P >  0.159). Phosphate was nega
tively correlated to  tem perature during the dry season in the 
Gulf of Panam a (r =  -0 .98 ; P <  0.038) and in the Gulf of 
Chiriqui (r = -0 .97 ; P <  0.036). Dry season phosphate was 
also correlated to  salinity in the Gulf of Chiriqui (r = 0.98; 
P <  0.05).

The extremely low  n itra te  to  phosphate ratios (N:P) 
suggest th a t phytoplankton  grow th in bo th  regions was 
under severe nitrogen lim itation during the rainy season 
(Figure 6). The N:P ratio  was below 2:1 in surface w ater 
and  increased w ith  depth , surpassing the value of 10:1 
below  the depth of 50 m. D uring the dry season, N :P ra-
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FIGURE 4. Mean profiles of silicate (Si), phosphate (P), and nitrate (N) in the Gulf of Panama and the Gulf 
of Chiriqui during the rainy season, a = Gulf of Panama, 18 December 2004; b = Gulf of Chiriqui, 17 De
cember 2004.

tios w ithin the euphotic zone largely increased in bo th  re
gions, becom ing closer to  the N :P ratio  of 16:1 suggested 
as favorable for phytoplankton  grow th (Redfield, 1958).

W ater Transparency

W ater transparency was seasonably stable in the G ulf 
of Chiriqui but varied considerably in the G ulf of Panam a 
(see Table 1). W ater transparency in both  gulfs was higher 
during the rainy season w hen the euphotic zone was ap 
proxim ately 60 m  deep, in contrast to the lim ited tran s

parency and shallow  euphotic zone ( 14 m) observed in the 
G ulf of Panam a during the dry season upwelling.

D ISCU SSIO N

O ur data on bottom -to-surface profiles reveal the dy
namics of hydrological conditions along the Pacific coast of 
Panam a during times of both upwelling and non-upwelling. 
During the non-upwelling rainy season, both gulfs exhibit 
extremely sim ilar hydrological structures dom inated by the
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FIGURE 5. Mean profiles of silicate (Si), phosphate (P), and nitrate (N) in the Gulf of Panama and the Gulf 
of Chiriqui during the dry season, a = Gulf of Panama, 29 February 2000; b = Gulf of Chiriqui, 1 March 
2000 .

developm ent of an intense therm ocline at approxim ately 
60 m. Surface w aters tend to  have low  salinities and are 
w arm  and nu trien t depleted. Low  N :P ratios in surface 
w aters during the rainy season suggest tha t phy toplank
ton  grow th is strongly nitrogen limited. Consequently, the 
standing stock of chlorophyll a is m aintained at relatively 
low  levels in surface w aters. Phytoplankton does however 
peak at subsurface levels as the nutrient-rich therm ocline 
w aters intersect the euphotic zone, increasing N :P ratios 
and favoring algal grow th. The strong inverse correlation 
between nutrients and sea tem perature is consistent w ith 
the coincidence of a shallow  therm ocline and strong n u tri

d m e  typical of the eastern tropical Pacific O cean (Enfield, 
2001). As such, the seasonal m ovem ent of the therm ocline 
represents a key source of nutrients for phytoplankton. 
O ur sam pling sites were far offshore and therefore silicate 
concentrations were no t as high as previously reported  for 
the inner shelf (D’Croz and O ’Dea, 2007) even though the 
concentration of silicate in the G ulf o f Panam a is reported  
to be the highest in the eastern Pacific as a consequence of 
the intense runoff in the area (Pennington et ah, 2006).

During the dry season, the hydrological patterns of the 
tw o gulfs become dissimilar. In the Gulf of Panama strong 
upwelling of cold deep waters into coastal and surface w a
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FIGURE 6. Profiles of average nitrate to phosphate ratios (N:P) in 
rainy (triangles) and dry (circles) seasons: a = Gulf of Panama; b = 
Gulf of Chiriqui.

ters drives significant changes in the hydrological properties 
of the w ater column. The thermocline migrates vertically 
upw ard, leading to cooling, increased salinity, and nutrient 
enrichment on surface waters. Surface N:P ratios become 
closer to the Redfield value and, as a result, phytoplankton 
grow th intensifies, leading to a reduction in w ater clarity. 
A shallow oxycline also develops and oxygen concentra
tion below the oxycline is reduced, often leading to severe 
hypoxic conditions. In contrast, the oxycline in the Gulf of 
Chiriqui is deeper and deep w ater remains hypoxic. Low 
oxygen minima are nonetheless typical in the eastern tropi
cal Pacific as a com bination of high algal grow th at the 
surface, a strong pycnocline that impedes the ventilation of 
waters below, and the sluggish circulation of deep waters 
(Fiedler and Talley, 2006). The report of large filamentous 
Thioploca-like sulfur bacteria on shallow sediments in both 
regions strongly suggests that the inner shelf is exposed to 
episodes of reduced oxygen (Gallardo and Espinoza, 2007).

A significant relationship between wind-stress index 
(calculated from  the sum of northerly  winds) and sea level 
provides an explanatory  m echanism  for upwelling in the 
Gulf of Panam a (Schaefer et ah, 1958; Legeckis, 1988; 
Xie et ah, 2005). Surface w aters are displaced into open 
ocean by strong northerly  winds during the dry season, 
and deep w aters move vertically upw ard to  replace them  
(Fleming, 1940; Smayda, 1966; Forsbergh, 1969). Conse
quently, w ind stress is inversely related to SST in the Gulf

of Panam a during the dry season but no t during the rainy 
season (D’Croz and O ’Dea, 2007).

D ata from  the Gulf of C hiriqui are scant but did sug
gest th a t upwelling does not occur, because w ind stress 
during the dry season is norm ally one-third of th a t of 
the Gulf of Panam a (Kwiecinski and Chial, 1983) and it 
does no t displace surface w aters offshore. H igh m ountain  
ranges running along w estern Panam a impede the flow of 
northerly  w inds across to  the Gulf of C hiriqui (see Fig
ure 1), whereas m ountain  ranges in central Panam a are 
low, allowing strong w ind jets to  form  tow ard  the Gulf 
of Panam a. Despite this clear distinction, our data show  
th a t similar hydrological changes to  those th a t occur in the 
Gulf of Panam a do take place in the Gulf of Chiriqui. D ur
ing the dry season, and concurrent w ith  strong upwelling 
in the Gulf of Panam a, we observed deeper w aters rise to 
w ard  shallow er depths in the Gulf of Chiriqui. This m ove
m ent led to a substantial com pression of the m ixed layer 
and the corresponding rise of available nutrients w ithin 
the euphotic zone, shifting the chlorophyll m axim um  
above the shallow  therm ocline. A lthough direct evidence 
of prolonged surface w ater cooling was no t observed, we 
postulate th a t cooling and nutrient-enrichm ent episodes 
in the Gulf of C hiriqui may occur and th a t their inten
sity is dependent upon the depth to  w hich the therm ocline 
reaches in the eastern Pacific during the boreal winter. 
Nonetheless, the process is clearly m uch less intense than  
th a t in the Gulf of Panam a. Despite substantial shifts in 
deeper w ater conditions in the Gulf of Chiriqui, surface 
w aters rem ain w arm  and nutrient poor, presum ably be
cause w ind stress is no t strong enough to cause the advec- 
tion  of deep, cool, and nutrient-rich w aters to the surface 
(D’Croz and O ’Dea, 2007). However, ocean forces such as 
internal waves m ight change the oceanographic structure 
in the Gulf of Chiriqui, causing brief periods of advection 
of deep cold w ater to  the surface layer (Dana, 1975). Fong- 
term  records from  data loggers deployed in coral reefs give 
evidence of such brief SST drops in the Gulf of Chiriqui 
th a t are possibly related to internal waves (D’Croz and 
O ’Dea, 2007). This effect m ight be m ore evident as the 
internal waves approach the shallow  coasts around the is
lands in the Gulf of C hiriqui and may be m ore likely to 
occur during times of therm ocline shallowing.

In conclusion, a lthough the Gulf of Chiriqui does no t 
experience the intense seasonal upwelling characteristic 
of the G ulf of Panam a, deeper w aters do m igrate upw ard  
in synchrony w ith  Gulf of Panam a upwelling. This m ove
m ent is p robably  caused by an overall shallow ing of the 
therm ocline across Central America. The difference in in
tensity of upw ard m ovem ent of the therm ocline between
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the tw o gulfs strongly influences the phytoplankton  com 
munity, w ith seasonal bloom s occurring in the Gulf of 
Panam a but no t in the Gulf of Chiriqui. Deeper w aters do 
nonetheless experience similar patterns of seasonal hydro- 
graphic change, and shallow  waters of the G ulf of Chiriqui 
can be exposed to  brief pulses of cold and nutrient-rich 
w aters by advection. However, the effects of therm ocline 
m igration and advection on the shallow -w ater com m uni
ties of the G ulf of Chiriqui rem ain to  be studied in detail.
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Growth and Nutrient Conservation 
in Rhizophora mangle in Response 
to Fertilization along Latitudinal 
and Tidal Gradients
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ABSTRACT. Mangroves form heterogeneous marine ecosystems with spatial differences 
in structural complexity, biodiversity, biogeochemistry, and hydrology that vary at local 
and regional scales. Although mangroves provide critical ecosystem goods and services, 
they are threatened globally by human activities, including nutrient over-enrichment. 
Our goal was to determine if enrichment with nitrogen (N) or phosphorus (P) interacts 
with forest structure and latitude to alter growth and nutrient dynamics. We established 
a series fertilization experiments across more than 2,000 km and 18° of latitude from the 
Indian River Lagoon (IRL), Florida, to Twin Cays, Belize, to Bocas del Toro, Panamá. At 
each site, we fertilized individual trees with one of three treatment levels (control, +N, 
+ P) in two intertidal zones (fringe, scrub) and measured their responses for four years. 
We tested the effects of nutrient over-enrichment on growth, resorption efficiency, and 
resorption proficiency of the red mangrove Rhizophora mangle. All sites were nutrient 
limited, but patterns of nutrient limitation varied by zone and latitude. At IRL, growth 
was N limited; at Twin Cays, the fringe was N limited, but the scrub forest was P lim
ited; at Bocas del Toro, the fringe was N limited, but the scrub forest was both N- and P 
limited. Nutrient enrichment had dramatic and complex effects on nutrient conservation. 
Adding nutrients to mangrove ecosystems affected growth and the nutrient recycling, but 
the pattern depended on location, site characteristics, and the nature of nutrient limita
tion. Predicting how forests will respond to nutrient over-enrichment requires an assess
ment of spatial heterogeneity at multiple scales of response.
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INTRODUCTION

M angrove ecosystems are coastal wetlands dom inated by woody plants that 
span gradients in latitude (30°N to 37°S), tidal height (<1  m  to > 4  m), geomor
phology (oceanic islands to riverine systems), sedimentary environment (peat to al
luvial), climate (warm tem perate to  both arid and wet tropics), and nutrient loading 
(oligotrophic to eutrophic). Throughout their distribution, mangroves are critical 
not only for sustaining biodiversity in these intertidal forests but also for their di
rect and indirect benefit to hum an activities. As a detritus-based ecosystem, the leaf 
litter from these trees provides the basis for adjacent aquatic and terrestrial food 
webs (Odum  and Heald, 1975). M angroves function as nurseries for m any of the 
sport and commercial fishes found in deeper waters and provide feeding grounds

mailto:felleri@si.edu
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for large reef fishes (Nagelkerken et al., 2000; M um by et 
al., 2004). As a result, mangrove-assimilated energy and 
nutrients are exported to surrounding coral reefs (Dittm ar 
and Lara, 2001). Besides supporting and renewing coastal 
fishing stock, mangroves also benefit hum an economic de
velopment by stabilizing shorelines. This stabilization is a 
critical function in tropical coastal areas tha t may be ba t
tered periodically by tropical storms, hurricanes, and tsuna
mis (Danielson et ah, 2005; Barbier, 2006).

Despite repeated dem onstration of their ecological and 
economic im portance, m angroves are one of the w orld’s 
m ost threatened ecosystems (Valiela et ah, 2001; Alongi, 
2002; Barbier and Cox, 2003; R ivera-M onroy et ah, 2004; 
D uke et ah, 2007). In addition to  direct destruction, increas
ing input of hum an-caused nutrien t pollution is widely rec
ognized as one of the m ajor threats to  m angroves and other 
m arine environm ents w orldw ide (NRC, 1995, 2000, 2001; 
Duce et ah, 2008). However, system-specific attributes may 
lead to  large differences am ong coastal and estuarine sys
tems in their sensitivity and susceptibility to these increas
ing nutrient levels (Cloern, 2001). The com plex suite of 
direct and indirect responses in coastal systems to  nutrient 
over-enrichment include changes in w ater chemistry, distri
bution and biomass of plants, sediment biogeochemistry, 
decom position processes, nutrient cycling, nutrient ratios, 
phytoplankton com m unities, hab ita t quality for metazo- 
ans, and ecosystem functions.

Relatively little is know n about how  the structure and 
function of m angrove ecosystems are altered by nutrient 
enrichment. In tem perate salt marshes and mangroves, eco
logical processes have been shown to be nitrogen- (N) lim 
ited (Valiela and Teal, 1979; Feller et ah, 2003b). The few 
tropical and subtropical m angrove wetlands that have been 
studied were shown to be both phosphorus- (P) and N  lim 
ited (Boto and Wellington, 1984; Feller, 1995; Feller et ah, 
1999, 2003a, 2003b; Lovelock and Feller, 2003; Lovelock 
et ah, 2004). Because mangroves are responsive to  processes 
operating at multiple spatial scales, com parisons along a 
broad latitudinal gradient in climate and across narrow  
tidal gradients will improve our understanding of the rela
tive impacts of global versus local factors on the structure 
and function of these ecosystems. In this study, we focused 
on the mangrove Rhizophora mangle (red mangrove), an 
evergreen tree that has a large geographic range throughout 
the Atlantic-East Pacific region (Duke, 1992). Along the A t
lantic coasts of N orth  and South America, its distribution is 
continuous and spans almost 60° of latitude from  its no rth 
ern limit along the coast of Florida at 29°42 .94 'N  (Zomle- 
fer et ah, 2006) to  its southern limit along the coast of Bra
zil at 27°53'S (Shaeffer-Novelli et ah, 1990). In this study,

our goals were to  determine how  nutrient availability varies 
am ong R. mangle forests spanning a tem perate to  tropical 
gradient and how  nutrient over-enrichment affects plant 
grow th and nutrient conservation. We m anipulated nutri
ent availability and measured responses of trees fertilized 
w ith nitrogen ( + N) or phosphorus (+P) growing along in
tertidal gradients in similar habitats a t three locations along 
this latitudinal gradient to test the following hypotheses.

1. N u trien t availability varies along a la titud inal gradient 
w ith a decreasing supply of P relative to  N  tow ard  the 
tropics (Vitousek, 1984; V itousek and  Sanford, 1986; 
Crews et ah, 1995). This hypothesis predicts increas
ing P lim itation  in m angrove forests at low er latitudes 
and N  lim itation  at higher latitudes (Güsewell, 2004; 
M cG roddy et ah, 2004; Reich and O leksyn, 2004; 
K erkhoff et ah, 2005).

2. Delivery, uptake, or assim ilation of P is m ore strongly 
affected by tidal flushing and concom itant factors tha t 
vary spatially than  is th a t of N  (Smith, 1984; McKee 
et ah, 2002). This hypothesis predicts differences in N  
versus P lim itation w ithin m angrove forests a t different 
in tertidal elevations (Ross et ah, 2006). Specifically, N  
lim itation is predicted for the low  in tertidal where tidal 
flushing is greater (residence time is shorter) than  in the 
high in tertidal w here P lim itation is predicted.

3. Because of difference in grow th rates along climatic 
gradients, the m echanisms used by plants to  recycle and 
conserve nutrients will be m ore efficient at higher la ti
tudes (Oleksyn et ah, 2003). This hypothesis predicts 
increased nutrien t conservation by m angroves growing 
near their tem perate lim it (Lovelock et ah, 2007).

4. As nutrien t availability increases, nu trien t conservation 
m echanisms become less efficient (Shaver and M elillo, 
1984; Vitousek, 1984; Schlesinger et al., 1989; Escu
dero et al., 1992). This hypothesis predicts th a t the ef
fects of nu trien t loading on m angrove forests will differ 
depending on w hether a system is N- or P limited, w ith 
the expectation th a t the lim iting nu trien t will be m ore 
efficiently and tightly conserved (Feller et ah, 1999).

MATERIALS A N D  M ETHODS

S ite D escriptions

We com pared the effects of nutrient over-enrichment 
on plant grow th and nutrient dynamics in Rhizophora m an
gle L. a t three locations along the Atlantic and Caribbean 
coasts from  Florida to Panam á spanning a climatic gradi
ent of m ore than  2,000 km  and 18° of latitude (Figure 1):
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by R. mangle, varying in w idth from  5 to 20 m  (Figure 2). 
Tree height decreased rapidly to landw ard w ith interior 
areas dom inated by old-grow th stands of low  stature, or 
“scrub,” trees (—1.5 m) (Table 3). The black mangrove 
(Avicennia germinans L.) and the white mangrove (Lagun
cularia racemosa (L.) G aertn. f.) were also present in each 
of these locations, typically near the landw ard ecotone. The 
hydrogeom orphic settings were variable am ong the three 
locations. IRL and Bocas were continental in contrast w ith 
Twin Cays, which is a low  oceanic island. However, Twin 
Cays and Bocas were m ore similar in mineralogy (Phillips et 
ah, 1997; M acintyre et ah, 2004; Coates et ah, 2005), w ith 
m angrove forests atop a carbonate platform  and deep peat 
deposits. All sites were m icrotidal w ith mixed semidiurnal 
tides (Kjerfve et ah, 1982; Kaufm ann and Thom pson, 
2005). The fringe zones at the three locations were similarly 
well flushed, but the hydrological conditions of the scrub 
zones varied. At Twin Cays, these interior portions of the 
forest were completely inundated and waterlogged (McKee 
et ah, 2007). In contrast, the Bocas scrub zone drained com 
pletely at low  tide (Lovelock et ah, 2005). At IRL, the scrub 
zone drained completely at low  tide during the summer but 
rem ained inundated for days during the w inter (Feller et ah, 
2003b).

In the IRL, our experim ental sites were situated on the 
lagoonal side of tw o barrier islands. The fringe site was in 
Avalon State Park  on N o rth  H utch inson  Island, St. Lucie 
C ounty; the scrub site w as in  the H obe Sound N a tio n a l 
W ildlife Refuge on Ju p ite r Island , M artin  County. In 
this area , soil w as com posed  p rim arily  of m arine sand 
w ith  m angrove forests ad jacen t to  coasta l s tran d  veg
e ta tion  and  m aritim e ham m ocks. D escrip tions of forest

TABLE 1. Hydrogeomorphic characteristics of the study sites along a latitudinal gradient from the In
dian River Lagoon (IRL), Florida, to Twin Cays, Belize, to Bocas del Toro (Bocas), Panama.

Characteristic IRL Twin Cays Bocas

Latitude 27°33'N, 80°13'W 16°50'N, 88°06'W 9°09'N, 82°15'W
Freshwater inflow Medium Low High
Type of landscape Continental Oceanic Continental
Topographic relief Medium Low High
Nutrient flux High Low Medium
Mineralogy Siliclastic/carbonate Peat/limestone Peat/limestone
Annual rainfall 1.3 m 2.8 m 3.5 m
Mean temperature range a 12.4°-23.6°C (w) 18.3°-29.9°C (w) 20.1°-31.1°C (w)

22.6°-31.9°C (s) 22.2°-31.3°C(s) 21.9°-31.8°C (s)
Mean tidal range 37 cm 34 cm 19 cm
Major disturbances Anthropogenic, hurricanes Anthropogenic, hurricanes Anthropogenic, flooding

FIGURE 1. The three study sites used in this study span more than 
18° of latitude and extend from the Indian River Lagoon (IRL), 
Florida, in the north, to Twin Cays, Belize, and to Bocas del Toro, 
Panama, in the south.

(1) Indian River Lagoon (referred to  hereafter as IRL), 
Florida; (2) Twin Cays, Belize (referred to hereafter as Twin 
Cays); and (3) Bocas del Toro, Republic of Panam á (referred 
to hereafter as Bocas) (Table 1). Table 2 provides a sum 
m ary of the characteristics for the three locations (Koltes et 
ah, 1998; McKee et ah, 2002; Feller et ah, 2003a; Feller and 
Cham berlain, 2007; Lovelock et ah, 2005). Forest structure 
at the three locations was heterogeneous and characterized 
by com plex gradients in tree height tha t included a narrow  
seaward fringe of uniformly tali (—4 m) trees dom inated

a w = winter; s = summer.
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TABLE 2. Characteristics of the mangrove forest structure in the fringe and scrub zones at the Indian River Lagoon (IRL), Florida, to 
Twin Cays, Belize, to Bocas del Toro (Bocas), Republic of Panama. Data are from Koltes et al. (1998), McKee et al. (2002), Feller et al. 
(2003a), Lovelock et al. (2005), and Feller and Chamberlain (2007).

Salinity (%o) Tree height (m) DBH (cm) Stem density Basal area
Location Zone (mean ± SE) Species (mean ± 1 SE) (mean ± 1 SE) (stems-0.1 ha-1) (m2-0.1 ha-1)

IRL Fringe 32.7 ± 0.7 Rhizophora mangle 3.9 ± 0.1 4.5 i ,9 5 i6 A
Laguncularia racemosa 3.2 ± 0.3 6.1 1,3433.9
Avicennia germinans 3.8 ± 0.3 4.8 6711.2

Scrub 32.4 ± 0.5 Rhizophora mangle 1.7 ± 0.1 2.5 ± 0.2 2,3861.5
Laguncularia racemosa 4.5 ± 0.4 4.6 ± 0.7 4771.0
Avicennia germinans 1.6 ± 0.0 1.2 ± 0.0 730.01

Twin Cays Fringe 36.9 ± 1.2 Rhizophora mangle 3.2 ± 0.2 7.3 ± 0.4 4012.1
Laguncularia racemosa 2.2 a 2.9 a 3 a0.2 a
Avicennia germinans 2.2 a 4.0 a 3 a0.01 a

Scrub 39.4 ± 1.2 Rhizophora mangle 0.8 ± 0.1 2.4 ± 0.2 8970.4
Bocas Fringe 34.4 ± 0.6 Rhizophora mangle 3.9 ± 0.1 5.3 ± 0.6 8501.6

Scrub 33.3 ± 1.9 Rhizophora mangle 0.7 ± 0.1 1.5 ± 0.1 3,3570.7

a Based on occurrence of a single tree in each zone.

et al., 2006a, 2006b, 2006c, 2006d). These oceanic m an
groves islands are underlain by deep deposits of m angrove 
peat 8 to 12 m  thick (M acintyre et ah, 2004; M cKee et 
al„ 2007).

A t Bocas, fringe and scrub sites were located on three 
islands (San Cristobal, Solarte, Isla Popa) in A lm irante Bay 
and the Chiriqui Lagoon in a vast netw ork  of m angrove 
islands and m ainland peninsulas covering approxim ately 
2,885 km 2 (De Croz, 1993; G uzm an and G uevara, 1998; 
G uzm an et ah, 2005; Lovelock et ah, 2004, 2005). Here, 
m angroves occurred adjacent to  tropical rainforests and 
grew  on peat approxim ately 5 m  deep atop ancient coral 
reef limestone (Phillips and Bustin, 1996; Phillips et ah, 
1997). This location was outside the hurricane belt, but 
flooding was com m on. Earthquakes are episodic (Phillips 
et ah, 1994, 1997; Phillips and Bustin, 1996) and are likely 
to  be the m ajor nonanthropogenic disturbance regime in 
fluencing these forests.

Experimental D esign

Fertilization experim ents were set up at IRL in Janu 
ary 1997, at Twin Cays in January  1995, and at Bocas in 
January  1999. To com pare responses, we used a three-w ay 
factorial analysis of variance (ANOVA) design (i.e., 3 nu 
trien t enrichm ent treatm ent levels [Control, + N , +P] X 2 
zones [fringe, scrub] X 3 locations [IRL, Twin Cays, Bo
cas] X 3 sites per location X 3 replicate trees per site, for 
a to ta l of 162 trees). N utrien t treatm ent was random ly as

structu re , hydro-edaphic conditions, grow th, nu trien t dy
nam ics, and photosynthesis a t the Avalon State Park  site 
w ere previously reported  (Feller et ah, 2003a; Lovelock 
and Feller, 2003).

At Twin Cays, our fringe and scrub sites were located 
on the tw o largest islands of this 92-ha m angrove archi
pelago, 10 km  offshore. Descriptions of forest structure, 
biogeochemistry, ecophysiology, grow th, and nu trien t dy
namics were previously reported  (Rützler and Feller, 1996; 
M cKee et ah, 2002; Feller et ah, 2003b, 2007; Lovelock

'Tree-height gradient -
Shoreline 

Fringe Zone

Interior 
Scrub Zone

Intertidal gradient

FIGURE 2. Mangrove forests at each of our study sites are charac
terized by a distinctive tree-height gradient with tail trees fringing the 
shoreline and scrub trees in the interior.
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TABLE 3. Three-way factorial analysis of variance ( ANOVA) results on the seven response variables: shoot elongation (Growth), N-, P-, 
and K-resorption efficiencies (NRE, PRE, KRE), and N-, P-, and K-resorption proficiencies (NRP, PRP, KRP). The kind of transforma
tion conducted on response variables for normalization and homogeneity of variances is given in the second line of column headings. 
Results are in the form of F statistical values for each effect and the corresponding level of significance: i ! l iP <  0.001; **P <  0.01; 
*P <  0.05; and ~  for P <  0.1.

Growth
Log(x)

NRE
Exp(x)

PRE
Exp(4x)

KRE
Exp(x)

NRP
Log(x)

PRP
Log(lOOOx)

KRP
Log(x)

Factor d f F P F P F P F P F P F P F P

Location (L) 2 24.2 28.6 126 16.5 86.1 373 18.9
Zone (Z) I O.ll 65.2 4.57 0.96 75.4 0.29 5.18
Treatment (T) 2 23.4 10.4 75.4 14.6 40.3 108 36.8
L X Z 2 12.0 3.21 1.21 0.78 2.88 7.15 ** 1.98
L X T 4 12.9 4.37 12.5 5.60 2.16 23.6 8.13
Z X T 2 17.8 3.27 4.36 8.97 4.77 ** 13.4 25.0
L X T X Z 

Residuals
4

140
4.9 4.35 1.30 4.27 7.95 *** 4.21 8.61

signed w ithin each zone and site. Trees were am ended w ith 
150 g N  as N H 4 (45:0:0), or P fertilizer as P2O 5 (0:45:0), 
per centim eter diam eter breast height, as described in 
Feller (1995). Doses (150 g) of fertilizer were sealed in 
dialysis tubing and placed in each of tw o holes 30 cm 
deep, cored into the substrate on opposing sides of a tree 
beneath the outerm ost m argin of its canopy, and sealed. 
Experim ents at IRL and Twin Cays were fertilized twice 
per year. Because of lim ited access, the Bocas experim ent 
was fertilized once per year. Thus, grow th responses were 
norm alized to  the annual rate of fertilizer application. For 
controls, holes were cored and sealed but no fertilizer was 
added. D irect fertilizer application to  the ro o t zone of our 
target trees was used because all sites were flooded at high 
tides and fertilizer broadcasted on the surface w ould have 
washed away.

Tree G rowth

To quantify grow th, we m easured the length of five 
initially unbranched shoots in sunlit positions in the outer 
p art of the canopy of each tree at the three locations. To 
com pare grow th responses am ong the three locations, 
we calculated the annual shoot elongation based on the 
am ount fertilizer added per location (cm • year-1  kg -1 ).

Leaf N utrient Dynamics

To determ ine the relative effects o f nu trien t over
enrichm ent on the ability o f R . m angle  to  conserve n u 
trien ts invested in foliage, we m easured N , P, and p o tas
sium  (K) concentrations in green and  senescent leaves. 
For green leaves, we sam pled the youngest, fully m ature 
green leaves from  penapical stem  positions in sunlit por
tions of the canopy. Fully senescent yellow leaves w ith 
w ell-developed abscission layers were taken  directly 
from  the trees. Leaf area was determ ined w ith  a Li- 
C or 3000 Leaf Area M eter (Lincoln, N eb ., USA). Leaf 
sam ples were dried a t 70°C in a convection oven and 
g round  in a W iley M ill to  pass th rough  a 40 m esh (0.38 
mm) screen. C oncentrations of carbon  (C) and  N  were 
determ ined w ith  a M odel 440 C H N  Elem ental Analyzer 
(Exeter A nalytical, N o rth  C helm sford, M ass., USA) at 
the Sm ithsonian Environm ental Research Center, Edge- 
w ater, M d. C oncentrations of P and  K w ere determ ined 
using an inductively coupled plasm a spectrophotom eter 
by A nalytical Services, Pennsylvania State University, Pa. 
N u trien t concentrations expressed on a leaf area basis 
(mg • cnT2) were used to  calculate N , P, and K resorp tion  
efficiencies (NRE, PRE, KRE), as below  (C hapin  and Van 
Cleve, 1989):

N, P, or K (mg • cm ?) , ( -  N, P, or K (mg • cm 1) r , (/*<*•• 5 5  \ o 'green leai 55  \ o 'senescent leai 1AAresorption emciency = -------------------------------    x  1UU
N, P, o rK (m g -c n T -)greenleaf
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The absolute levels to  which N , P, and K were reduced (% 
dry mass) in senesced leaves (indicated as % N senesced ieaf, 
% Insenesced leaf? and % Ksenesced ieaf, respectively) were used di
rectly as indices of N , P, and K resorption proficiencies 
(NRP, PRP, KRP), as below (Killingbeck, 1996):

resorption  proficiency = the level to  w hich N , P, or K 
has been reduced in senescent leaves (% dry mass).

N ote th a t low  levels for % N senesced ieaf, % P senesced leaf, and 
% K senesced leaf are indicative of high resorption proficiency 
whereas high levels indicate low  resorption  proficiency. 
C oncentrations less than  0 .7%  are considered complete 
resorption for N  and concentrations less than  0 .04%  are 
considered com plete resorption  for P  (Killingbeck, 1996). 
H igher values indicate incom plete resorption. In this study, 
we considered values less than  0 .3%  N  and less than  0.01 % 
P  as the ultim ate resorption  potential for R. m angle , as 
proposed by Killingbeck (1996). C om parable values for K 
resorption potential have not been determ ined.

Statistics

O ur data were grouped by nutrient treatm ent (Con
trol, + N , +P) X zone (fringe, scrub) X location (IRL,

Twin Cays, Bocas), to com pare seven response variables 
of R. m angle , including grow th responses, N -, P-, and 
K -resorption efficiencies, and N -, P-, and K -resorption 
proficiencies. Three-way factorial analyses of variance 
(ANOVA) were applied for each response variable. W hen 
an ANOVA found significant effects, Tukey’s honestly sig
nificant difference (HSD) tests were applied to examine 
pairw ise differences w ithin and am ong the treatm ent lev
els. To respect the assum ptions of heterogeneity of vari
ances and norm ality, the response variables were trans
form ed using logarithm s and exponentials. To investigate 
relationships between nutrien t content of green and senes
cent leaves as well as am ong nutrient resorption  proficien
cies, we used the Spearm an rho (p) correlation test on the 
ranked row  values. These analyses were conducted using 
the R softw are 2.7 .0  (R D evelopm ent Core Team, 2008).

RESULTS

Tree G rowth

There was a significant three-w ay in teraction of nu tri
ent enrichm ent X location X zone on grow th rates of R. 
mangle  trees (see Table 3; Figure 3). For control trees in the 
fringe zone, the rate of shoot elongation at IRL was signifi-
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FIGURE 3. Rhizophora mangle growth (cm • year-1 • kg-1) measured as elongation of individual shoots per year (normalized to fertilizer ap
plication at each site) at Indian River Lagoon (IRL), Twin Cays, and Bocas del Toro, in two zones (fringe, scrub), and in response to nutrient 
enrichment with nitrogen (+N) or phosphorus (+P). (IRL and Twin Cays data from Feller et al., 2003a, 2003b).
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cantly low er than  at Bocas (HSD adjusted P <  0.001) but 
similar to  those at Twin Cays (HSD adjusted P = 0.070), 
which had similar values. There were no significant dif
ferences in shoot elongation rates for contro l trees in the 
scrub zone am ong all the locations. + N  caused significant 
increases in shoot elongation rates for fringe and scrub 
trees at IRT, but only for fringe trees at Twin Cays and Bo
cas. However, shoot elongation for + N  fringe trees in the 
IRT was lower than  observed at Bocas (HSD adjusted P = 
0 .089). + N  caused sim ilar increases in shoot elongation 
in the fringe at Bocas and  Twin Cays. In the scrub zone, 
+  P increased g row th  at Twin Cays (HSD adjusted  P < 
0 .001) and Bocas (HSD adjusted P =  0.095), although 
the rates were m uch higher for Twin Cays (HSD adjusted 
P =  0.047). + P  had  no effect on grow th in either fringe 
or scrub zones at IRT. The + N  treatm ent had  no effect on 
grow th rates in the scrub zones a t Twin Cays and Bocas.

N utrient C onservation

The im pact of fertilization on N-, P-, and K-resorption 
efficiencies varied by location and zone (Figure 4a-c). For 
N -resorption  efficiency (NRE), there was a significant 
three-w ay in teraction am ong location, zone, and nutrien t 
enrichm ent (see Table 3; Figure 4a). Values ranged from  
26%  to 68% . In contro l trees at all locations, N RE was 
consistently highest for the fringe. At IRT, + N  caused a 
slight decline in values for fringe but no t scrub trees. At 
Twin Cays, + N  had  no effect on N RE in the fringe where 
grow th was N  limited. However, + P  caused an app rox i
m ately 40%  increase in N RE for the P-limited scrub trees 
(HSD adjusted P <  0.001). A lthough + N  had  no effect 
on the grow th of scrub trees a t Twin Cays, it did result in 
a slight increase in N RE. Overall, values for NRE were 
low est a t Bocas.

There were significant tw o-w ay interactions am ong 
nutrien t enrichm ent X location and nutrien t enrichm ent 
X zone on P-resorption efficiencies. However, the three- 
w ay in teraction am ong nu trien t enrichm ent X location X 
zone was no t significant (see Table 3, PRE; Figure 4b). 
PRE values ranged from  36%  to 80% . O verall, IRE had 
the low est PRE. Here, values for control fringe and scrub 
trees were approxim ately half those at Twin Cays and Bo
cas where values were similar. + N  caused a slight increase 
in PRE for IRE fringe and scrub trees. At Twin Cays and 
Bocas, + N  had  no effect in either zone, bu t + P  caused an 
approxim ately 50%  decrease in PRE for scrub trees and 
an approxim ately 25%  decrease for fringe trees.

For K -resorption efficiency (KRE), we found a signifi
cant three-w ay in teraction of nu trien t enrichm ent X loca

tion  X zone (see Table 3; Figure 4c). In the IRE, values 
were uniform ly low  but positive in both  zones, and n u tri
ent enrichm ent had  no effect. For control fringe trees a t all 
locations, KRE was consistently positive. Overall, the low 
est KRE values occurred at Twin Cays. The negative val
ues for senescent foliage from  control scrub trees a t Twin 
Cays and Bocas indicated th a t K accum ulated in leaves 
ra ther than  being resorbed by the p lan t during senescence. 
A t Twin Cays and Bocas, + P  caused a significant increase 
in KRE by scrub trees, but had  little effect on fringe trees. 
However, + N  had  no significant effect on KRE in either 
zone.

Fertilization also had  striking and com plex effects on 
resorption proficiencies, m easured as the % N senesced ieaf, 
% Insenesced leafs and % Ksenescej  ieaf, th a t varied by location and 
zone (Table 3; Figure 5a-c). C oncentrations of N , P, and 
K in senesced leaves were positively associated w ith their 
concentrations in green leaves (Spearm an p values for N , P, 
and K =  0.52, 0.87, and 0.65, respectively, all significantly 
different than  0 w ith P <  0.0001). There was no re lation
ship between % N senesced ieaf and % Psenesced leaf (Spearman 
p =  0.03, P = 0.66), but % K senesced ieaf was significantly 
correlated w ith % N senesced ieaf (Spearm an p =  0.19, P = 
0.02) and w ith % Psenesced leaf (Spearm an p =  —0.43, P <  
0 .0001). For NRP, there was a significant three-w ay in 
teraction am ong location, zone, and nutrien t enrichm ent 
(see Table 3; Figure 5a). The % N senesced ieaf ranged from  a 
low  of 0 .28%  for + P  scrub trees at Twin Cays to  a high 
of 0 .91%  in + N  fringe trees at Bocas. For control trees 
from  the fringe and scrub zones, values were similar at 
IRE and Bocas bu t were significantly low er at Twin Cays, 
w hich indicated increased NRP. + N  caused an increase of 
20%  in % N senesced ieaf from  the fringe at IRE but had  little 
effect on fringe trees at the o ther locations. In the scrub 
zone, + N  had  no effect on % N senescedieaf at IRL and Twin 
Cays, bu t significantly higher values at Bocas resulted in 
a decrease in NRP. + P  had  little effect on either fringe or 
scrub zones at IRE and Bocas, but it caused a dram atic 
decrease in % N senesced ieaf and a corresponding increase in 
N R P in scrub trees a t Twin Cays.

We found the highest levels of % Psenescedieaf (—0.06%  ) 
in the control trees in bo th  zones at IRE, w hich indicated 
low  PRP com pared to  Twin Cays and Bocas. Fertilization 
w ith + N  or + P  had  no detectable effect on these levels at 
IRE (Figure 4b; all HSD adjusted P >  0.5). Very low  lev
els (—0.01% ) of % Psenescedleaf in both  zones at Twin Cays 
and Bocas indicated high PRP in the range of m axim al P 
resorption (Figure 6). + N  had  no effect on values in either 
zone at Twin Cays or Bocas. + P  caused the m ost dram atic 
increase in % Psenesced leaf? w ith a concom itant decrease in
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P R P , for both  the fringe and scrub zones a t Twin Cays 
(both HSD adjusted P <  0.001). At Bocas, there was a 
similar increase in % P senesced leaf w ith + P  in the scrub zone 
(HSD adjusted P <  0.001), whereas the response in the 
fringe zone was com paratively smaller and no t significant 
(HSD adjusted P =  0.694).

There was also a significant three-w ay interaction 
am ong location, zone, and nutrien t enrichm ent on KRP 
(see Table 3; Figure 5c). Values for control trees in both 
zones at IRL and Bocas were similar w ith no differences 
between zones. N either + N  nor + P  had  any effect a t IRL, 
but + P  caused a significant decrease in % Ksenescej  ieaf in 
both  zones at Bocas. The % K senescej  ieaf ranged from  a low  
of 0 .26%  for + P  scrub trees a t Bocas to  a high of 1.56%  
in control scrub trees a t Twin Cays, w hich was m ore than  
double the K concentrations in senescent foliage of fringe

trees. In the Twin Cays scrub zone, + P  caused a fourfold 
decrease in % K senescedieaf, resulting in an associated increase 
in KRP.

D ISCU SSIO N

Long-term  fertilization experim ents a t IRL, Twin 
Cays, and Bocas del Toro dem onstrated th a t these three 
locations, which were arrayed along a la titudinal gradient, 
were nu trien t lim ited. However, system-specific attributes 
resulted in significant differences in patterns of nutrient 
lim itation and responses to  fertilization. A lthough the 
m angrove ecosystems at these locations exhibited similar 
tree-height gradients dom inated by Rhizophora mangle, 
they differed in several hydrogeom orphic and structural
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features (see Tables 1, 2). The locations also differed in 
substrate types; th a t is, the soil a t IRL was com posed of 
Pleistocene m arine sands while the soils a t Twin Cays and 
Bocas site were deep deposits (6 -12  m) of m angrove peat 
form ed during the H olocene (Phillips and Bustin, 1996; 
Lovejoy, 1998; M acintyre et ah, 2004). O ur experim ental 
site in the IRL was in a young forest, less than  40 years 
old, in an abandoned m osquito  im poundm ent (Rey et 
al., 1986). In contrast, the experim ents at Twin Cays and 
Bocas were in old-grow th forests. A lthough no data are 
available for a direct com parison, it is likely th a t the for
ests at Bocas are older than  at Twin Cays because of dif
ferences in their exposures to  hurricanes (Stoddart, 1963; 
C arruthers et ah, 2005). O verall, stem density was lowest 
at Twin Cays. Stem density in the IRL fringe was app rox i
m ately 10 times greater than  at Twin Cays and 4 times 
greater than  at Bocas. O n the o ther hand, the density of 
trees in the scrub forest was highest at Bocas.

G row th of R. m angle  stems, w hich we used as a b io
assay of nu trien t lim itation in our fertilization experim ents, 
varied am ong IRL, Twin Cays, and Bocas. However, the 
responses did no t support H ypothesis 1 of increasing P 
lim itation tow ard  the tropics (Vitousek, 1984; V itousek 
and Sanford, 1986; Crews et ah, 1995). This hypothesis 
predicted th a t P lim itation w ould be greatest at Bocas, 
w hich was located at the low est of the three latitudes com 
pared in this study. Instead, shoot elongation indicated an 
order th a t ranged from  N  lim itation in both  fringe and 
scrub zones at IRL, to  N  lim itation in fringe and scrub as 
well as P lim itation in scrub at Bocas, and to  N  lim itation 
in fringe and P lim itation in scrub at Twin Cays. The m ag
nitude of the grow th responses to  fertilization w ith the 
lim iting nutrien t at each location was also consistent w ith 
this order, th a t is, IRL <  Bocas <  Twin Cays, w ith the 
m ost severe P lim itation and the greatest grow th response 
to  P fertilization in the scrub zone at Twin Cays.

The differences in grow th responses th a t we observed 
at the three locations suggest tha t nu trien t lim itation 
w ithin and am ong m angrove ecosystems is likely deter
m ined by several features of their geom orphology, includ
ing sedim ent/nutrient flux, tidal range, and substrate type. 
These findings contrast w ith o ther studies th a t a ttribu te  P 
lim itation in the tropics m ainly to  differences in the age 
of soils between tropical and tem perate regions, w ith the 
m ost P-limited forests on the oldest soils (Vitousek, 1984; 
V itousek and Sanford, 1986; Crews et ah, 1995; Güsewell, 
2004; M cG roddy et ah, 2004; Reich and Oleksyn, 2004; 
K erkhoff et ah, 2005).

Based on findings from  Twin Cays (Feller, 1995; Feller 
et ah, 2003a, 2007), M cKee et al. (2002) hypothesized

th a t the shift from  N  lim itation in fringe zone around  the 
periphery of the island to  severe P lim itation in scrub zone 
in the in terior was the result of differences in factors as
sociated w ith tidal flushing. O ur results from  the other 
tw o locations com pared in this study partially  support 
this hypothesis. A lthough all locations were N  lim ited in 
the fringe, grow th in the scrub zone at Bocas was limited 
by both  N  and P. This finding again differs from  the IRL 
w here grow th was N  lim ited in bo th  zones (Feller et ah, 
2003b). These patterns along tidal gradients indicate tha t 
differences in nu trien t lim itation am ong the three loca
tions are the result of variations in tidal flushing, external 
nu trien t supply, substrate, and endogenous biological p ro 
cesses. The scrub forests in the in terior areas have a low  
tidal exchange and a low  supply of exogenous nutrients, 
whereas the fringe zones are well flushed w ith a higher net 
exchange of nutrients. M angroves at the IRL and Bocas 
locations are in continental settings w ith m edium  to high 
relief, freshw ater inflow, and nu trien t flux. However, their 
tidal regimes and underlying soils differ dram atically. In 
contrast w ith IRL where m angroves are grow ing on sandy 
soils, m angroves at Twin Cays and Bocas are grow ing on 
peat. A lthough both  of these locations are associated w ith 
low -nutrient coral reef ecosystems, Twin Cays receives 
negligible terrigenous inputs of freshw ater or sediments 
whereas Bocas m angroves experiences a high flux of nu 
trients from  several rivers draining into the archipelago. In 
addition, patterns of nu trien t lim itation in these systems 
m ay be affected by local patterns of N 2 fixation (Joye and 
Lee, 2004; Borgatti, 2008).

R esorption of phloem -m obile nutrients from  leaves 
during senescence is an im portan t nu trien t conservation 
strategy for plants th a t influences m any ecological p ro 
cesses, including prim ary production, nu trien t uptake, 
com petition, and nu trien t cycling (Chapin, 1980). To 
resolve the relative degree to w hich latitude and n u tri
ent enrichm ent affect the ability of R. m angle  to  conserve 
nutrients invested in foliage, we exam ined resorption  of 
N , P, and K. Across location, zone, and nutrien t trea t
m ent levels, our results indicate th a t a m ajor control of 
the nu trien t concentrations in senesced leaves was nutrient 
concentration  in green leaves, w hich is consistent w ith a 
global dataset com piled by Kobe et al. (2005). Specifically, 
concentrations of N , P, and K in senesced leaves were posi
tively associated w ith their concentrations in green leaves. 
In contrast to  O leksyn et al. (2003), who predicted tha t 
nu trien t resorption  efficiencies should increase w ith la ti
tude, we found the low est efficiencies at IRL, our n o rth 
ernm ost location, consistent w ith Lovelock et al. (2007). 
We also found the m ost efficient nu trien t conservation for
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N  and P at Twin Cays, the location positioned at the in 
term ediate latitude. A lthough the levels to  w hich nutrients 
were conserved varied by nutrient, location, and zone, the 
patterns did no t fall clearly along a la titudinal gradient. 
All experim ental trees at the three locations, except for the 
+ N  trees in the scrub zone at Bocas, had  less than  0.7%  
N  concentrations in their senescent leaves, w hich is w ithin 
the range of com plete resorption  in the m odel proposed by 
Killingbeck (1996) (see Figure 6). In the Twin Cays fringe 
and the +P-fertilized scrub trees, the N  concentration in 
senesced leaves was less than  0 .3% , w hich was found to 
be the m axim al level to w hich N  can be reduced in senes
cent leaves of evergreen species and is regarded by Killing
beck (1996) as the ultim ate potential resorption  for N . In 
Killingbeck’s model, less than  0.04%  Psenesced leaf represents 
complete resorption of P for evergreens. All experimental 
trees a t Twin Cays and Bocas had values below this thresh
old and thus exhibited complete P resorption. Moreover, 
control and + N  trees in the scrub and fringe zones at Twin 
Cays and Bocas had 0.01%  P senesced leaf or less, which is the 
maximal level to which P can be reduced in senescent leaves 
in evergreens representing the ultimate potential resorption 
of P. Com parable levels of % P senesced leaf have been reported 
for mangroves elsewhere (Alongi et ah, 2005). In contrast, 
all the trees at IRL had values for P senesced leaf greater than 
0.04% , which represents incomplete resorption. In contrast 
to suggestions by Aerts and Chapin (2000), the results pre
sented here indicate there are nutritional controls on nutrient 
resorption in R. mangle. N utrient enrichment clearly altered 
resorption of N  and P at Twin Cays and Bocas but had no 
effect at IRL. Enrichment with + P  resulted in increases in N  
and K resorption efficiency and proficiency at Twin Cays and 
Bocas but had the opposite effect on P  resorption. Similarly, 
+ N  decreased N  resorption, but only in the N-fertilized 
trees in the scrub zone at Bocas. These findings suggest that 
P enrichment may have either increased the requirements for 
N  and K in R. mangle or it may have increased its physi
ological capacity to conserve these nutrients during leaf se
nescence. Increased resorption of N  and K in response to 
+ P  may also indicate that under P-limiting conditions these 
nutrients become limiting when P is added to the system. 
Although we found no relationships between grow th and N  
or P concentrations in green leaves, we did observe a weak 
but significant relationship between %Kgreen ieaf and grow th 
rates (r =  0.230, F =  8.723, P <  0.01). These results indi
cate tha t K availability may be im portant to the structure 
and function of some m angrove forests (Kathiresan et ah, 
1994), which w arrants further study.

In conclusion, our results indicate tha t nutrient over
enrichment of the coastal zone will alter forest structure and

nutrient dynamics in mangrove ecosystems. We showed that 
fertilization altered grow th and nutrient conservation in R. 
mangle, but the patterns did not correspond w ith a latitu
dinal gradient. G row th was consistently N  limited for trees 
in fringing forests, which have higher water exchange rates 
com pared to scrub forests, supporting the hypothesis of 
Smith ( 1984) and McKee et al. (2002) that open systems are 
m ore likely to  be N  limited than P limited. In the IRL, scrub 
trees in the interior of the forest were also N  limited. Pat
terns of nutrient lim itation became more complex at lower 
latitudes. Phosphorus limitations characterized the scrub 
zone at Twin Cays whereas both N  and P limitations were 
widespread in the scrub zone at Bocas. O ur results clearly in
dicated that the phenotypic potential of R. mangle to  resorb 
N , P, and K from senescing leaves varied as a function of 
nutrient availability, which was driven by differences in hy
drology and substrate along latitudinal and tidal gradients.
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Underwater Spectral Energy Distribution 
and Seagrass Depth Limits along an Optical 
Water Quality Gradient
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ABSTRACT. We measured in situ inherent optical properties and seagrass maximum 
depth distribution in widely differing optical water types, including turbid green waters 
of the Indian River Lagoon (IRL, Florida, USA), a mix of turbid and clear waters in Pan
ama, and very clear waters in Belize. We used Hydrolight to model in situ spectral energy 
distributions and measured leaf absorbance spectra (Thalassia testudinum) to distinguish 
between photosynthetically available radiation (PAR) and photosynthetically usable ra
diation (PUR). Attenuation coefficients for PAR and PUR were nearly indistinguishable 
in Belize and Panama and differed only slightly in the IRL. Grass grew to depths of pen
etration of 33% of PAR in the IRL, 14% in Panama, and approximately 5% in Belize, 
although we expect the value for Belize is an underestimate because conditions more 
turbid than are typical were prevailing at the time of the measurements. Corresponding 
percentages for PUR were 27%, 12%, and 5% for IRL, Panama, and Belize, respectively. 
These regional differences in light requirements were striking, and less than half of the 
difference could be attributed to latitudinal variations in incident light. We conclude that 
factors other than spectral energy distribution that covary with water clarity control 
site-specific light requirements of seagrasses. Possibilities include epiphytes and sediment 
quality.
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INTRODUCTION

Seagrasses are im portan t prim ary producers th a t play a role in the stability, 
nursery function, biogeochemical cycling, and trophodynam ics of m any coastal 
and estuarine ecosystems and as such are im portan t for sustaining a broad  spec
trum  of organism s (Hemminga and D uarte, 2000). Seagrasses are potentially 
sensitive indicators of declining w ater quality because of their high light re
quirem ents (11 % —37%  surface irradiance) com pared to  those of o ther aquatic 
prim ary producers w ith m uch low er light requirem ents (< 1 % ) (Dennison et 
ah, 1993; Z im m erm an, 2003). Seagrass com m unities have declined in coastal 
regions w orldw ide (O rth  et ah, 2006), which is usually a ttribu ted  to  reductions 
in w ater clarity brought about, a t least initially, by accelerated eutrophication  in 
the coastal zone (Krause-Jensen et ah, 2008).

M anagem ent efforts aim ed at preserving and restoring seagrass systems gen
erally focus on im proving w ater clarity (Batiuk et ah, 2000; K enw orthy and 
H aunert, 1991; Steward and Green, 2007), based on the high light requirem ents
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of seagrasses and the reduction in light penetration associ
ated w ith eutrophication  (Ralph et ah, 2007). Deciding 
on the extent of w ater quality im provem ents (or lim it of 
allowable deterioration) requires m ore detailed know l
edge of the wavelength-specific light requirem ents of sea
grasses. Based on a survey of available literature, Carter 
et al. (2000) determ ined th a t m esohaline and polyhaline 
subm erged grass com m unities in Chesapeake Bay require 
a long-term  average of 22%  of surface irradiance at the 
deep edge of the grass m eadow  for survival. Gallegos and 
K enw orthy (1996) determ ined a similar requirem ent for 
m ixed beds of Thalassia testudinum , H alodule wrightii, 
and Syringodium  filiform e  in the Indian River Lagoon 
(IRL) near Ft. Pierce, F lorida. In contrast, Steward et al. 
(2005) found 20%  to be near the m inim um  for the IRL, 
while the average light requirem ent was 33%  of annual 
incident irradiance, similar to  the wide range (24% —37%  ) 
reported  for the southern Indian River Lagoon (Kenworthy 
and Fonseca, 1996). M ore recently, D uarte et al. (2007) 
analyzed 424 reports of seagrass colonization depths and 
light a ttenuation  and found generally higher light require
m ents for p lant com m unities grow ing in shallow, turbid  
w aters than  in clear, deep w aters. The authors suggested 
th a t large differences in light requirem ents between shal
low- and deep-growing seagrasses may be partially  a ttr ib 
uted to  differences in the quality of light. Seagrasses may 
grow  deeper in clear w ater because there is m ore high- 
energy blue light available for photosynthesis, whereas 
in shallow  tu rb id  w ater the shorter blue wavelengths are 
rapidly attenuated.

The w avelength specificity of light absorption  by 
seagrasses has im plications for setting w ater quality re
quirem ents needed to  protect or restore these plants in 
eutrophic w aters th a t are dom inated by inefficient green 
wavelengths. The absorption of light by the com plem ent of 
pigm ents (chlorophyll a and chlorophyll b ) in seagrasses is 
highly w avelength selective, w ith absorption  peaks in the 
blue (centered around  450 nm) and red (centered around 
670 nm) regions of the visible spectrum , and a broad  ab 
sorption m inim um  in the green between 500 and 600 nm  
(Drake et ah, 2003; Z im m erm an, 2003). W avelengths of 
light th a t are poorly absorbed by the p lan t are relatively 
inefficient a t driving photosynthesis (Drake et ah, 2003; 
Falkow ski and Raven, 2007).

Light requirem ents of seagrasses th a t have been de
term ined to  date (Batiuk et ah, 2000; K enw orthy and 
Fonseca, 1996) have been based on photosynthetically 
available rad iation  (PAR, 4 0 0 -7 0 0  nm) because of the 
w idespread availability of underw ater quantum  sensors. 
PAR m easurem ents weight quanta of all visible w ave

lengths equally. By contrast, m easurem ents of photosyn
thetically usable rad iation  (i.e., PUR; see M orel, 1978) 
weight quanta in p roportion  to  the efficiency w ith which 
they are absorbed. There are no sensors for direct m ea
surem ent of PUR; it m ust be calculated from  the under
w ater spectrum  (measured or modeled) weighted by the 
relative absorption  spectrum  of the p lant of interest.

Using a bio-optical model of light penetration  in the 
m esohaline Chesapeake Bay, Gallegos (1994) determ ined 
th a t the 22%  surface PAR requirem ent for seagrasses oc
curred at the same depth as the penetration  of 16% of sur
face PUR. The distinction is potentially im portan t because 
the penetration  of PUR is m ore sensitive to  the concentra
tion  of phytoplankton  chlorophyll (i.e., eutrophication) 
than  is the penetration  of PAR, for the reason th a t phy to 
p lankton  chlorophyll absorp tion  selectively removes those 
same wavelengths m ost efficiently used in photosynthesis 
by seagrass. Thus, by basing light requirem ents on PUR 
ra ther than  on PAR, we w ould  predict greater restoration  
benefit from  chlorophyll reduction, and greater seagrass 
losses from  chlorophyll increases, than  by light require
m ents based on PAR (Gallegos, 1994).

The objective of this w ork  was to  determ ine w hether 
the distinction  betw een PAR and PUR requirem ents 
could  be determ ined from  in situ depth  d istribu tions of 
seagrass com m unities. The distinction  canno t be draw n 
from  depth  d istribu tions a t a single site such as C hesa
peake Bay or the IRL, because w ith in  these systems the 
underw ater spectrum  is peaked in the green, and thus 
there is insufficient spectral variability  in available light 
to  differentiate betw een depth  limits based on PAR com 
pared  w ith  PUR. The grad ien t of optical w ater quality  
types across locations of the Sm ithsonian M arine Science 
N etw ork , however, offers a potentially  ideal scenario 
for m aking this determ ination . All three of the dom i
n an t seagrass species found in the IRL also occur in the 
trop ical w aters of Carrie Bow Cay, Belize, and  Bocas del 
Toro, Panam a. In optically  clear w aters, the underw ater 
spectrum  peaks in the blue, near an absorp tion  peak of 
chlorophyll a or b. In blue w ater, therefore, PUR pen
etrates deeper th an  PAR, and  plants should  grow  to  re la 
tively deeper depths in blue trop ical w aters if PUR ra ther 
th an  PAR is the determ ining factor. To investigate this 
distinction , we surveyed seagrass d istributions and  m ea
sured inheren t optical properties (IOPs), from  w hich we 
calculated  underw ater light spectra a t the deep edges of 
grass beds, to  test the hypothesis th a t across the optical 
w ater quality  grad ien t seagrass w ould  grow  to a consis
ten t dep th  of penetra tion  of PUR bu t a variable percen t
age of PAR.
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M ETHODS

Study S ites

Station locations are show n in Figure 1. We occupied 
stations in the clear tropical w aters off Carrie Bow Cay, 
Belize (station Blue G round Range, BGR), and in Bahia 
A lm irante, Panam a (station STRI [Smithsonian Tropical 
Research Institute]), a station  receiving colored-w ater dis
charge from  a nearby creek in Panam a (station SN03), and 
the m ore eutrophic w aters of the Indian River Lagoon, 
Florida (ICW 194; see Figure 1). Detailed characteristics 
of these sites are given by Lang (2009) in the In troduction 
to  this volume.

O ptical Properties

We m easured in situ profiles of IOPs, the spectral ab 
sorption and beam  attenuation  coefficients, at nine w ave
lengths (412, 440, 488, 510, 532, 555, 650, and 715 nm)

using a W ETLabs ac-9 instrum ent w ith a 0.1 m  path- 
length, equipped w ith a pressure sensor to  m easure depth. 
A Seabird SBE-5T pum p provided w ater flow to the ac-9 
and a W ETLabs MPAK unit th a t controlled pum p and in 
strum ents and logged data.

M easured absorption  and beam  attenuation  coef
ficients were corrected for tem perature according to  the 
m anufacturer’s protocols. We corrected absorp tion  coeffi
cients for scattering errors (Kirk, 1992) by the Zaneveld et 
al. (1994) algorithm  th a t subtracts a fraction of m easured 
scattering coefficient from  absorption (Equation 1):

at_ J l )  = am( l ) - e ( c t_ J l ) - a m(l)) (1)

where at-u,(\) is the scattering-corrected absorp tion  coef
ficient less pure w ater absorption at wavelength X, am is 
the m easured non-w ater absorption  coefficient subject to 
scattering error, ct_„, is the m easured non-w ater beam  a t
tenuation  coefficient, and e is a coefficient th a t accounts

80o20'0"W 88°10’0"W

K ilom etersK ilom eters

vBlue Ground Range

K ilom eters

K ilom eters

FIGURE 1. Locations of stations in the Indian River Lagoon, Florida (upper left), Belize (upper right), and 
Panama (lower right). Lower left panel shows overview of Caribbean. Light gray shading in Belize panel 
indicates coral reef habitat.
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for overall errors w ith the reflective tube absorption meter 
of the ac-9 th a t result from  a failure to  collect all scattered 
light (Kirk, 1992). In this w ork  we verified the assum ption 
th a t non-w ater absorp tion  at the longest ac-9 wavelength 
(715 nm) was no t m easurable in the laboratory  (Tzortziou 
et ah, 2006). Thus, we calculated e by E quation 2:

T„(715)
ct_ J 7 1 S ) - a ( 7 1 S )

( 2 )

We m easured the abso rp tio n  spectrum  of Thalassia  
testud inum  leaves in an  in tegrating  sphere (LICO R 1800- 
12S) in terfaced  to  an  O cean O ptics USB2000 spectrom 
eter. A clean segm ent of leaf was placed on a m icroscope 
slide over the opening to  the sphere and illum inated  w ith 
a fiberoptic m icroscope light source. Black tape  on the 
slide obscured the p o rtio n  of the opening n o t covered 
by the leaf. Percent transm ittance  (% T) of the leaf was 
calcu lated  referenced to  the slide and  tape  w ith o u t a leaf 
in place. A bsorbance w as calcu lated  as —ln(% T ), and 
the spectrum  was norm alized  to  the value at the a b so rp 
tion  peak at 675 nm . M easurem ents on eight leaves co l
lected from  the deep edge at the site in Belize were aver
aged. Similar m easurem ents m ade in Panam a had  sim ilar 
results.

Radiative Transfer M odeling

To calculate spectral diffuse a ttenuation  coefficients 
and underw ater light spectra, we used the commercially 
available radiative transfer m odel, H ydrolight 4.2, which 
is extensively docum ented by M obley (1994). User in 
pu t consists of specifications for IOPs, boundary  condi
tions, and assum ptions on inelastic scattering processes. 
We used the pure-w ater absorption coefficients of Pope 
and Fry (1997) and pure-w ater scattering coefficients for 
freshw ater from  Buiteveld et al. (1994). We used in situ 
estimates of absorption , a ttenuation, and scattering coef
ficients binned at 0.5 m  intervals. Following Tzortziou et 
al. (2006), we used the Fourn ier-F orand  scattering-phase 
function, the shape of w hich was show n by M obley et al. 
(2002) to  be well specified by the backscattering ratio . We 
om itted inelastic scattering processes because our interest 
is in downw elling irradiance, and these processes prim ar
ily affect only calculations of upwelling radiance. For in 
cident irradiance and the d istribution of to ta l irradiance 
between direct and sky irradiance we used the built-in 
RAD TRA N  routine for the time, location, and estimate of 
approxim ate cloud cover.

From  the sim ulations of spectral dow nw elling ir
rad iance we calcu lated  PAR according to  its definition 
(E quation  3):

700 700

PAR(z) = j  Q ( \ , z ) d \ =  j  Ed(X,Z)d \
400 400 hr]

(3)

w here Q  is the quantum  flux, E j  is the spectral dow n
welling irradiance in energy units, h is Planck’s constant, X 
is the wavelength and i] = 2 ttc/ X  is the frequency of light, 
and c is the speed of light in vacuum . PUR was calculated 
in an analogous manner, weighted by the p lan t absorption  
spectrum , m easured at the deep edge of the Belize site:

700

PUR(z)=  j  Q ( \ , z ) ä n ( \ ) d \ (4)
400

where äTi, (X) is the absorp tion  spectrum  of T. testudinum  
norm alized to  its peak at 675 nm  and to  unit sum. For 
com parison of a ttenuation  rates, PAR and PUR were both 
norm alized to  their values a t the surface.

Seagrass S urveys

A t each sam pling site a pair of scuba divers entered 
the w ater to  visually confirm  the seagrass bed (T. testudi
num)  deep edge, defined as the visible transition  between 
vegetated and unvegetated bottom . Once the physical 
boundaries of the m eadow  edges were identified under
w ater, the divers laid ou t tw o 10 m  long transects par
allel to  the edge of the seagrass bed. A t 1.0 m  intervals 
along each transect, the divers visually estim ated seagrass 
cover in a 0.25 m 2 quadra t using the Braun-Blanquet scale 
(1965). The Braun-Blanquet cover abundance scale is a vi
sual assessment technique for estim ating the canopy cover. 
Values are 0.1 =  solitary shoot, w ith small cover; 0.5 = 
few shoots, w ith small cover; 1 =  num erous, bu t less than  
5%  cover, 2 =  5 % -2 5 %  cover, 3 =  2 5 % -5 0 %  cover, 4 = 
5 0 % -7 5 %  cover, and 5 =  m ore than  75%  cover.

At the same location each diver counted the num ber 
of seagrass short shoots in either a 0.25 m 2 or 0.0625 m 2 
quadrat, depending on the shoot density. Short shoot 
counts were m ultiplied by the appropriate scaling factor 
and averaged for the 10 quadrats to  obtain  an estimate 
of the num ber of short shoots per square meter. For com 
parison of deep edge seagrass characteristics, we also sur
veyed relatively shallow  sites at the Blue G round Range 
station in Belize (2.4 m) and the STRI station  in Panam a 
(1.8 m). At SN03 in Panam a we only surveyed at the deep
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edge. Deep edge data for the IRL are from  annual sur
veys by the South Florida W ater M anagem ent D istrict 
(h ttp ://m y .sfw m d .g o v /g isap p s/sfw m d x w eb d c /d a tav iew  
,asp?query= unq_id=  1797).

RESULTS

Seagrass D epth Limits

At the Blue G round Range station  in Belize, the deep 
edge of the Thalassia testudinum  m eadow  was located at 
10-11 m. The deep edge was a distinct transition  from  
a sparse cover of T. testudinum  to  unvegetated, fine car
bonate m ud. Recently germ inated seedlings of the small 
opportunistic species H alophila decipiens were observed 
just outside of the deep edge of the T. testudinum  meadow. 
Braun-Blanquet cover values ranged from  0.5 (a few in 
dividual short shoots) to  1 (< 5 % ). Thalassia testudinum  
short shoot densities ranged from  0 to  48 shoots m~2, 
averaging 22.4 shoots m~2. At the shallow  Blue G round 
Range transect, T. testudinum  Braun-Blanquet scores 
ranged from  3 to  4, indicating th a t cover generally varied 
from  25%  to 75% , while densities ranged from  176 to 
416 shoots m~2, averaging 310 shoots m~2. At the shal
low  station  T. testudinum  was 14 times m ore dense than  
at the deep edge. N o other seagrass species were observed 
at this station.

At the STRI station  in Panam a we located the deep 
edge of the T. testudinum  a t 8.5 m. The transition  edge 
of the T. testudinum  m eadow  was distinct; however, there 
was considerably m ore H . decipiens just dow nslope of the 
edge than  there was at the Blue G round Station in Belize. 
Thalassia testudinum  short shoot densities ranged from  
0 to  56 shoots m~2, averaging 18 shoots m~2, similar to 
the deep edge at the Blue G round Range Station in Be
lize. Braun-Blanquet values ranged from  0 to  1, indicating 
th a t cover was generally less than  5% . We also observed 
three quadrats w ith a relatively sparse cover of H alodule  
wrightii. At the shallow  STRI station (1.8 m), T. testudi
num  densities ranged from  160 to  528 shoots m~2 w ith 
an average of 465, 25 times the density at the deep edge 
and m ore dense than  the shallow  station  at Blue G round 
Range in Belize. Braun-Blanquet values ranged from  3 to 
4, sim ilar to  the shallow  station at Blue G round Range 
(BGR) in Belize.

At the SN03 site in Panam a, the deep edge of the T. 
testudinum  bed was located at 2.4 m. Short shoot densi
ties ranged from  0 to  288 m~2, w ith a m ean value of 114. 
The deep edge of the T. testudinum  m eadow  was m arked

by a transition  from  T. testudinum  to unvegetated sedi
m ent. Braun-Blanquet scores ranged from  0 to  3, indicat
ing cover values less than  50% .

Seagrass depth limits in the IRL at the site w here op
tical m easurem ents were m ade in 2001 were reported  as 
0.92 m  for beds described as continuous and dense, w ith a 
low er lim it of 50%  to 60%  cover.

O ptical Properties

A wide range of optical properties was observed 
am ong the four sites (Figure 2a). Based on absorption  
spectra, Belize had  the clearest w ater while the m ost tu r
bid w ater occurred in the IRL. The tw o sites in Panam a 
were interm ediate. The rank  order of sites was different 
for scattering coefficients (Figure 2b), w ith scattering coef
ficients at the Panam a shallow  site (SN03) being the high
est and the Panam a deep site (STRI) the lowest.

A bsorption Spectrum

N orm alized absorption by T. testudinum  was simi
lar to m easurem ents by other investigators (Zim m erm an, 
2003), having peaks in the red wavelengths (—680 nm), a 
broad  m axim um  at blue wavelengths (400-490  nm), and 
a trough at green wavelengths (—525-625  nm) (Figure 3, 
solid line). This spectrum  was used to calculate PUR from  
simulated downwelling spectral irradiance according to 
E quation 4. However, even at the local m inim um  at 555 
nm, m easured absorption  was still 37%  of the red peak. 
O n considering tha t T. testudinum  has no chlorophyll pig
ments tha t absorb green wavelengths (Zim m erm an, 2003), 
we also constructed a hypothetical photosynthetic action 
spectrum  based on chlorophyll absorption alone, consisting 
of Gaussian curves w ith peaks at 410, 430, 455, 642, and 
680 nm  for an alternate calculation of PUR (see Figure 3, 
dashed line). The hypothetical action spectrum  is expected 
to produce the m axim al separation between PAR and PUR, 
especially in turbid  green water, because the trough in the 
hypothetical chlorophyll absorption  spectrum  at green 
wavelengths is much m ore pronounced com pared w ith the 
m easured absorption spectrum , w hich includes an unquan
tified contribution  by photosynthetic carotenoids. This hy
pothetical chlorophyll-based action spectrum  serves as a 
site-independent sensitivity test for the greatest possible 
difference between PAR and PUR for a higher plant. We 
did no t measure absorption  spectra in the IRL, so they are 
unknow n. The hypothetical spectrum  allows a com parison 
am ong sites in the absence of m easurem ents at all sites.

http://my.sfwmd.gov/gisapps/sfwmdxwebdc/dataview
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FIGURE 2. Surface water absorption spectra (a) and surface water 
scattering spectra (b) at sites sampled in Belize, Panama, and Florida.

PAR a n d  P U R  Profiles

Profiles of norm alized downw elling PAR and PUR 
based on the m easured absorption  spectrum  (PURm) and 
PUR based on the hypothetical action spectrum  (PURh) 
are show n for the stations having the least and the m ost 
separation between PAR and PUR in Figure 4. The dif
fuse a ttenuation  coefficients for each of the three quan ti
ties are reported  for all stations in Table 1. At the Blue

G round Range station in Belize, diffuse a ttenuation  coef
ficients for PAR and PURm were indistinguishable, while 
th a t for PURh was only 7%  higher than  for PAR (Table 1 ). 
The largest differences am ong the three a ttenuation  coef
ficients occurred at the IRT. The relative differences be
tw een a ttenuation  coefficients for PAR and PURm (13% ) 
and between PAR and PURh (31% ) were similar for the 
IRT and SN03 site in Panam a, although the absolute coef
ficients were smaller a t SN03 (Table 1).

The percentages of surface light rem aining at the deep 
edges of the seagrass beds varied widely am ong the loca
tions, from  abou t 5%  at the Blue G round Range site in 
Belize to  about 30%  at the IRT (see Table 1). The percent
ages based on PUR were, as expected, low er than  those 
based on PAR, but the differences am ong sites was still 
large (Table 1). Because of the extremely large differences 
am ong sites in the percentage of light at the seagrass bed 
deep edge, the calculation of PUR did no t yield a consis
ten t value across sites. The overall range was, however, 
som ew hat smaller for PUR than  for PAR (Table 1). Spec
tra  of downw elling irradiance at the deep edges calculated 
by H ydrolight are show n in Figure 5. The overall frac
tion  of surface irradiance rem aining at the deep edges at 
the different locations follows the percentages in Table 1. 
Q ualitative differences in the spectra of light rem aining at

 Measured
—  Hypothetical
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FIGURE 3. Normalized absorption spectra used for calculating pho- 
tosynthetically usable radiation, based on absorption spectrum mea
sured on Thalassia testudinum leaves (solid line), and a hypothetical 
action spectrum derived by assuming only light absorbed by chloro
phylls a and b drive photosynthesis in Thalassia (dashed line).
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the deep edges also occur. Because of absorp tion  by water, 
virtually no light is present at wavelengths greater than  
600 nm  at the BGR location in Belize and very little at 
STRI in Panam a. Increasing am ounts of red wavelengths 
are present at the SN03 and IRL sites as a result of the 
shallower depths of the deep edges. The peaks of the in 
situ spectra shift progressively tow ard  green wavelengths 
along the progression from  BGR to IRL, and the greatest 
similarities are at 400 to  410 nm , where the percentage of 
surface irradiance rem aining ranges from  2%  to 6% .

Percent surface irradiance
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PURm
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a. Belize14
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Percent surface irradiance
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b. Florida
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FIGURE 4. Vertical profiles of photosynthetically active radiation 
(PAR, solid line), and photosynthetically usable radiation (PUR) 
based on measured absorption spectrum (PURm; dashed line) and 
hypothetical action spectrum (PURh; dotted line) in (a) Belize and 
(b) the Indian River Lagoon (IRL), Florida. Profiles were normal
ized to the irradiance incident at the surface (100%).

TABLE 1. Depths of seagrass deep edge (Zmax) and attenuation 
coefficients for photosynthetically active radiation (KPAR) and 
photosynthetically usable radiation (PUR) weighted by measured 
absorption spectrum of Thalassia testudinum  leaves (KPURm) or 
weighted by a hypothetical action spectrum (KPURii; see Figure 2). 
Percentage of surface light penetrating to the seagrass deep edge 
is given in parentheses.

S ite  a

7'-'max
(m )

KpAR
( m “ 1)

KpuRm
( m “ 1)

KpuRh
( m “ 1)

BGR, Belize 10 0.293 0.293 0.314
(5.2%) (5.4%) (4.2%)

STRI, P a n a m a 8.5 0.232 0.247 0.304
(13.6%) (12.0%) (7.4%)

SN03, P a n a m a 2.4 0.836 0.945 1.098
(14.1%) (11.0%) (7.7%)

IRL, Florida 0.92 1.157 1.301 1.52
(32.7%) (27.1%) (21.8%)

a BGR, Blue Ground Range; STRI, Smithsonian Tropical Research Institute; SN03, 
Panama creek station; IRL, Indian River Lagoon.

D ISCU SSIO N

A t all three study sites we were able to  locate a distinct 
deep edge of the Thalassia testudinum  m eadow s, charac
terized by a transition  from  m oderate and sparsely veg
etated seagrass to  either unvegetated substrate or patches 
of the smaller, low  light adapted  seagrass H alophila de
cipiens. W here we were able to  sample shallower sites in 
Belize and Panam a, there were substantially higher densi
ties of T. testudinum . The presence of H . decipiens at the 
Blue G round Range (BGR) station in Belize and the STRI 
site in Panam a further confirm ed th a t we were sampling 
at light-lim iting edges of the T. testudinum  distribution. 
H alophila decipiens is a small, ruderal species of seagrass 
com m only found grow ing in deep or tu rb id  w ater and has 
low er light requirem ents than  T. testudinum  (Kenwor
thy, 2000; Gallegos and Kenworthy, 1996; K enw orthy 
et ah, 1989). The presence of H . decipiens a t these two 
stations was a good indication of light-lim iting conditions 
for Thalassia. A lthough we did no t record H . decipiens at 
SN03 in Panam a, a thorough visual exam ination by divers 
at deeper depths than  the observed T. testudinum  d istribu
tion  confirm ed there were no seagrasses grow ing beyond 
2.4 m  depth.

A ttenuation coefficients for PAR and PUR were nearly 
indistinguishable in Belize and Panam a and differed only 
slightly in the IRL. Based on these one-tim e profiles, we 
calculated tha t seagrass grew to depths of penetration  of
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FIGURE 5. Spectra of photosynthetically active radiation (PAR) at 
the depth of the seagrass deep edge (Zmax) in Belize (BGR, solid line), 
Panama (STRI, dashed line, and SN03, dotted line), and Florida 
(IRL [ICW194], dot-dashed line).

33%  of PAR in the IRL, 14% in Panam a, and app rox i
m ately 5%  in Belize. C orresponding percentages for PUR 
were 27% , 12% , and 5%  for IRL, Panam a, and Belize, 
respectively. The accuracy of these estim ates depends on 
the degree to  w hich the profiles w ere m easured under 
conditions th a t are typical for their respective grow ing 
seasons. We are fairly certain  this was n o t  the case in 
Belize, w here strong  northerly  w inds, atypical for the 
season, blew  for several days before and  on the day of 
sam pling. H orizon tally  sighted Secchi disk visibility at a 
seagrass bed near Twin Cays was 5.5 m  during the time 
of our m easurem ents, com pared  w ith  annual m eans of 
10.1 m  (± 0 .3 8  m  SE) for 2004 and 8.9 m  (± 0 .2 5  m  SE) 
for 2005 (see Koltes and O pishinski, 2009: fig. 6, this 
volum e). If the w ater colum n w ere m ore strongly stirred 
w ith  higher th an  typical concentrations of particu late  
m atter, then  ou r estim ates for Belize w ould be biased low, 
as we suspect they are. The estim ated PAR light require
ments for the IRL are, however, based on m ore frequent 
visits and are in agreem ent w ith other published estimates 
(Kenworthy and Fonseca, 1996; Steward et ah, 2005). The 
lim itation of our approach was the inability to  determine 
the integral of light requirem ents for the whole growing 
season from  only a few days of m easurem ents. Because of 
this lim itation, it is unlikely th a t the observed depth distri
bution of the seagrasses is fully captured by PAR and PUR

percentages calculated, and repeating this study during an 
other season could yield different percentages.

N onetheless, assuming th a t the light requirem ents for 
seagrasses a t Belize are similar to  those in Panam a, the 
regional differences in light requirem ents between the IRL 
and the tw o tropical sites rem ain striking. Qualitatively, 
the differences are consistent w ith the observations of 
D uarte et al. (2007) th a t seagrasses grow ing in shallow, 
tu rb id  w aters (e.g., IRL) have higher light requirem ents 
than  those grow ing in clear, deep w ater (Panam a, Belize). 
C alculation of PUR closed the gap only slightly, leading 
us to  conclude th a t factors other than  spectral energy dis
tribu tion  contribute substantially to  site-specific light re
quirem ents of seagrasses, especially at the deep edges. An 
extended grow ing season in the m ore tropical locations of 
Belize and Panam a could possibly account for some of the 
difference. The tropical sites receive abou t 7%  m ore inci
dent rad iation  annually than  the IRL site, m ost of which 
occurs during w inter m onths (N ovem ber through Febru
ary) w hen tem peratures are also m ore favorable in the 
tropics. O ther possible differences between sites include 
leaf-shading epiphytes, sedim ent quality (e.g., grain size 
or organic m atter content), and possible periods of low  
oxygen in therm ally stratified deeper w aters. These latter 
factors have m anagem ent im plications because they are all 
affected by coastal eutrophication. Im proved understand
ing of the factors accounting for site-specific differences in 
seagrass light requirem ents is, therefore, urgently needed.
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Interannual Variation in Gelatinous 
Zooplankton and Their Prey 
in the Rhode River, Maryland

Eileen S. G ra h a m , D a n ie l
R ebecca  B. Burrell, a n d

ABSTRACT. The lobate ctenophore Mnemiopsis leidyi is an important predator of 
Zooplankton and ichthyoplankton both within and outside its native range, and it is a 
dominant consumer within the Chesapeake Bay food web. We sampled the Rhode River, 
a subestuary of Chesapeake Bay, during 2004 and 2005 to quantify the abundances of 
M. leidyi, its scyphomedusan predators, and its mesozooplankton prey, and conducted 
ctenophore egg production experiments in 2004. Despite low mesozooplankton densities, 
ctenophores produced up to 9,380 eggs individual-1 day-1. Temporal patterns, as well as 
peak abundances, of copepods, ctenophores, and sea nettles ( Chrysaora quinquecirrha; 
the major predator of M. leidyi) varied considerably between years. This interannual vari
ation may have been caused by direct and indirect effects of physical factors, especially 
low salinities during 2004, on all components of the food web. In 2004, Zooplankton 
abundances peaked in June, M. leidyi abundances steadily increased throughout the sum
mer, and C. quinquecirrha was rare. In contrast, during 2005, C. quinquecirrha density 
increased during midsummer. As this medusa increased in abundance, M. leidyi numbers 
declined and copepod abundances increased. Shallow systems with salinities near the 
minimum threshold for C. quinquecirrha ephyra production may exhibit more extreme 
interannual variability than deeper, higher-salinity systems and may serve as models to 
provide insight into factors controlling gelatinous Zooplankton dynamics.
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The lobate ctenophore M nem iopsis leidyi is native to  A tlantic and C arib
bean estuaries and coastal w aters from  M assachusetts to  southern Argentina 
and has been in troduced to  several Eurasian systems including the Black, Cas
pian, Baltic, and N o rth  Seas (Purcell et ah, 2001; Kube et ah, 2007). M nem i
opsis leidyi can tolerate a w ide range of tem peratures, salinities, and dissolved 
oxygen (DO) concentrations. It occurs in w aters w ith salinities ranging from  less 
than  5 to  m ore than  36 (Purcell et ah, 2001; Purcell and Decker, 2005) and can 
survive exposure to  D O  concentrations of 0.5 mg L-1 for at least 4 d (Decker et 
ah, 2004). O ptim al tem peratures for M. leidyi reproduction are approxim ately 
18°-20°C  (Costello et al„ 2006).

In late spring and early summer, M. leidyi can be abundan t in Chesapeake 
Bay and its tributaries, w here it is a dom inant consumer, potentially  capable of 
clearing m uch of the daily standing stock of Zooplankton and ichthyoplankton

mailto:breitburgd@si.edu
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(Cow an et al., 1992; C ow an and H oude, 1993; Purcell et 
al., 1994; Purcell and  Decker, 2005). In m esohaline p o r
tions of the C hesapeake Bay system, the m ajor p reda to r 
of M . leidyi, the scyphom edusa Chrysaora quinquecir
rha, usually becomes ab u n d an t in early July and persists 
th rough  the end of sum m er (Cargo and  King, 1990). As 
C. quinquecirrha  popu la tion  densities increase, M . leidyi 
abundances typically decline and  Zooplankton p o p u la 
tions rebound  (Purcell and  Cow an, 1995). However, in 
years w hen C. quinquecirrha  popu lations are low, M . 
leidyi m ay exert m uch greater and  pro longed contro l 
w ith in  the food w eb. Chrysaora quinquecirrha  polyps 
are generally found in salinities of 7 to  20 and  strobi- 
late w hen tem peratures exceed 17°C (Cargo and  Schultz, 
1967; C argo and King, 1990). M edusae are m ost ab u n 
dan t a t salinities of 10-16  (using the Practical Salinity 
Scale) and  tem peratures of 26°-30°C  (Decker et ah, 
2007). Thus, in terannual varia tion  in salinity and tem 
pera tu re  can strongly affect the tim ing and spatial d istri
bu tion  of C. quinquecirrha  and  its con tro l of M . leidyi.

The R hode River is a small, shallow  subestuary  on 
the w estern shore of C hesapeake Bay (Figure 1) charac
terized by sum m er salinities th a t vary in terannually  in 
bo th  absolute m axim a and  tim ing of these m axim a. Simi
lar to  o ther tribu taries in the C hesapeake Bay system,

this estuary  supports a gelatinous Zooplankton food web 
th ro u g h o u t late spring and sum m er m onths. The m ost 
ab u n d an t gelatinous species are the zooplanktivorous 
M . leidyi and  its scyphom edusan p red a to r and  com peti
to r  C. quinquecirrha. Average sp rin g -su m m er salinity 
in  the  R hode R iver is near the low er lim it requ ired  for 
s tro b ila tio n  by C. quinquecirrha. In ad d ition , in te ra n 
nual v a ria tio n  in  w ater tem p era tu re  has the po ten tia l 
to  cause v a ria tio n  in the tim ing of in itia l and peak  oc
currences of these gelatinous species and their prey. As a 
result, the R hode River can have tw o distinct gelatinous 
food webs: one in w hich the top  p red a to r (C. quinquecir
rha) exerts con tro l over the in term ediate consum er (M. 
leidyi) and  one in w hich the in term ediate consum er is no t 
contro lled  by predation .

The objectives of this study were to  exam ine tem po
ral and spatial patterns in abundances of M . leidyi and 
C. quinquecirrha  w ithin and near the Rhode River and 
to  exam ine how  those patterns varied in relationship to 
w ater tem perature, salinity, and the abundance of m eso
zooplankton  prey. We also exam ined tem poral and spatial 
variation in egg production  by M . leidyi. This study was 
conducted during the summers of 2004 and 2005, years 
w ith very different tem poral patterns of M . leidyi and C. 
quinquecirrha  densities.
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FIGURE 1. The Rhode River and its location in the Chesapeake Bay. Dots indicate location of sampling sites; 
the SERC dock is located directly inshore (northwest) of site 4B.
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M ETHODS

We sam pled seven sites: six w ithin the R hode River 
and one just beyond the m outh  of the river in the m ain- 
stem Chesapeake Bay. Sites were chosen based on prior 
research conducted in the Rhode River and designed to 
cover its entire length. At each site, w eather conditions 
were noted and tem perature, D O , and salinity were re
corded at the surface and subsequent 1 m  depth intervals 
w ith a YSI 600QS meter. A dditional tem perature, D O , 
and salinity data were available from  the m onitoring sta
tion  located at the dock of the Sm ithsonian Environm ental 
Research Center (SERC) in the Rhode River, w hich was 
equipped w ith a YSI 6600 m eter (C. Gallegos, SERC, u n 
published data).

Gelatinous Zooplankton samples were collected in d u 
plicate 3 m in stepped oblique tow s using a 0.5 m  diameter, 
202 p.m mesh hoop p lankton  net tow ed at approxim ately 
2 knots and equipped w ith a General Oceanics flowmeter 
(model 2030). Excess w ater was strained from  the sample, 
to tal volum e of gelatinous Zooplankton was m easured, and 
all individuals were identified to  species and enum erated. 
Bell diam eters of C. quinquecirrha  and the oral to aboral 
lengths of up to  15 M . leidyi were recorded. Rem aining 
specimens of M . leidyi were classified as either larger than  
or equal to  or less than  3.0 cm.

M esozooplankton samples were collected using 0.3 m 
diameter, 202 p.m m esh paired hoop nets. Samples were 
rinsed through a 2 m m  sieve to  rem ove gelatinous Zoo
p lankton  and preserved w ith 10% buffered form alin; 
m esozooplankton species were subsequently identified 
and enum erated.

W hole w ater colum n chlorophyll data were collected 
by another research group (C. Gallegos, SERC) at the 
four central Rhode River sites ( 1 A, 2A, 3 A, 4B; see Figure 
1) on different days during each sam pling week. C hlo ro
phyll a (chi a) was m easured w ith a Spectronics Genesis 
5 spectrophotom eter and converted in to  m icrogram s per 
liter (p.g L _1).

M nem iopsis leidyi egg production  assays were con
ducted in 2004 using established m ethodology (Kremer, 
1976; Grove and Breitburg, 2005). U ndam aged individu
als covering the size range from  each site (3-8 cm) were 
random ly assigned to jars containing 3 L filtered Rhode 
River w ater and left overnight at am bient w ater tem pera
tures. At approxim ately 0900 the following m orning, 
adult ctenophores were rem oved and lengths and volumes 
recorded. W ater from  each jar was stra ined  th rough  a 
35 p.m sieve, preserved w ith 10% acid Lugol’s solution 
(Sullivan and Gifford, unpublished data; Grove and Bre-

itburg, 2005), and eggs were enum erated. Egg production  
was norm alized by ctenophore volume to  facilitate com 
parisons am ong individuals.

D ata were analyzed using analysis of variance (Proc 
GLM : SAS v. 9.1) on rank-transform ed data. S tudent- 
N ew m an-K euls tests were used for a posteriori com pari
sons. Regression models were used to  exam ine the effects 
of ctenophore volume, site, date, and interactions between 
these factors on egg production. N onsignificant inter
action term s w ith P >  0.25 were dropped from  statistical 
models.

RESULTS

Ph y s ic a l  Parameters

Tem perature, salinity, and D O  all varied am ong sites 
and between years (Table 1; Figure 2; tw o-w ay analysis 
o f variance [ANOVA]). Surface w ater tem perature varied 
am ong sites (F = 38 .21, P <  0.01), and was cooler adja
cent to , and near the m outh  of, the R hode River and at 
the deeper sites. Surface salinity also varied significantly 
am ong sites (F = 3 .55, P <  0.01), and was generally high
est at the Bay site (Site 73) and at sites near the m outh  
of the Rhode River. M inim um  D O  concentration varied 
am ong sites (F = 7.33, P <  0.01) and was significantly 
low er at the Bay site than  elsewhere.

M easurem ents a t the SERC dock indicated th a t sur
face w ater tem peratures reached 25°C m ore th an  3 weeks 
earlier in 2004 th an  in 2005 bu t exceeded 30°C only dur
ing 2005. Salinity rem ained below  8 except for a brief 
period in 2004 bu t exceeded 8 for m ost of the sum m er in 
2005. D aytim e low  D O  concentrations (< 2  mg T _1) were 
occasionally recorded in the bo ttom  w aters during cruises; 
all low  daytim e D O  m easurem ents in 2004 and all but 
one in 2005 were recorded at the Bay site. The con tinu
ous YSI 6600 m onito r at the SERC dock indicated th a t 
low  D O  concentrations occurred near the surface w ithin 
the R hode River in the early m orning hours of bo th  years 
(C. Gallegos, SERC, personal com m unication, 2004). 
Analysis o f our weekly sam pling data indicated th a t tem 
peratu re  (F =  5 .38, P =  0 .02), salinity (F =  135.18, P < 
0 .01), and  D O  concentrations (F = 6 .39, P = 0.01) were 
all significantly higher in 2005 th an  in 2004.

2 0 0 4  B io ta

Chlorophyll a concentrations peaked in early June, 
declined, and then rose continually during the period sam 
pled from  m id-June through  early September 2004 (see
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TABLE 1. Mean environmental conditions measured at each site sampled for 2004 and 2005. See Figure 1 for site locations. Chlorophyll 
a concentrations are whole-water integrated values (C. Gallegos, SERC); minimum dissolved oxygen (DO) values are based on near
bottom measurements; temperature and salinity are from surface waters (<1 m depth); NA = site not sampled.

2004 2005

Site
Chlorophyll a 

<Rg L“1)
Minimum DO

(mg L“1)
Temperature

(°C) Salinity
Chlorophyll a 

<Rg L“1)
Minimum DO

(mg L“1)
Temperature

(°C) Salinity

73 a NA 2.31 25.40 7.76 NA 3.46 26.26 9.79
1A 24.55 5.20 25.95 8.20 21.37 6.61 26.64 9.26
2A 24.76 5.77 26.66 8.04 37.02 6.88 27.58 9.44
CC NA 4.70 29.14 7.35 NA 5.14 28.91 9.10
3A 32.43 4.73 27.54 7.94 28.20 5.21 28.00 8.87
SC NA 4.23 28.09 7.78 NA 5.31 27.97 9.38
4B 44.34 5.22 28.41 7.29 32.29 5.19 28.62 9.08

a Because of sea conditions, site 73 was not sampled during mid- to late summer 2004 as frequently as other sites; thus, averages are not necessarily representative of physical 
conditions at site 73 relative to other sites measured on the same dates.

Figure 2). M esozooplankton samples in both  years were 
dom inated (> 9 5 %  of individuals) by the calanoid cope- 
pod Acartia tonsa. D uring 2004, m esozooplankton densi
ties varied significantly am ong dates (F = 6.28, P <  0.01). 
Peak densities of 4 -7  individuals L _1 occurred on 21 June 
and 7 July and then declined to  approxim ately 1.0 ind i
viduals L_1 for the rest of the season (see Figure 2).

M nem iopsis leidyi volum es also varied significantly 
am ong dates (one-way ANOVA on ranks; F = 6.08, P <  
0 .01). N um erical densities and volum es were low est in 
m id-June (< 0 .6 2  ±  0 .25 individuals m ~3 and  < 2 .3  ± 
0 .77  mL m ~3, respectively), and  then  gradually  increased 
to  a m axim um  of 51 ±  30.2 individuals m ~3 and  58 ± 
33.5 mL m ~3 on 19 A ugust (see Figure 2), the date th a t 
coincided w ith  highest densities of “recru its” (individu
als < 1  cm in length). Regression analyses indicated  a 
significant relationship  betw een the Zooplankton den
sity of the p rio r week and  bo th  M. leidyi volum e (r2 = 
0 .13 , P <  0.01) and the density of recruits (r2 =  0 .21, 
P <  0 .01). H owever, the previous w eek’s chi a concen
tra tio n  explained a greater percentage of the varia tion  
in bo th  these m easures of M . leidyi abundance for the 
sites a t w hich chi a data  were available (IA , 2A, 3A, 4B) 
(volume: r 2 = 0 .33, P <  0.01; density of new  recruits: 
r 2 = 0 .25, P <  0 .01). Chrysaora quinquecirrha  ab u n 
dances w ere low  during 2004. A few m edusae were seen 
in the field during A ugust and  early Septem ber bu t were 
never caught w ith  either the 0.5 m  diam eter hoop  net 
or the larger 1 m 2 neuston  net, w hich was deployed in 
an a ttem pt to  m ore accurately sam ple the low -density  C. 
quinquecirrha  popu lation .

2 0 0 5  Biota

Tem poral patterns and peak abundances of m ost bi
o ta in 2005 differed from  those in 2004 (see Figure 2). 
M id-June chi a concentrations in 2005 were similar to 
those in the corresponding time period in 2004, and as 
in 2004 generally increased during the rem ainder of the 
season. However, sam pling did no t detect an early June 
chi a peak in 2005, and m axim um  chi a concentrations in 
late sum m er 2005 reached only about tw o-thirds the con
centrations reached in 2004 (Figure 2). M esozooplankton 
densities varied am ong dates (one-way ANOVA on ranks, 
F =  4 .87, P <  0.01). The 21 July peak density of 2.3 indi
viduals l e 1 was both  later and low er than  peak densities 
in 2004. Early June through early July m esozooplankton 
densities rem ained below  1 individual L _1 and were simi
lar to  m id-July-early September densities in 2004.

The tim ing of the increase in m esozooplankton den
sities in 2005 corresponded to  a decrease in M . leidyi 
densities and the appearance of C. quinquecirrha. M. 
leidyi densities varied significantly am ong dates (one-way 
ANOVA on ranks: F =  13.98, P <  0.01). Peak M . leidyi

FIGURE 2. (facing page) Weekly mean temperature (°C) and salinity 
at the SERC dock (C. Gallegos, unpublished data), and river-wide 
mean ( ±SE) chlorophyll a concentration ( p.g L_1), mesozooplankton 
abundance (number L_1), and Mnemiopsis (M.) leidyi and Chrysa
ora (C.) quinquecirrha abundance (volume, mL m~3; density, num
ber m~3) for 2004 (left) and 2005 (right).
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densities were higher and occurred earlier in 2005 than  in 
2004. Volumes peaked on 16 June (279 ±  205 mL m -3), 
declined substantially by the 21 July sample date, and then 
rem ained low throughout the rest of the season (Figure 2). 
M edusae of Chrysaora quinquecirrha  were first caught in 
our sample nets on 18 July 2005, and num bers continu
ally increased over the season, reaching a m axim um  on 
the last sample date, 7 September (Figure 2). M nem iopsis  
leidyi densities declined as C. quinquecirrha  abundances 
increased. Regression analysis was run  on C. quinquecir
rha density and the prior week Zooplankton density and 
chi a concentrations. Partial r 1 values indicated th a t C. 
quinquecirrha  num ber explained 41%  of the variation in 
the num ber of M. leidyi recruits whereas p rior week Zoo
p lank ton  explained only 17%  and 13%  of the variation  in 
num ber of recruits and M. leidyi volume, respectively.

M nem /ops/s leidyi E g g  P r o d u c t io n

Egg production  assays were perform ed on three dates 
in July 2004. M nem iopsis leidyi p roduced betw een 0 and 
668 eggs m L -1 of ctenophore. There w as a significant 
positive correlation  betw een M. leidyi volum e and the 
num ber of eggs produced, bo th  on each date and for the 
three dates com bined (Figure 3). Egg production  on each 
date in 2004 differed significantly from  all others. Egg 
p roduction  w as highest on 7 July, 355 ±  28 .2  eggs m L -1 
(n = 36); low er on 1 July, 274 ±  25 .7  eggs m L -1 (n = 
33); and low est on 22 July, 50 ±  8.71 eggs m L -1 (n = 35) 
(see Table 2).

TABLE 2. Mean egg production rate (eggs mL-1 ctenophore ± 
SE) and 2-week mean mesozooplankton density (number L-1 
± SE) for each reproduction study date.

Date Egg production Zooplankton density

1 July 274 (± 25.7) 2.72 (± 0.56)
7 July 355 (±28.2) 4.13 (± 1.03)
22 July 50 (±8.7) 1.03 (± 0.34)

M esozoop lank ton  prey density during the week 
leading up to  the rep ro d u ctio n  assays w as estim ated by 
averaging m esozoop lank ton  densities m easured in sam 
ples collected on the day of the egg p ro d u c tio n  assay 
and  from  the previous week to  include food im m ediately 
available as well as prey quan tity  po ten tia lly  affecting 
p rio r g row th  and  rep roduction . Two week average Zoo
p lan k to n  densities w ere 4 .13 ±  1.03 (n = 6), 2 .72  ±  
0 .56 (n = 7), and  1.03 ±  0 .34 (n = 7) individuals L _1 
for 7 July, 1 July, and  22 July, respectively (see Table 2). 
These Zooplankton densities corresponded  directly w ith  
the ranked  egg p ro d u ctio n  rates on  these dates. ANOVA 
indicated  th a t the to ta l num ber of eggs produced  per in 
dividual increased significantly w ith  c tenophore  volum e 
(F = 2 0 1 .24 , P <  0.01) and  average Zooplankton den
sity (F = 34 .87 , P <  0 .01), and  varied am ong sites (F = 
5 .70 , P <  0 .01), dates (F = 13 .82, P <  0 .01), and  the 
in terac tion  betw een sites and  dates (F = 3 .39 , P <  0.01); 
the m odel r 2 w as 0 .80 (P <  0.01).

1Q0DD
y = 281.9 4 x -303.54 
r2 = 0.4851 *

sooo
CDoD■o
O 6000 
Û.
(ft□)

4000

75
o
I - 2000

0 5 10 15 20 25 30

M. leidyi Volume (mL)

FIGURE 3. Total number of eggs produced and volume (mL) of 
each M. leidyi in all three reproduction experiments.

D ISCU SSIO N

Tem poral patterns of m esozooplankton, M. leidyi, 
and C. quinquecirrha  in the Rhode River differed strongly 
betw een 2004 and 2005. In 2004 m esozooplankton 
abundances peaked in early sum m er and then declined as 
ctenophores gradually  increased th roughou t the season. 
C. quinquecirrha  m edusae were rare, and their appear
ance did no t result in a decline in ctenophore density or 
biom ass. In contrast, in 2005 , late spring through  early 
sum m er m esozooplankton densities were low  and cteno
phore density and biom ass were high. As C. quinquecirrha  
abundances increased in late summer, M. leidyi decreased 
and m esozooplankton densities increased. Peak densities 
of M. leidyi m easured during this study in the R hode River 
(approxim ately 200 individuals m -3 and nearly 300 mL 
m -3) are higher than  those reported  in the Pamlico River,



N U MB E R  38 • 3 7 5

N o rth  Carolina (just over 60 mL m -3; Miller, 1974) or the 
m id-Chesapeake Bay (Purcell et al. 2001), but sim ilar to 
abundances reported  for N arragansett Bay, Rhode Island 
(Deason, 1982; Sullivan et ah, 2001). Peak Rhode River 
densities m easured in this study were lower, however, than  
those reported  for systems such as the Black and Caspian 
Seas to w hich M . leidyi has been in troduced (Kideys and 
Rom anova, 2001; Bilio and N ierm ann, 2004).

Interannual variation  in salinity likely contributed to 
observed in terannual differences in gelatinous Zooplank
ton  densities and food web interactions, but the effect of 
in terannual variation in w ater tem peratures is less clear. 
Low  salinities in 2004 likely resulted in the low  densities 
of C. quinquecirrha  in th a t year. Chrysaora quinquecirrha  
polyps are generally no t found in salinities less than  7 and 
become m ore abundan t as salinities increase to  between 
7 and 10 (Cargo and King, 1990). D uring 2004, surface 
salinity did no t reach 5 until m id-June, or 7 until July, and 
never reached 10. In contrast, surface salinity reached 7 
by m id-June and 10 by early August in 2005. We suggest 
th a t salinities below 5 in M ay and early June also delayed 
or reduced early-season M . leidyi reproduction  in Rhode 
River in 2004 (Purcell et ah, 2001). We were unable to 
find published studies th a t report M . leidyi reproductive 
rates a t salinities below 5. However, if this hypothesis is 
correct, there is a very narrow  m argin between salinities 
th a t prevent recruitm ent of C. quinquecirrha  and allow  M. 
leidyi populations to  grow  unchecked by predation  and 
salinities th a t hinder M . leidyi populations by lim iting re
production . The com bined effects of salinity on these tw o 
gelatinous species in Rhode River in 2004 appears to have 
resulted in a persistent M . leidyi population  th a t did no t 
become abundan t until m id- to  late July bu t then rem ained 
abundan t at least through early September.

A lthough surface w aters w arm ed earlier in the season 
during 2004 than  during 2005, the effect of this w arm 
ing on gelatinous Zooplankton seasonal abundances is 
no t clear and may have been overwhelm ed by other fac
tors. Spring tem peratures were 5°C higher in 2004 than  
in 2005. By early M ay of both  years, however, tem pera
tures exceeded the 9°-13°C  m inim um  tem perature re
quired for M . leidyi reproduction  (P. Kremer, University of 
C onnecticut, unpublished data), and by m id-M ay of both 
years, tem peratures exceeded the 17°C threshold required 
for strobilation  by C. quinquecirrha  (Cargo and King, 
1990; Purcell and Decker, 2005). In addition, there are 
no data to  suggest th a t tem peratures th a t occurred dur
ing the w arm er 2004 spring should have reduced grow th 
or reproduction  of either gelatinous species. By late July 
2005, surface w ater tem peratures exceeded 30°C, the tem 

perature at w hich M . leidyi suffers m ortality  in laboratory  
experim ents (D. Breitburg, unpublished data). However, 
M . leidyi could have avoided high m idday surface tem 
peratures by moving lower in the w ater colum n, and the 
appearance of predatory  C. quinquecirrha  is a m ore par
sim onious explanation as the m ajor cause of the seasonal 
ctenophore decline during 2005, given the high percentage 
of M . leidyi w ith dam age indicative of encounters w ith 
m edusae (Purcell and Cow an, 1995; Kreps et ah, 1997).

W ith a m ean depth of 2 m, the shallow  bathym etry of 
the Rhode River may lim it the potential for coexistence of 
M . leidyi and C. quinquecirrha. In the R hode River, densi
ties of M . leidyi averaged less than  2 mL m -3 in August and 
September 2005 w hen C. quinquecirrha  densities reached 
an average of 2 -6  mL m -3. In contrast, Keister et al. 
(2000) found 26.6 mL M . leidyi m -3 in the Patuxent River, 
M aryland, w hen C. quinquecirrha  density averaged 11.8 
mL m -3. The deeper w ater colum n of the Patuxent, which 
includes a bo ttom  layer w ith variable and sometimes se
verely hypoxic D O  concentrations (Breitburg et al., 2003), 
m ay provide greater opportun ity  for spatial separation of 
M . leidyi and C. quinquecirrha  and increase survival of M. 
leidyi a t m oderate C. quinquecirrha  densities.

Prey availability could lim it M . leidyi abundance and 
production , bu t our data do no t suggest th a t low  m eso
zooplankton densities were likely to  have caused the large 
in terannual variation  in ctenophore abundances. M eso
zooplankton densities were higher in 2004 than  in 2005, 
and the tem poral pa ttern  of m esozooplankton and cteno
phore abundances was m ore suggestive of ctenophore 
contro l o f m esozooplankton than  the reverse. An inverse 
relationship between copepod densities and ctenophore 
abundance has been noted  previously in both  Chesapeake 
Bay (Feigenbaum and Kelly, 1984; Purcell and Cowan, 
1995) and N arragansett Bay (Sullivan et ah, 2001). In both 
years of our sampling, high densities of M . leidyi recruits 
were found in the R hode River during periods of lowest 
m esozooplankton densities. We did no t sample m icrozoo- 
p lankton , however, and cannot rule ou t their potential in 
fluence on ctenophore abundance.

The m axim um  egg p ro d u c tio n  we m easured in the 
R hode River (9 ,000 eggs ind iv idua l-1 M . leidyi d ay -1 ) 
w as low er th an  the m axim um  repo rted  value of 14,000 
eggs ind iv idual-1 d ay -1 (Kremer, 1976; Reeve et ah, 
1989) bu t well w ith in  the range of values repo rted  else
w here. M nem iopsis leidyi egg p ro duction  in  the R hode 
R iver w as sim ilar to  th a t of field-collected ctenophores 
from  elsew here in  C hesapeake Bay (Purcell et ah, 
2001), including the P atuxen t R iver (D. B reitburg and 
R. Burrell, unpublished  data). M nem iopsis leidyi from
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the P a tuxen t p roduced  a m axim um  of 610 eggs m L -1 of 
c tenophores a t m esozoop lank ton  abundance of 1 in d i
vidual L _1, w hich is very close to  the  ra te  found  in this 
study of 668 eggs m L -1 a t 2.2 m esozoop lank ton  ind iv id 
uals L _1. V ariation  am ong dates in  the relationsh ip  be
tw een Zooplankton density and  egg p ro d u c tio n  suggests 
an in teresting  p a tte rn  of trade-offs in energy allocation  
to  som atic g row th  versus rep roduction , or nu tritio n a l 
constra in ts.

Predicted changes in sea-surface tem peratures and 
rainfall th roughout the w orld may lead to  changes in 
the geographic ranges of m any aquatic organisms. The 
Rhode River provides an interesting model tha t may aid 
predictions of climate change-related shifts in ranges and 
predato r-p rey  dynamics because it is often near the thresh
old of salinity tolerances and the dynamics of the system can 
fluctuate m arkedly from  year to  year. These characteristics 
of the R hode River allowed us to  examine the gelatinous 
Zooplankton food web w ithin the river during tw o distinct 
years: one w ith, and one w ithout, strong influence by a top 
predator. Differences in species abundances and food web 
interactions observed here may help to predict dynamics in 
other systems as environm ental conditions, and the range 
of C. quinquecirrha, change. A lthough generally consid
ered a nuisance species by swimmers and fishermen, C. 
quinquecirrha  may benefit fisheries and habita t by contro l
ling densities of M . leidyi, which is an im portan t predator 
of oyster larvae— a prey no t utilized by C. quinquecirrha  
(Purcell et ah, 1991; Breitburg and Fulford, 2006).
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Patterns of Water Quality and Movement 
in the Vicinity of Carrie Bow Cay, Belize

K aren  H . K o lte s  a n d  T

ABSTRACT. Meteorological and oceanographic conditions have been monitored at 
the Smithsonian Field Station at Carrie Bow Cay, Belize, since 1993 through the Carib
bean Coastal Marine Productivity (CARICOMP) program, and since 1997 through an 
automated monitoring system operated by the Caribbean Coral Reef Ecosystems Pro
gram (CCRE). Collectively, the two datasets represent a unique resource that provides 
a mechanism to improve our understanding of changing environmental conditions on 
the Mesoamerican Barrier Reef and, particularly, the conditions governing water qual
ity and movement around Carrie Bow Cay. Especially evident is the broad influence on 
water quality of seasonal climate patterns as well as short-term events such as cold fronts 
and major storms. Among several variables examined, wind direction appears to be a 
good indicator of water quality conditions. From March to June, prevailing northeast
erly airflow and limited rainfall result in higher water quality along this portion of the 
Belize Barrier Reef. Under decreased trade or increasing westerly winds, especially during 
periods of higher rainfall from October to January, turbid coastal water moves (drifts or 
is pushed) out onto the reef from the lagoon. The most significant finding, however, has 
been a dramatic loss of water quality along this portion of the Belize Barrier Reef since 
monitoring began at Carrie Bow Cay in 1993.

INTRODUCTION

Karen H. Koltes, U.S. Department o f  the Interior, 
Washington, D.C. USA; Thomas B. Opishinski, 
Interactive Oceanographies; East Greenwich, 
Rhode Island. Corresponding author: K. Koltes 
(Karen_Koltes@ios.doi.gov). Manuscript received 
29 August 2008; accepted 20 April 2009

Carrie Bow Cay, Belize, has been the site of extensive biological, geological, 
and ecological study as p art of the Sm ithsonian Institu tion’s C aribbean Coral 
Reef Ecosystem (CCRE) program  (Rützler and M acintyre, 1982). Despite m ore 
than  three decades of m ultidisciplinary research, however, relatively little is 
know n about the com plex interaction of physical factors tha t influence the reef 
environm ent, including winds, tides, tem perature, and rainfall. These physical 
param eters provide the context for understanding and predicting relationships 
between reef organisms and their environm ent, but such param eters require ac
curate and consistent m easurem ent over long time periods to  establish a reliable 
description of baselines and trends. This is particularly true of w ater quality and 
m ovem ent, as the constant m ixing and m otion of w ater masses, bathymetry, and 
proxim ity to sediment inputs lead to  significant spatial and tem poral variability.

Establishing baselines and trends for environmental conditions has also become 
increasingly im portant as Belize, as well as neighboring countries, experience rapid

mailto:Karen_Koltes@ios.doi.gov
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urban  and economic grow th from  the recent expansion 
of agriculture, aquaculture, and tourism . As the coastline 
and m angrove cays of Belize have experienced accelerated 
developm ent over the past few decades, the barrier reef 
environm ent has been subjected increasingly to  chronic 
and acute disturbances from  terrigenous inputs. Poorly 
m anaged exploitation of coastal and offshore natu ral re
sources, extensive land m odifications from  dredging, land 
reclam ation, deforestation, and conversion, and effluents 
from  sewage and agriculture/aquaculture are delivering 
increased loads of sediments, nutrients, pesticides, herb i
cides, and other m an-m ade chemicals to the central lagoon 
(Gibson and Carter, 2003). E roded sediments and the resi
dues of fertilizers and pesticides are also entering Belize’s 
coastal w aters from  the m ore than  300,000 hectares of 
banana, oil palm , sugar cane, citrus, and pineapple crops 
cultivated across the w ider M esoam erican region (Burke 
and Sugg, 2006).

Early qualitative observations suggested th a t a period 
of heavy rainfall in the central portion  of Belize was fol
low ed w ithin 1 to 2 days by the appearance of a plum e of 
low-salinity, tu rb id  w ater over the fore-reef a t Carrie Bow 
Cay (CBC). For m ajor storm s, the lens could be significant 
in duration  and thickness. Rainfall from  H urricane M itch, 
a Category 5 storm , approached 2 m  over Central Amer
ica between 29 O ctober and 1 N ovem ber 1998, causing 
severe flooding, landslides, and m udflows. M uch of the 
storm  discharge entered the G ulf of H onduras, w here it 
flowed north  as a highly turbid , p lankton-enriched w ater 
mass, reaching the Belize shelf on 3 N ovem ber 1998 (An- 
dréfouët et al., 2002; Sheng et al., 2007). O n 15 N ovem ber 
1998, K. Koltes observed this surface lens to be about 15- 
20 m  in thickness in the w aters adjacent to  CBC. Further in 
situ characterization of the lens was no t possible because of 
the closure of the field station, but recent num erical m od
eling of satellite images of terrestrial runoff plumes in the 
Gulf of H onduras confirms tha t influxes of sediments and 
nutrients are reaching the central reefs from  local and more 
distant origins (Andréfouët et al., 2002; Tang et al., 2006; 
Chérubin et al., 2008; Paris and Chérubin, 2008).

Consistent m onitoring of environm ental variables be
gan at Carrie Bow Cay in 1993 as p art of the C aribbean 
Coastal M arine Productivity Program  (CARICOM P). 
CA RICO M P is a regional scientific effort to  study land-sea 
in teraction processes, to  m onitor for change on a local and 
regional scale, and to  provide appropriate scientific infor
m ation for m anagem ent (Kjerfve et ah, 1999; http://w w w  
.ccdc.org.jm /frontpage.htm l). In 1997, an au tom ated envi
ronm ental m onitoring system (EMS) was installed at Car
rie Bow Cay th a t provides an independent set of w eather

and w ater quality m easurem ents. It was one of the earliest 
m onitoring systems to  process and transfer real-tim e data 
from  a rem ote geographic location to  a website for public 
access (http://nm nhm p.riocean.com ). To our knowledge it 
is still the only au tom ated system continuously m onitor
ing oceanographic and m eteorological conditions on the 
outer M esoam erican Barrier Reef. In Decem ber 1997, a 
catastrophic fire destroyed the field station, suspending 
all m onitoring except the au tom ated w ater tem perature 
m easurem ents under the CA RICO M P program . The full 
com plem ent of CA RICO M P m easurem ents resum ed af
ter the station  reopened in late 1999, and the autom ated 
m easurem ents resum ed after a new  EMS was installed in 
September 2000.

Together, the CA RICO M P and EMS datasets have 
provided a nearly continuous record of climatic and 
oceanographic conditions along the central portion  of the 
Belize Barrier Reef. The 15 years of w ater tem perature 
and Secchi disk m easurem ents likely now  constitute the 
longest continuous records for the Belize Barrier Reef and 
are am ong the longest for the entire M esoam erican region. 
The data serve as an im portan t resource for researchers to 
exam ine long-term  trends, episodic events, and short-term  
and seasonal cycles (McField and Kramer, 2004). The data 
also allow  com parative studies w ith o ther reef ecosystems 
to  assess biodiversity and correlate environm ental factors 
w ith biological phenom ena. D ata have been used to  char
acterize prevailing conditions (Koltes et ah, 1998) as well 
as the anom alous conditions th a t occur during extreme 
climatic events such as the El N iño-S ou thern  O scillation 
(ENSO) of 1997-1998 (A ronson et ah, 2002) and pow er
ful storm s such as the Category 5 hurricanes M itch, Keith, 
Iris, Dean, and W ilma.

These long-term  datasets are beginning to  yield reli
able descriptions of m eteorological and oceanographic 
conditions around  Carrie Bow Cay. We repo rt here on 
prelim inary analyses of the patterns, trends, and re lation
ships th a t are emerging from  these long-term  records, w ith 
special reference to  factors tha t control w ater quality and 
m ovem ent around  Carrie Bow Cay.

M ETHODS

Carrie Bow Cay is a small island (0.7 acres) located 
in the central province of the Belize Barrier Reef (Burke, 
1982) abou t 18 km  from  the m ainland (16°48 'N  and 
88°05'W ; Figure 1). Carrie Bow Cay lies on the barrier 
reef p roper between tw o tidal passes, a relatively rare oc
currence along the otherwise nearly continuous barrier

http://www
http://nmnhmp.riocean.com
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FIGURE 1. Map of the central province of Belize showing the lo
cation of the Smithsonian Institution’s Field Station (16°48'N and 
88°05'W) at Carrie Bow Cay. Note the Lagoon Channel that sep
arates the outer lagoon platform from the mainland. Inset upper 
right: Location of the CARICOMP permanent monitoring sites in 
the seagrass beds near Twin Cays (A = “lagoon”) and Carrie Bow 
Cay (B), on the inner fore-reef slope (D) and seaward of the bar
rier reef (E = “drop-off”), and (C) the Environmental Monitoring 
System on Carrie Bow Cay. Inset lower left: The Belize National 
Meteorological Service stations at Melinda Forest (MF), Maya King 
(MK), Savannah Forest (SF), and Punta Gorda (PG).

reef. It is in close proxim ity to  deep ocean w ater (> 300  m) 
to the east. A line of cays to the west that includes Twin 
Cays is part of a fault-block ridge that separates the shal
lower back-reef lagoon from  the deeper Lagoon Channel 
tha t parallels Belize’s shoreline. Although shoal formations 
are the outcom e of a variety of factors such as currents and 
sea level changes, the present-day patterns of parallel shoals, 
reefs, and m angrove islands in this area resulted principally 
from  faulting along a N N E trend during the Pliocene era 
(Dillon and Vedder, 1973; M acintyre and Aronson, 1997).

CARICOMP M easurements

Scientific monitoring of meteorological and oceano
graphic conditions under the CARICOM P program  has 
included daily m easurement of precipitation (mm) and air

tem perature (°C) at Carrie Bow Cay (“C ” in Figure 1) and 
weekly m easurement of surface water tem perature (°C) and 
salinity (%o) at a perm anent m onitoring station in the seagrass 
beds adjacent to Twin Cays (“lagoon” ; “A ” in Figure 1; w a
ter depth —1.2 m) and in the ocean seaward of the drop-off 
(“drop-off”; “E ” in Figure 1; water depth > 3 0 0  m). Bot
tom  water temperatures have been recorded continuously 
at intervals of 15-48 min at the perm anent CARICOM P 
m onitoring sites in the lagoon (“A ” in Figure 1), in the sea
grass beds adjacent to Carrie Bow Cay (“B” in Figure 1; 
w ater depth —2m), and on the inner fore-reef (“D ” in Figure 
1; water depth —13.5m) using Onset C orporation’s model 
H O BO , StowAway, and TidbiT data loggers (±0.2°C).

W ater quality characteristics that are associated with 
w ater transparency have been measured by Secchi disk as 
horizontal distance (m) taken 0.5 m  below the surface in 
the lagoon ( “A ” in Figure 1 ) and vertical distance (m) at the 
drop-off (“E” in Figure 1). From 1993 to 1997, water trans
parency was measured once a week between 1000 and 1200 
using a 30 cm diameter disk w ith black and white quad
rants. In 1999, the CARICOM P protocol was modified to 
take advantage of the 20 cm diameter black and white disk 
that is m ore available commercially. The difference in the 
diameters of the tw o Secchi disks has little effect on the m ea
surements, particularly com pared to other sources of error 
such as sun angle, cloud cover, sea state, wind, currents, and 
observer difference (Steel and Neuhausser, 2002; H ou et ah, 
2007). In 2002, the Secchi disk measurements were increased 
to  tw o times per week to m ore accurately characterize water 
quality trends. N o w ater transparency measurements were 
made during adverse weather conditions, particularly over 
the drop-off, during closure of the station in the fall of 1993 
and 1994, and for approxim ately two years following de
struction of the field station from the fire in 1997.

To better characterize w ater quality, especially dur
ing storm  events, light intensity loggers were m ounted on 
a cinder block (w ater depth —13.5 m) at the perm anent 
CA RICO M P m onitoring site on the inner fore-reef (note 
“D ” in Figure 1). O nset C orp .’s m odel StowAway LI was 
used from  2002 until 2005 w hen O nset ceased m anufac
turing this model; O nset’s model H O B O  UA-002-64 Pen
dan t Temp/Light has been used since 2005. Light intensity 
(lum ens/ft2) was recorded at intervals from  5 s to  15 min 
over periods ranging from  days to  weeks from  2002 to 
2008. W hile deployed, the light logger was kept free of 
sediment and epibionts by periodically w iping the surface 
of the housing. The StowAway LI was designed to  m ea
sure relative light levels (e.g., sun versus shade) and was 
calibrated for incandescent sources (spectral response, 
—2 0 0 -1 ,1 0 0  nm; range, —0 .001-1 ,000  lum ens/ft2). The
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H O B O  U A-002-64 Pendant Temp/Light was designed to 
m easure relative light levels indoors or outdoors (spectral 
response, —2 0 0-1 ,200  nm; range, —0 -3 0 ,0 0 0  lum ens/ft2). 
O ur objective was to  establish patterns in relative light lev
els, and hence w ater transparency, by com paring in situ 
irradiance on the inner fore-reef (“reef irrad iance” ) to  tha t 
at the surface (“incident irrad iance” ). N o attem pt was 
m ade to  relate these m easurem ents to  biologically active 
wavelengths.

Environmental M onitoring System

The EMS continuously  records m eteorological and 
oceanographic conditions at C arrie Bow Cay. A m arine- 
grade w ind m onito r (RM  Young m odel 05106), LI-CO R 
m odel LI-200 pyranom eter, tem perature/rela tive hum id 
ity sensor (Vaisala m odel H M P50), and barom etric p res
sure sensors m onito r m eteorological conditions. The 
w eather sensors, m ounted  on an alum inum  tow er above 
the m ain  laboratory , are approxim ately  13 m  above 
g round  level (“ C ” in Figure 1). R ain is m easured w ith 
a Texas E lectronics solid-state tipping bucket ra in  gauge 
(model 525USW ). The pyranom eter features a silicon 
pho tovolta ic  detector designed to  m easure solar rad ia tion  
under conditions of unobstructed  n a tu ra l daylight. M ea
surem ents of w ind speed (mph) and direction (0°-360°), 
solar rad ia tion  (W /m2), ra in  accum ulation  (mm) and  rate 
(cm/h), barom etric pressure (m bar), air tem peratu re  (°C), 
and relative hum idity  (% ) are recorded  every 10 m in.

O ceanographic conditions are m onitored  via a YSI 
m odel 6600EDS m ultiparam eter w ater quality sonde, 
m ounted inside a stilling tube. The sonde is m ounted on 
the dock on the west side of Carrie Bow Cay about 0.6 m 
below the surface of the w ater (“ C ” in Figure 1). Every 
10 min, m easurem ents are taken of w ater level (m), w ater 
tem perature (°C), salinity (%o), dissolved oxygen (% satu
ration), pH , and turbid ity  (NTU).

D ata  acquisition  of b o th  oceanographic  and  m eteo
rological systems is m anaged au tom atically  by a d a ta 
logger and  con tro l system  and  tran sm itted  by rad io  to 
a server on the m ain land . A regular p rog ram  of m ain te 
nance, including ca lib ra tion  of sensors to  m an u fac tu r
e r’s standards (Eaton et ah, 2005) and  m in im ization  of 
fouling, is follow ed to  m ain ta in  the best possible data 
quality. D ata  are subjected to  a quality  assurance/quality  
con tro l (Q A /Q C) process to  rem ove outliers and invalid 
and suspect da ta  before they are included in the  h is to ri
cal archives. The Q A /Q C  process also inco rpo ra tes es
tab lished  criteria  and  procedures to  correct for sensor 
and fouling d rift (W agner et ah, 2006).

The data have contributed to  new  and existing re
search studies, publications, and m anagem ent program s 
for both  Sm ithsonian researchers and an increasing num 
ber of organizations from  the region (e.g., Renken and 
M um by, 2009).

A nalysis

The annual means and standard deviation of Secchi 
disk measurements from 1993 to 2008 for the lagoon (n = 
787) and drop-off (n =  727) were calculated, and the 15- 
year trend in water quality was determined by least-squares 
regression analysis. To evaluate seasonal patterns in water 
quality, m onthly means were calculated for the Secchi m ea
surements from the lagoon because horizontal measurements 
are generally more reliable than vertical measurements (Steel 
and Neuhausser, 2002) and were more often taken during 
adverse weather conditions.

To exam ine annual variation  in w ind patterns, m onthly 
w ind rose plots were generated for Carrie Bow Cay using 
approxim ately 350,000 w ind m easurem ents collected be
tw een 2003 and 2008. A w ind rose p lo t is a com bination 
of a po lar p lo t and a histogram  th a t depicts the distribu
tion  of w ind speed and the frequency of occurrences tha t 
w ind blows from  1 of 16 cardinal directions (N, N N E, 
N E, etc.). Seasonal and geographic patterns of rainfall 
were derived by calculating m onthly m ean precipitation 
for Carrie Bow Cay and four coastal stations (M elinda 
Forest, M ayaking, Savannah Forest, and Punta G orda; see 
Figure 1, low er inset) m aintained by the Belize N ational 
M eteorological Service (2003-2008).

Previous oceanographic studies a t Carrie Bow Cay 
suggested th a t tides play a m ajor role in controlling w ater 
m ovem ent, and hence w ater quality, around  Carrie Bow 
Cay (Greer and Kjerfve, 1982; Kjerfve et ah, 1982). To 
exam ine the role of tides, reef irradiance was com pared to 
m eteorological and oceanographic variables using a har
m onic regression analysis m odel based on linear regres
sion algorithm s to  com pute constituents. Specifically, we 
com pared reef irradiance to  incident irradiance and then 
w ind direction and intensity, tidal stage, and precipitation 
from  all stations. The objective of the analyses was to  ex
trac t harm onic constituents to  judge the relative strength 
of the tidal forcing on the light patterns. The analyses were 
inconclusive because tidal com ponents were small relative 
to  the strong solar forcing inherent to  the m easurem ents of 
light and from  the lack of a strong diurnal or sem idiurnal 
signal in the “m icrotides” of Belize (Kjerfve et ah, 1982).

To establish annual changes in light, m onthly means 
were com puted for reef and incident irradiance from  2003
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to  2008. The analyses included m ore than  a half m illion 
reef irradiance samples and approxim ately 350,000 m ea
surem ents of incident irradiance. The m onthly m eans were 
norm alized w ith  respect to the m axim um  m onthly m ean 
observed in each set of light m easurem ents; this established 
a com m on datum  reference and allowed com parisons of 
m onthly and seasonal variations and patterns. A dditional 
qualitative analyses of the various time series suggested 
th a t a consistent correlation  existed between patterns of 
reef irradiance and both  seasonal and short-term  changes 
in w ind direction. A com parative analysis of conditions 
during periods of norm al w eather conditions and specific 
w eather “events” was undertaken to  further define the lo
calized influence of w ind direction and other param eters 
on w ater quality over the fore-reef and to  identify external 
(regional) events th a t are observed in the Carrie Bow Cay 
measurem ents.

To establish annual changes in light, m onthly means 
were com puted for reef (n ~  500,000) and incident ir
radiance (n ~  350,000) from  2003 to 2008. The m onthly 
m eans were norm alized w ith  respect to  the m axim um  
m onthly m ean com puted for each set of light m easure
ments; this established the m axim um  m ean for each set 
as a com m on reference po in t and allowed com parisons of 
m onthly and seasonal variations and patterns. A dditional 
qualitative analyses of the various time series suggested 
th a t a consistent correlation  existed between patterns of 
reef irradiance and both  seasonal and short-term  changes 
in w ind direction. A com parative analysis of conditions 
during periods of norm al w eather conditions and specific 
w eather “events” was undertaken to  further define the lo
calized influence of w ind direction and other param eters 
on w ater quality over the fore-reef and to  identify exter
nal (regional) events th a t are observed in the Carrie Bow 
measurem ents.

RESULTS

Significant tem poral and spatial variability exists in 
the records of the m eteorological and oceanographic vari
ables. Particularly evident are longer-term  seasonal p a t
terns as well as signatures of short-term  events such as 
cold fronts and m ajor storm s. The m ost significant find
ing, however, has been a dram atic decline in w ater clarity 
along this portion  of the Belize Barrier Reef since m onitor
ing began at Carrie Bow Cay in 1993 (Figure 2). M ean 
annual Secchi distance (horizontal) declined from  12.8 m 
in the lagoon in 1993 to 8.7 m by 2008, a loss of alm ost 
0.3 m/year. D uring the same period, m ean annual Secchi

Lagoon
y = -0.2898X + 590.25 
R2 = 0.8172

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Drop-off
y = -0.512X + 1043.9
R2 = 0.8358

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

FIGURE 2. Annual mean and standard deviation of Secchi disk 
distance (horizontal, m) in the lagoon (top) and over the drop-off 
seaward of Carrie Bow Cay (vertical, m; bottom) from 1993 to 
2008. There has been a dramatic and significant (P < 0.001) loss 
of transparency in the waters around Carrie Bow Cay during the 
past 15 years.

distance (vertical) declined from  23.8 m to 15.6 m over the 
drop-off or by abou t 0.5 m/year.

Comparisons of monthly means of water transpar
ency, wind direction, and precipitation show that seasonal 
weather patterns strongly influence water quality (Figure 3). 
From February through May, the prevailing northeasterly 
airflow (Figure 3, left) is associated w ith a uniformly dry 
pattern across all stations (Figure 3, right). M onthly rainfall 
am ounts average less than 75 mm. By June, a divergence can 
be seen among the stations, w ith those to the south receiving 
increasingly greater am ounts of rain relative to the stations 
to the north, including Carrie Bow Cay. The sharp onset of 
the rainy season in the south is partly the result of the intru
sion of the Inter-Tropical Convergence Zone as it migrates 
northw ard (http://hydromet.gov.bz/Climate_Summary.htm).

http://hydromet.gov.bz/Climate_Summary.htm
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FIGURE 3. Left {facing page), Monthly means of wind speed and direction at Carrie Bow Cay for 2003-2008. 
The wind rose depicts the distribution of wind speed and direction: the length of each “spoke” indicates the 
percentage of time that winds blow from 1 of 16 cardinal directions (N, NNE, NE, etc.); the categories within 
the spoke represent the speed. Trade winds are the dominant pattem from March to September. Wind pat
terns are most variable during the transitional months of October/January/February. Right [above), Monthly 
means of rainfall at Carrie Bow Cay and the four Belize National Meteorological Service stations (left axis), 
and water transparency in the lagoon (horizontal Secchi disk distance [m], right axis) from 2003 to 2008.

Rainfall m axim a also diverge in term s of tim ing. 
M ean m onthly rainfall peaks in June-July  in southern 
Belize, w ith approxim ately 900 m m  at Punta G orda; the 
m axim um  at Carrie Bow Cay (about 290 mm) occurs in 
O ctober. The m arked shift in rainfall patterns beginning 
in June is accom panied by consistent northeasterly  winds 
and tropical waves m oving w estw ard from  June to N o 
vem ber (http://hydrom et.gov.bz/C lim ate_Sum m ary.htm ). 
Cold fronts, or “n o rthers,” occur frequently from  D e
cember to  February and are associated w ith the southerly 
extension of the N o rth  Am erican high-pressure system. 
D uring the peak season of Decem ber and January, cold 
fronts pass th rough Belize approxim ately every 10 days, 
the signatures of w hich appear in the tem perature profiles 
on the fore-reef (Figure 4).

M onth ly  Secchi disk m easurem ents in the lagoon (see 
Figure 3, right) correlate w ith the seasonal shift in climate 
patterns. W ater transparency peaks in A ugust (12.6 m), 
while incident irradiance is high (Figure 5) and  the w inds 
are still p redom inantly  from  the N E (see Figure 3, left). This 
peak also corresponds to  a break in the rainy season on the

m ainland know n as the “M auga” (http://hydrom et.gov.bz/ 
Clim ate_Sum m ary.htm ). In contrast, the break in the rainy 
season occurs in July at Carrie Bow Cay (see Figure 3, 
right). W ater transparency reaches a m inim um  in January  
(8.4 m) around  the w inter solstice and the period when 
cold fronts, characterized by strong N W  winds, reach a 
peak (Figure 3, left). This period of increased storm  ac
tivity and resulting high sea states also interrupts routine 
Secchi disk m easurem ents such th a t the w inter means may 
be biased upw ard.

The seasonal pattern  of reef irradiance is similar to 
th a t observed for w ater transparency m easured by Secchi 
disk (see Figure 5) and is largely governed by changes in 
incident irradiance. M axim um  irradiance occurs around 
the solstice, w ith reef irradiance showing a peak in June 
com pared to  August for Secchi disk distance (see Figure 2) 
and July for incident irradiance. However, reef irradiance 
attenuates m ore rapidly tow ard  the w inter solstice rela
tive to  incident irradiance. By December, reef irradiance 
has fallen to  less than  40%  of its sum m er peak whereas 
incident irradiance has fallen only to  60%  of its summer
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FIGURE 4. Water temperature on the inner fore-reef at 13.5 m from 29 July 2004 to 11 December 2006. 
Note the signatures of cold fronts in the temperature profile between October and January and a late season 
cold front that passed 1-3 April 2005.

□ Incident (surface) Irradiance
□ Reef (inner forereef; 13.5 m) Irradiance

FIGURE 5. Monthly mean of reef irradiance (inner fore-reef, 13.5 m) and incident (surface) irradiance 
(2003-2008), normalized to allow comparisons among the light recording instruments. Reef irradiance at
tenuates at an accelerated rate relative to incident irradiance approaching the winter solstice.
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peak. D ecreased light levels around  the w inter solstice 
m ay be caused by low er sun angle, increased turbid ity  
and/or higher sea states associated w ith the w inter climate 
pattern .

Flow of tu rb id  w ater into the area can also be seen 
in finer-scale com parisons of reef and incident irradiance 
(Figure 6) th a t suggest turbid ity  is transported  from  m ore 
d istant locations. Following tw o days of light w inds tha t 
had  shifted from  N N E  first to  the south and eventually to 
the NW, tu rb id  w ater flowed on to  the fore-reef, driving 
light levels dow n by abou t 50%  despite nearly full incident 
irradiance. At least some of the flow m ay be related to 
tides (Figure 7), but as previously m entioned, the mixed, 
sem idiurnal m icrotide of this region has m ade it difficult 
to  analyze the role of tides.

D ISCU SSIO N

The constan t m ixing and m otion of w ater masses, lo 
calized inputs of sediments, and changing m eteorological 
conditions produce strong spatial and tem poral variations 
in conditions along the Belize Barrier Reef. These factors 
present a challenging analysis, especially w hen com bined 
w ith Carrie Bow C ay’s com plex geom orphology th a t in 
cludes cuts in the reef to the no rth  and south w here dis
parate  bodies of w ater m ix together. Nevertheless, initial 
analyses have show n significant correlations between 
certain  w eather conditions, both  episodic and seasonal, 
and w ater properties. Particularly evident are longer-term  
seasonal patterns, as well as signatures of discrete events 
such as the passage of cold fronts and other changes from
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FIGURE 6. Progression of a turbidity event: Early in July 2005, light levels on the reef were among the highest recorded for reef irradiance (bot
tom, right axis). Beginning on 7 July, winds that had been blowing from the northeast at 15 mph began to taper off and remained calm through 
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heavy rainfall occurred on the mainland, particularly to the south (middle; stations as in Figure 3, right). Incident irradiance (lumens[L]/ft2; bot
tom, left axis) remained high, but light levels on the reef dropped by nearly 50%. The drop in reef irradiance is attributed to a sediment plume, 
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11 July, and subsequent mixing of water returned light levels over the reef to near maximum by 13 July.
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the typical w eather patterns. Strong correlations are also 
apparen t during less prom inent variations in w eather and 
particularly  changes in w ind direction such as those o b 
served in July 2005. We found several other instances in 
w hich light levels on the reef dropped significantly when 
w inds simply tapered off completely during the 24 to 
48 hour “calm ” period tha t often preceded a cold front. 
We also docum ent a substantial decline of w ater quality 
around  Carrie Bow Cay over the past 15 years.

Patterns of w ater transparency are driven largely by in
cident solar radiation, reflecting the strong seasonal cycle of 
solar radiation. However, variations in those patterns are 
useful at tracking short- and long-term  changes in w ater 
transparency. The pattern  of decreased light intensity on the

fore-reef as a function of incident solar radiation in Decem
ber versus June likely reflects the higher rainfall, consistent 
northw esterly winds, and frequent “northers” of the w in
ter m onths and is consistent w ith recent sim ulation models 
showing locally higher turbidity during the w inter m onths 
(Paris and Chérubin, 2008) from  increased precipitation. 
This seasonal cycle is also apparent in the record of Secchi 
disk measurements. The difference observed between the 
timing of the m axim um  quality measured by Secchi disk and 
those m easured by light logger may reflect the differences in 
the sampling period (1993-1998 versus 2002-2008). The 
disparity may also reflect the fact tha t the light logger data 
have not been collected as often during the spring-sum m er 
m onths as they have been during fall-w inter m onths.
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A lthough additional m odeling and analysis are re 
quired, particularly  of tidal currents, prelim inary results 
suggest a strong link betw een clim ate patterns and w ater 
quality and m ovem ent along the barrier reef in the cen
tra l province of Belize. We propose th a t, under the typical 
p a tte rn  of prevailing trade w inds, sedim ent-laden riverine 
inpu t is pushed shorew ard and held along the coast w here 
it flows south in the Lagoon C hannel. A southerly flow 
of w ater im m ediately adjacent to  the shoreline is consis
ten t w ith circulation  m odels th a t have been developed for 
the G ulf o f H onduras (Ezer et ah, 2005). We also suggest 
th a t the fault-block ridge along the eastern boundary  of 
the Lagoon Channel form s a natu ra l “ sill” or “d am ,” fa
cilitating the segregation of tu rb id  coastal w ater driven 
shorew ard by w ind forcing. U nder the influence of “ oce
an ic” water, tu rb id ity  over the fore-reef at Carrie Bow 
Cay is generally lower.

Localized turbid ity  events are triggered w hen the n o rth 
easterly flow of the trade w inds changes in either speed or 
direction. Turbid w ater th a t is norm ally contained along 
the coast spills over the subm arine ridge of the Lagoon 
Channel and drifts or is pushed ou t across the outer (back- 
reef) lagoon and onto the fore-reef. Changes in the prevail
ing w eather patterns are also frequently accom panied by 
periods of rain  on the m ainland th a t discharge additional 
sedim ent and freshw ater into the lagoon, increasing the 
volume and degree of tu rb id  coastal w ater and spillover 
onto the reef platform .

The dram atic loss of w ater quality at Carrie Bow Cay 
over the past 15 years also suggests longer-term  effects of 
increasing sediment and nutrient loads to  the lagoon from  
the rap id  m odifications of the Belizean coastline and tha t 
of neighboring countries. Recent hydrological models of 
the M esoam erican Barrier Reef estim ated th a t runoff and 
associated river discharge have doubled and sedim ent de
livery has increased 20 fold under present-day land use 
changes com pared to  a hypothetical “n a tu ra l” (unaltered) 
state (Burke and Sugg, 2006). A lthough the m odeling sug
gested th a t Belize contributed only about 10% —15% of the 
sedim ent load to  the region, the Belize River was identified 
as a significant contribu to r of sediments and nutrients to 
the M esoam erican Barrier Reef. In the central and sou th 
ern portions of Belize, large am ounts of fertilizers used to 
cultivate citrus and bananas and the direct discharges of 
domestic sewage produce high nutrien t levels in several ar
eas along the coast (G ibson and Carter, 2003). Shrimp and 
other aquaculture operations are also discharging effluents 
directly to  the lagoon. These sediments appear to  become 
entrained in the G ulf of H onduras gyre and, over the long 
term , are driving dow n w ater quality across the region.

Increasing turbidity  also appears to  be related to  a 
w ider regional increase in sedim entation and nutrien t en
richm ent in the G ulf of H onduras (Burke and Sugg, 2006). 
H ydrological models indicate th a t sedim ent delivery in 
creases southw ard along the coastline of C entral America 
w ith H onduras contributing an estim ated 80%  of the 
sedim ent and half of the nutrients to  the region. C ircula
tion  models of the G ulf of H onduras suggest th a t these 
sediments and nutrients are carried north  along the M eso
am erican Barrier Reef by the C aribbean C urrent (Thattai 
et ah, 2003). Recent m odeling of satellite images indicate 
th a t runoff from  w atersheds in no rthern  H onduras can 
extend as far no rth  as Glovers Reef atoll (Andréfouët, 
2002; Paris and C hérubin, 2008). Based on m odeling of 
satellite images and the hydrological models of Burke and 
Sugg (2006), C hérubin et al. (2008) concluded th a t con
centrations of buoyant m atter from  terrestrial runoff into 
the G ulf of H onduras were high from  O ctober to  January. 
Plumes were transported  by a cyclonic gyre tow ard  the 
Yucatan, creating seasonal variation in the concentration 
of runoff loads along the M esoam erican Barrier Reef. The 
influence of terrestrial runoff was m axim al from  O ctober 
to  January  and m inim al from  M arch  to  April.

Long-term  in situ m easurem ents of the sort presented 
here are relatively rare. A lthough the results of our analy
ses are preliminary, they already dem onstrate the value of 
these m easurem ents for advancing our understanding of 
the range and com plexity of interactions of natu ral and 
hum an-induced variables governing the conditions around 
Carrie Bow Cay and across the region. These in situ data 
are also critical to  ground-tru th ing  rem otely sensed data 
such as the satellite-generated sea-surface tem perature 
(SST) records used to  calculate bleaching thresholds dur
ing the 1998 ENSO (Aronson et ah, 2002). Linally, our 
data are beginning to  yield reliable descriptions of w ater 
quality conditions in the central po rtion  of the Belize Bar
rier Reef, including those conditions tha t have accom pa
nied the rap id  m odifications of the Belizean coastal zone 
during the past few decades. M ost significantly, the d ra 
m atic loss of w ater quality docum ented by these long-term  
records has significant biological, m anagem ent, and eco
nom ic im plications for Belize and the o ther countries of 
the M esoam erican Barrier Reef.
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Global Change and Marsh Elevation 
Dynamics: Experimenting Where Land 
Meets Sea and Biology Meets Geology

J. A d a m  Langley, M a re
D o n a ld  R. C a b o o n , Jam es C. Lynch,  
a n d  J. P a tr ick  Megonigal

ABSTRACT. Coastal marshes must accumulate soil to keep up with rising sea levels. It is 
unknown how the response of these ecosystems to global change will influence their abil
ity to continue to keep up with sea-level rise. Here, we describe an in situ experimental 
chamber approach for manipulating key environmental variables, such as atmospheric 
COi and soil N availability, in a brackish marsh. We outfitted each chamber with sur
face elevation tables (SETs) to closely monitor soil elevation change, a sensitive indicator 
of marsh vulnerability to sea-level rise. Further, the design facilitates measurements of 
ecosystem exchange of CCT, plant productivity, porewater chemistry, and other environ
mental parameters.

INTRODUCTION
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Projecting the im pacts of climate change, eutrophication, and other pertu r
bations on ecosystems requires experim ental m anipulations. Targe experim ental 
facilities have been built and operated in all types of ecosystems over the past 
decades to provide such data. There are a t least six characteristics th a t com pli
cate experim ental m anipulations in tidal w etlands. First, such ecosystems can 
be quickly and irreversibly dam aged by heavy foot traffic, so boardw alks m ust 
be built to  minimize long-term  im pacts on vegetation and soils. Second, because 
m any w etlands have deep, low-density, peaty soils, the perm anent infrastruc
ture, such as boardw alks and cham bers, m ust be well anchored for stability. 
Third, tidal w etlands are often inundated by tides and can be under m ore than  
a m eter of w ater during storm  surges, which dictates th a t all buoyant equip
m ent m ust be soundly fixed in place. All electrical service and sensitive equipment 
m ust be positioned high and be easy to  rem ove during extrem e flooding events. 
Further, emergency shutoff systems m ust be in place to  cut off the electrical 
supply and gas exchange equipm ent during flood events. Fourth, the w ater tha t 
floods brackish marshes is saline and corrodes m ost metals. Fifth, the lack of 
shade m eans th a t UV-sensitive m aterials will degrade. Care m ust be taken to 
select UV-resistant m aterials, and even those m ust be m onitored  and frequently 
replaced. Sixth, high-latitude marshes m ay experience cold w inters. Ice form a
tion  can severely dam age even rigid and w ell-anchored infrastructure. H ere we

mailto:langleya@si.edu
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describe a global change experim ent in a brackish m arsh 
th a t was designed to  overcome these substantial technical 
challenges.

SITE DESCRIPTION

This study took  place at K irkpatrick M arsh, w hich is 
located on the Rhode River, a subestuary of Chesapeake 
Bay at the Sm ithsonian Environm ental Research Center 
in Edgewater, M aryland. The site is dom inated by the C3 
sedge, Schoenoplectus americanus (formerly Scirpus ol
neyi), and less so by tw o C4 grasses, Spartina patens and 
D istichlis spicata. The soils at this site are organic (80%  
organic m atter) to  a depth of approxim ately 5 m. M ean 
tidal range is 30 cm. The high m arsh zone is 4 0 -6 0  cm 
above m ean low  w ater level and is inundated  by 2%  of 
high tides. Salinity averages 10 parts per thousand  (ppt) 
and ranges from  4 to 15 pp t seasonally. Average daily low  
air tem perature is —4°C in January, and the average daily 
high is 31°C in July.

To exam ine the interactive effects of elevated C 0 2 and 
nitrogen addition, we identified 20 plots of sim ilar p lant 
com position in sum m er 2005. Each plo t consisted of one 
octagon (2 m  across) th a t w ould be enclosed in an experi
m ental cham ber to  allow  for atm osphere m anipulation 
and an adjacent rectangular portion  (2 X 1 m) th a t served 
as a reference plo t to account for spatial variation and to 
gauge potential cham ber effects.

CO NSTRUCTION

Walkways and Equipment Housing

A m ain boardw alk and a series of thinner, lighter “cat
w alks” were built to  access each plot w ithout continually 
walking on the m arsh (Figure 1; see also Figures 4, 5). The 
main boardw alk, built perpendicular to shore, roughly bi
sected the experimental plots. M ost of the horizontal sur
faces of the boardw alks were fiberglass grating (50%  open), 
which allowed light to  penetrate through the boardw alks, 
sustaining plant life and providing excellent traction. The 
supports for the m ain boardw alk were built of 10 X 10 
cm posts sunk 2 m  into the ground. The catwalks departed 
from  the m ain boardw alk, forming a perim eter around each 
experimental cham ber (Figure 2). These catwalks were less 
than  30 cm above the ground to avoid shading the plots. 
They were built of fiberglass grating (30 cm wide planks) 
laid flat on supports built of 2.5 cm polyvinyl chloride 
(PVC) tha t were anchored m ore than  1 m  into the m arsh

FIGURE 1. An overhead image of the entire CCU site. The main 
boardwalk connects to 20 experimental plots by smaller catwalks, 
the paths of which are visible. Gas samples are pumped via the pump 
houses to the analytical shed on the bank.

using segments of 2.5 cm PVC pipe. After all walks were in 
place, the m arsh surface was rarely stepped upon directly.

Three small pum p houses, w hich housed air sample 
pum ps and rem ote datalogging equipm ent, were built 
alongside the m ain boardw alk . An analytical shed was 
constructed on the bank 5 m  above sea level to  house sen
sitive analytical equipm ent.

O pen-Top C hambers

The cham ber design followed th a t o f a previous open- 
top  cham ber study in the same m arsh (Drake et ah, 1989), 
bu t w ith several m ajor innovations to  enhance durability 
and plo t accessibility (Figures 2 -5 ). In 2006, the cham 
bers consisted of four m ajor com ponents: base, m anifold, 
cham ber skeleton, and cham ber panels. The octagonal 
shape of the cham ber was a com prom ise between tw o de
sign goals. It approxim ated a cylinder, which was ideal

Instrument
Shed

Catwalks
Main
Boardwalk

Pumphouses

Experimental
Chamber
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for uniform  air m ixing inside the cham ber and m inim iz
ing dead spots. The flat surface of each side allowed us 
to  enclose the cham ber w ith eight flat panels th a t can be 
rem oved easily for access to  the inside of the chamber.

The base of the cham ber was an alum inum  octagon 
(0.5 cm thick, w ith an T-shaped cross section) im planted 
10 cm into the m arsh surface. In the portion of the base 
tha t was im planted into the soil, 2 cm holes were cut to 
allow roo t grow th to further stabilize the base. A hollow 
octagonal m anifold (cross section, 30 cm high X 6.35 cm 
wide) was attached to  the base to distribute inflowing air 
equally around the cham ber (see Figure 2). M anifolds were 
built from  welded alum inum  (grade 6061-T5) covered with 
transparent acrylic panels tha t allowed light transm ittance.

M ounted  to  the top of the m anifold was the “ skel
e ton ,” consisting of eight vertical legs supporting an oc
tagonal ring oriented horizontally  at the top. The skeleton 
was built from  2.5 cm diam eter PVC pipe. The only cus
tom  pieces in the skeleton were three-w ay fittings on the 
octagonal ring th a t join tw o PVC pipes in the ring w ith 
one leg. The jo in t was m ade by tapping female th read  into 
the side of a 45° elbow. The legs of the skeleton sat in 
welded supports on the top of the m anifold.

Soil Elevation Table
Unchambered 
reference plot

Experimental chamber

LI-6262Solenoid Valve Bank 1 Main
Logger Computer

Solenoid Valve Bank 2 LI-7000
Analytical shed

Pumphouse
Sample pump 
X 20

Environmental Blower 
intake ,

Remote
Logger

Removable 
side panels

C 02 \
delivery

Manifold

FIGURE 2. Schematic of an experimental chamber and gas sam
pling system. The ambient CO2  chambers are the same except there 
is no CO 2  delivered into the blower stream. Solid (black) arrows 
represent air flow; dotted arrows (appearing light gray) represent 
information flow.
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Shallow
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FIGURE 3. Schematic of the surface elevation table (SET) design. 
The SET arm is periodically connected to the SET rod benchmark, 
which has been anchored into the mineral clay underlying the peat 
profile. Pins are placed through holes in the SET arm to the soil sur
face to measure changes in elevation occurring over the entire pro
file. Any change in elevation of the shallow benchmarks must occur 
as a result of processes occurring beneath the root zone. Root zone 
changes are calculated by subtracting deep zone elevation change 
from total elevation change.

Rem ovable rectangular panels were m ade from  alu
m inum  (grade 6063-T52), covered w ith infrared (IR)- 
transparen t film (Aclar 22A, Honeywell) th a t was taped 
on using transparen t UV-resistant tape (3M , 851). The 
film does no t absorb IR rad iation  as do other films and 
therefore heat is no t allowed to  accum ulate. The panels 
were attached to the PVC fram e w ith custom -fitted PVC 
snaps so th a t any of the eight panels could be rem oved 
to  access any portion  of the plot. Further, panels were re
m oved in the w inter to  prevent dam age while C 0 2 fum iga
tion  was term inated.

Finally, after the 2006 grow ing season, to conserve C 0 2 
and achieve a m ore stable C 0 2 concentration by reducing 
w ind incursions, an octagonal frustum , or w ind foil, was 
added to the cham ber design (see Figure 5). The frustum  
was constructed of 1.9 cm PVC, angled inw ard at 45°, and 
covered w ith the same film to reduce w ind incursions. The 
final dimensions of the cham ber were 1.5 m  in height, 2 m 
in diameter, and w ith 1 m  sides; the volume is 6.5 m 3.
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FIGURE 4. Photograph of SET measurements being made in sum
mer 2006. Each pin is gently lowered to the soil surface, while apply
ing minimal pressure so that the pin does not depress the soil surface. 
(Photograph by M. V. Sigrist.)

To move am bient air th rough  the open-top cham ber, 
a blow er (D ayton, 5C 095) was m ounted  on a stand  1.5 
m  above the m arsh  surface to  avoid high tides. The b low 
ers were placed at least 6 m  aw ay from  each cham ber and 
oriented to  avoid shading the study area (see Figures 1, 
2, 4). PVC chimneys (two 15 cm pipes per blower) were 
affixed vertically to  the top  of the blow er intake so th a t the 
blowers w ould take in air from  4 m  above the ground tha t 
was no t influenced by biological activity on the ground 
and thus had  relatively stable [C 0 2], The chimneys were 
capped to prevent ra inw ater from  entering the blower. A 
20 cm diam eter duct fed air from  the blower to  the cham 
ber m anifold. Two hundred fifty-two 1 cm diam eter holes 
(the same to tal area as the in tact pipes) were drilled on the 
inside of the m anifold, so th a t air w ould flow in the cham 
bers equally from  each side of the octagon. The blowers 
forced 12.5 m 3 per m inute through the cham bers, resulting 
in an approxim ate cham ber air turnover rate of 2 m in-1.

S urface Elevation Tables

To take repeatable m easurem ents of soil elevation, 
each plo t was outfitted w ith a rod  surface elevation table 
(SET; see Figures 3, 4) (C ahoon et ah, 2002) modified to 
accom m odate p lo t dim ensions. O utside each experim ental 
chamber, a posthole was dug roughly 15 cm in diam eter 
and 20 cm deep. A 30 cm long PVC pipe ( 15 cm diam eter) 
was placed vertically into the hole. In the center of the

PVC pipe, a series of attachable stainless steel rods was 
driven w ith an electric ham m er th rough the entire profile 
of organic m atter (4-5  m  depth) and anchored to  the point 
of refusal (6 -7  m) into the subsurface m ineral clay under
lying the m arsh. Concrete was poured into the PVC pipe 
to  secure the top of the SET rod.

To isolate the influence of ro o t zone processes on el
evation, we im plan ted  “ shallow  benchm arks” to  a depth  
o f 30 cm. The vertical m ovem ent of these benchm arks 
results from  processes th a t occur below  the top  30 cm 
of soil. The benchm arks were m ade of a lum inum  pipe 
(5 cm diam eter by 40 cm long). Several 1 cm diam eter 
holes were drilled in to  the sides of the low er 10 cm of 
the pipe to allow  roots to  grow  through and anchor the 
benchm arks in place. Six benchm arks were im planted to 
a depth of 30 cm under the path  of the SET arm  in each 
chamber, three inside the cham ber and three outside. After

FIGURE 5. Photograph showing a chamber with a frustum that was 
added to all chambers before the 2007 growing season. The tubing 
leading to one set of porewater wells, the gas sampling tube, and the 
catwalk is also visible. (Photograph courtesy J. A. Langley.)
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placem ent, solid caps were placed on the top of each pipe. 
All these perturbations, as well as boardw alks to  service 
each plot, were com pleted in the sum m er of 2005, at least 
9 m onths before the beginning of the experim ent.

At intervals ranging from  1 to  3 m onths, the m odi
fied horizontal alum inum  SET arm  (4 m  long com pared 
to  less than  0.5 m  long for the original rod  SET design) 
was attached to  the top  of the SET rod  benchm ark, leveled 
precisely, and affixed to  an alum inum  post a t the other 
end. The arm  provided a horizontal reference of know n 
elevation across the soil surface; changes in the distance 
from  this reference surface to  the soil surface were a sensi
tive m easure of changes in soil elevation. Fiberglass pins 
(3 m m  in diam eter), all exactly 91.0 cm in length, were 
placed th rough precision-drilled holes in the SET arm  at 
1 cm increm ents. A pproxim ately 40 individual m easure
m ents were m ade in each cham ber and 40 in each ad ja
cent, uncham bered reference plot. Each pin was carefully 
low ered to  the soil surface and gently placed so th a t no 
litter o r live p lan t obstructed the pin. The height from  the 
SET arm  to the top  of each pin was m easured to  the near
est m illim eter (mm), providing a m easurem ent of to tal 
elevation. Changes in absolute soil elevation were p a rti
tioned into either the roo t zone (top 30 cm of soil) or the 
deep zone (below 30 cm). To m easure elevation changes 
occurring in the deep zone, we low ered 2 to 4 pins to  the 
surface of each of the six shallow  benchm arks (three in 
side and three outside each cham ber) and m easured in the 
same manner. We calculated the change in elevation result
ing from  processes occurring in the roo t zone, AER, from  
the tw o m easured variables following the equation  AER 
=  AEt — AEd, where AEt represented the change in to tal 
elevation and AED represented elevation change a ttrib u t
able to  change in thickness of the deep zone. Surface ac
cretion was also m easured using feldspar m arker horizons 
in each plo t (C ahoon et ah, 1995). To elim inate com pac
tion  during coring, the deposition rate was estim ated by 
taking cryocores (C ahoon et ah, 1996) and m easuring the 
am ount of soil deposited on top of the m arker horizon.

Total soil elevation was strongly related to innate spa
tial and tem poral variability of deep zone dynamics. Spe
cifically, changes in the thickness of the deep zone followed 
m ean m onthly sea level through time, and distance from  the 
bank predicted the am plitude of that oscillation. To isolate 
treatm ent effects on various soil elevation param eters, we 
accounted for variation by referencing SET measurements 
in experimental chambers to  those in the adjacent, uncham 
bered reference plots, so tha t relativized AE =  experimental 
p lot AE — reference plot AE, where E =  the elevation p a 
ram eter of interest. We used a repeated-m easures m ultivari

ate analysis of variance (MANOVA) to  test for changes 
in elevation through time; we used t tests to  liberally de
tect cham ber effects on elevation param eters at individual 
dates and a tw o-w ay analysis of variance (ANOVA) to  test 
for treatm ent differences in surface accretion.

TREATMENT APPLICATION

C 0 2 D elivery and Sampling System

Carbon dioxide was delivered to  each of the 10 elevated 
C 0 2 chambers at a rate of approxim ately 6 L m k r 1 to 
achieve a target concentration of 720 ppm, which is nearly 
double the current ambient concentration of 380 ppm. Each 
C 0 2 delivery line was controlled w ith m etered valves and 
fed into the intake chimney on the blow er for each re
spective elevated chamber. Adding the C 0 2 upstream  of 
the blow er ensured sufficient m ixing before air entered the 
cham ber th rough the m anifold.

Two sample lines continuously pum ped air from  each 
o f 20 cham bers to  instrum ents located in a nearby shed: 
one line sam pled m anifold air and the o ther sam pled the 
cham ber atm osphere. To achieve a representative sample 
of the cham ber atm osphere, air was sampled w ith a 2 m 
long pipe oriented horizontally  across each chamber. The 
pipe was 1.3 cm diam eter PVC w ith caps on both  ends and 
a series of 2 m m  diam eter holes at geometrically increas
ing intervals aw ay from  the center of the pipe. The geom 
etry allowed air d raw n from  the center of the pipe to be 
a com posite sample representing each po in t on a transect 
th rough the cham ber equally. The sam pling pipe was posi
tioned horizontally  and adjusted to roughly half the green 
canopy height to  best represent the air th a t photosynthetic 
tissue experienced.

Air was pulled under negative pressure from  each 
cham ber a short distance to  a Teflon-coated double dia
phragm  pum p (Thom as Industries, 2107-CA14-TFE), 
from  w hich it was pushed under positive pressure to  the 
analytical shed (see Figure 1). To avoid draw ing w ater into 
the pum ps, they were plugged into norm ally closed float 
switches (D ayton 3BY75) th a t cut the pow er supply when 
the w ater level approached the height of the gas sampling 
lines. Each of the 40 lines entered a bank of solenoid 
valves (model 3V1, Sizto Tech C orporation), then flowed 
into a com m on line, one for m anifold lines and one for 
cham ber lines. The tw o solenoid valves controlling each 
cham ber opened simultaneously, one w ith m anifold air 
and the o ther w ith cham ber air; the o ther solenoid valves 
rem ained closed so th a t the contents of only one cham 
ber at a time passed through the com m on lines to  the gas
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analyzers. Each cham ber was sam pled for 2 m in to  allow 
ample time for air in the com m on portion  of the system 
to be flushed out before m easurem ents were logged, which 
m eant th a t each cham ber was sam pled at least once every 
40 min.

O ne infrared gas analyzer (IRGA) m easured the dif
ference between a cham ber’s m anifold air (i.e., incom ing 
air) and a dry, z e ro -C 0 2 reference gas. A second IRGA 
m easured the difference between m anifold air and cham 
ber air. This configuration m axim ized our ability to  p re
cisely m easure absolute C 0 2 concentration  and to  accu
rately m easure the C 0 2 concentration  difference between 
tw o locations. A LI-6262 (Licor, Lincoln, NE) had  dry, 
z e ro -C 0 2 air cycling through the reference cell and the 
m anifold air passing through the sample cell. A Li-7000 
(Licor) had  the m anifold air passing through the reference 
cell and cham ber air passing th rough the sample cell. Cell 
A of the LI-7000 was referenced to an analog signal from  
the LI-6262 as the absolute concentration of C 0 2 and 
H 20  in the m anifold air.

We m onitored  the m anifold line to  determ ine how  
m uch C 0 2 was being delivered to  each m anifold. The 
cham ber air sam pling line allowed us to  m onitor the ac
tual cham ber atm osphere and to  fine tune the C 0 2 deliv
ery rate to  achieve our target concentration in the cham 
ber atm osphere, accounting for photosynthetic draw dow n 
and w ind incursions.

N itrogen Fertilization

A total of 25 g N  year-1 was applied to  each high-N  
plot. A m m onium  chloride was dissolved in 5 L brackish 
w ater from  the nearby Rhode River, the subestuary ad 
jacent to  the site. At five dates (approxim ately monthly, 
avoiding high tides) th roughou t the grow ing season we 
used backpack sprayers to deliver the fertilizer (equivalent 
to 5 g N) solution to 10 plots. Then, the fertilizer solution 
was rinsed from standing vegetation with another 5 L u n 
am ended river w ater applied w ith backpack sprayers. Each 
fertilization treatm ent sim ulated 5 g N  m -2 in the equiva
lent of 0.5 cm river water. The 10 unfertilized cham bers 
received 10 L unam ended river w ater applied in the same 
m anner. The river w ater was taken  from  the tidal fetch 
area adjacent to  the m arsh. M ean annual [N H 4+] in tha t 
w ater ranges from  32 to 82 p.g L_1, w ith a m ean of 52, 
and salinity has ranged from  4.0 to  10.6 ppt, w ith a m ean 
of 6.7, over the past 20 years (growing season means from  
biweekly sampling; Thom as Jordan , unpublished data). 
Assuming the added N H 4C1 integrated into the top  40 cm 
of porew ater (as our sam pling indicates), and excluding

losses from  the ecosystem or p lant uptake, we estim ated 
th a t this fertilization w ould  have increased porew ater sa
linity by a m axim um  of 0.05 ppt, less than  1% of norm al 
salinity.

MEASUREMENTS

The cham bered experim ental plots consisted of two 
halves, one-half geological and one-half biogeochemical. 
All sam pling th a t involved disturbance of soil was per
form ed on the biogeochemical half. All elevation m easure
m ents, w hich were considered to  be m ore sensitive to  soil 
disturbance, were perform ed on the geological half.

A boveground Biomass

We estim ated peak aboveground biom ass w ith a com 
bination  of allom etry and harvested subplots (Erickson et 
ah, 2007). At the end of July of each year, eight 30 X 30 
cm quadrats were placed in prescribed locations in each 
plot, six inside the cham ber and tw o in an adjacent un
cham bered control plot. In the quadrats, each Schoeno
plectus americanus stem was counted and nondestruc
tiv e ^  m easured for to tal height, green height, and w idth 
a t half-height. In the corner of each quadrat, we clipped 
and rem oved all vegetation and litter in a 5 X 5 cm area. 
Vegetation was sorted according to  species. We m easured 
the clipped S. americanus stems for to ta l height and w idth. 
Clippings were dried for 72 h at 60°C and weighed. We 
m easured length and w idth  on a subset of freshly clipped 
stems. We used the calculated relationship between linear 
dimensions and dry mass (r2 >  0.9) to  estim ate the mass 
o f each live S. americanus stem. To estimate Spartina pa t
ens and Distichlis spicata mass, we scaled up from  mass in 
the clipped areas to  to tal cham ber area.

Root Productivity

Three soil cores (30 cm depth X 5 cm diam eter) were 
taken  from  each plo t and replaced w ith cylindrical in 
grow th bags (30 cm height X 5 cm diam eter). The bags 
were constructed from  1 cm mesh and filled w ith milled, 
m oistened peat so as to  achieve the bulk density of in situ 
peat, 0.12 g cm -3. Bags were im planted in w inter and re
m oved in N ovem ber the following year. Contents were 
w ashed over a 1 m m  sieve. Large organic fragments were 
picked out by hand. R oot mass was separated into fine 
(< 2  m m  diam eter) and coarse (> 2  mm) categories, dried 
for 72 h at 60°C, and weighed.
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Porewater W ells

We im planted nine porew ater wells (three replicates 
at each of three depths: 20, 40 and 80 cm) in each ex
perim ental plot. We built wells from  0.6 cm internal di
am eter rigid Teflon tubing (GE Polymershapes) plugged at 
the bo ttom  w ith silicon caulk and open at the top, which 
extended 10 cm above ground. Sixteen holes (1 m m  di
ameter) were drilled into the bo ttom  10 cm of the Teflon 
tube to  allow  am ple conductance of porew ater into the 
well. A vinyl hose (6 m m  [OD], 3 m m  inner diam eter [ID]) 
was fastened to the top  of each well and draped over the 
cham ber for easy access from  outside the chamber. Wells 
were flushed w ith 60 mL, equivalent to  m ore than  to tal 
well volume, and sam pled m onthly for a suite of chemical 
param eters using syringes.

N et Ecosystem Exchange (NEE)

The cham bers were also designed to  allow  for m easure
m ent of net ecosystem exchange (NEE) of C 0 2 between the 
atm osphere and the enclosed ecosystem (Figure 6). Periodi

cally th roughou t the grow ing season, octagonal caps were 
placed on a subset of cham bers. The purpose of the caps 
was no t to  render the cham ber airtight, bu t to  eliminate 
w ind incursions and generate a consistent, predictable 
pa ttern  of air flow th rough the cham bers. The caps were 
octagons w ith a crossbeam  built from  1.9 cm PVC pipe 
covered w ith the same IR -transparent film for the cham ber 
panels. The film was perforated  w ith 2 cm diam eter holes. 
The gas sam pling pipe, described above, was raised to  a 
height roughly 30 cm below  the cap and aligned w ith the 
cap perforations. This arrangem ent allowed us to m easure 
the [C 0 2] of air exiting each cham ber after it had  been 
influenced by soil and vegetation.

To estimate flow rate of air th rough the chamber, we 
cut a slit in the air delivery ducts from  each blow er and 
m easured air velocity using a handheld  anem om eter (AM 
4822, M astech; w w w .p-m astech.com ). We initially m ea
sured the velocity at a range of distances from  the duct 
wall and determ ined tha t the m ean of tw o m easurements 
(centered at 4 cm and 9 cm from  the duct wall) adequately 
estim ated the average velocity for the entire cross section. 
M ultiplying velocity (cm s-1) and cross-sectional area (cm2)
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FIGURE 6 . Net ecosystem exchange (NEE) of C 0 2 over three days in July 2007. Negative values represent 
net uptake by the ecosystem. Generally, values are negative in summer daytimes when photosynthetic rate 
surpasses respiration rate. Each point represents the means of approximately 12 individual measurements 
from each of two replicate chambers binned into 2.4-h intervals, amb = ambient; elev = elevated; ambN = 
ambient N; elevN = elevated N.
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yielded volumetric flow rate (cm3 s-1 ). The volum etric flow 
rate was converted to  mass flow using air tem peratures 
from  the site. We calculated NEE as ( [C 0 2]m — [C 0 2]out) 
X flow rate.

Because we did not w ant to incur cham ber effects such 
as warm ing or rain exclusion, we measured NEE on a ro ta t
ing subset of chambers balanced by treatm ent, for variable 
intervals from  3 to  7 days. These data will be used to calcu
late NEE light-response curves for net C 0 2 uptake during 
the day and NEE tem perature-response curves for net C 0 2 
release during the night. The response curve models will be 
driven w ith continuous m easurements of soil tem perature 
and photosynthetically active radiation to extrapolate up to 
integrated NEE for a complete growing season (Rasse et al., 
2003). The gas sampling program  was adjusted to increase 
the frequency w ith which NEE chambers were sampled to 
increase resolution for these low  signal-to-noise NEE m ea
surements, com pared to the relatively stable absolute atm o
spheric [C 0 2] data when all chambers are sampled equally.

Environmental Variables

Soil tem perature was m easured at 5 and 15 cm depth 
using type-T therm ocouples. W ind speed was m onitored 
w ith an anem om eter (014A -L , Campbell Scientific, Logan, 
UT). W ater level was recorded using a differential pres
sure transducer (PS-9805, N orthw est Technologies) placed 
at the bottom  of a 0.5 m  well. All environm ental data 
were logged on a com bination of a m ultiplexor (AM32T, 
C am pbell Scientific) for tem pera tu re  and  a datalogger 
(C R 10X , C am pbell Scientific), w hich w ere positioned  
rem otely  in the m arsh  to  m inim ize analog  signal degra
dation . In fo rm ation  was then  relayed digitally betw een 
the m arsh  and  m ain  datalogger (C R 1000, C am pbell Sci
entific) using m ultid rop  interfaces (M D 485, C am pbell 
Scientific).

RESULTS A N D  DISCUSSION

T reatment A pplication

Average daily mean C 0 2 ±  SE was 394 ±  1.2 ppm  in 
ambient and 707 ±  6.0 ppm  in elevated cham ber atmosphere 
in 2007, a treatm ent difference of 313 ppm. The standard 
deviation among daily means for individual chambers av
eraged 21.9 and 59.0 ppm  for individual ambient and el
evated chambers. The variation in means between days was 
driven by differences in wind speed (Figure 7). H igh winds 
resulted in incursions of am bient air into elevated Cham-
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FIGURE 7. The C 0 2  treatment and wind speed from four varying 
days in August 2007. The shaded areas represent hours of dark
ness when the C 0 2 delivery was shut down. During those off hours, 
all chambers were at ambient [C 02]. During still nights, ambient 
[C 02] approached concentrations much higher than well-mixed at
mospheric [C 02] as respired C 0 2 accumulated relatively near the 
ground.

bers, thereby diluting the elevated [C 0 2], O n the other 
hand, stillness allowed respired C 0 2 to  accum ulate over
night, w hich increased background [C 0 2] in am bient and 
elevated cham bers. Because this buildup affects each trea t
m ent equally, the difference between am bient and elevated 
cham bers persisted. However, w ind incursions drove dow n 
concentrations in elevated cham bers only, w hich decreased 
the difference between am bient and elevated [C 0 2],

In 2006, before chambers were equipped w ith frusta, 
am bient and elevated chambers [C 0 2] were 395 and 669, 
a difference of 274 ppm . Although the m ean [C 0 2] could 
have been elevated in the cham ber w ithout adding frusta, 
the fluctuations w ith wind w ould have been extreme, and 
the expense of the additional C 0 2 was deemed prohibitive.

The [N H 4] in porew ater was successfully increased by 
the N  addition  by a factor of 2.9, from  17 to  64 pintoi L_1 
averaged over the grow ing season in 2006. The factor by 
w hich N  addition increased porew ater [N H 4] was m uch 
higher early in the season and declined as grow ing plants 
took  up N .

M easurement Validation: C hamber Effects 

E levation

To examine the possibility of cham ber effects on eleva
tion, we exam ined the m easurem ents in the am bient C 0 2,
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low -N  (no added N) treatm ent (Figure 8). The in-cham ber 
m easurem ents were very similar to  those in the reference 
plots. Both sets of data revealed significant changes in el
evation through time (repeated-m easures M A N O  VA, P < 
0.05). M ost notably, all plots experienced a dip of roughly 
0.8 cm in to tal elevation during M arch 2007, followed 
by a strong recovery. This dip was driven entirely by dy
namics in the thickness of the deep zone. Com pared to 
absolute changes in elevation (range, > 1 .2  cm), the dif
ferences between in-cham ber and reference elevation were 
relatively small (range, < 0 .2  cm). There was a trend of 
a cham ber effect on to tal elevation driven by deep zone 
dynamics. This effect was significant in sum m er 2007  but 
has vanished since then. The relativized roo t zone th ick
ness in am bient C 0 2, low -N  cham bers never differed from  
zero (t test, P >  0.40 for all dates), w hich indicated tha t
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FIGURE 8 . Elevation data from the five ambient C 0 2, low-nitrogen 
(N) plots. Change in total elevation is partitioned between changes 
in thickness of either the deep zone or root zone. Top panel: eleva
tion and thicknesses from inside the experimental chambers; middle 
panel: from the adjacent reference plots; bottom panel: difference 
between the in-chamber and reference measurements (relativized). 
There was a slight chamber effect on total elevation, driven by con
traction of deep zone thickness. Root zone did not differ from zero.

there was no t a detectable cham ber effect in this stratum  
where we expected treatm ent effects to be m anifested.

Surface A ccre tion

One criticism of the design was tha t the cham bers, by 
enclosing plots, may have excluded sediments from  being 
deposited on the m arsh surface. The difference between 
in-cham ber and reference accretion m easured w ith  cryo- 
cores in N ovem ber 2007  was small (0.058 cm) and did 
no t differ significantly from  zero (95%  confidence inter
val: — 0.18 to  0.07, n = 20). The treatm ent m eans also did 
no t differ from  each other (two-way ANOVA: C 0 2, P > 
0.10; N , P >  0.10) or from  the reference plots (chamber 
effect: P >  0.10; Figure 9).

C O N C LU SIO N S

The design of our field experim ent proved robust to a 
num ber of challenges unique to tidal salt m arsh environ
ments, including saltwater corrosion and deep tides. M ore 
im portantly the cham ber design allowed us to consistently 
elevate atm ospheric C 0 2. The frustum  was a key feature 
of the cham ber because it average-stabilized and raised the 
[ C 0 2] in the elevated treatm ent, likely resulting in saved
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FIGURE 9. Surface accretion measured as the accumulation of mat
ter on top of the marker horizon inside the chamber versus that 
outside the chamber. It was thought the chambers may exclude ex
ogenous sediment, but there was no difference between in-chamber 
(black bars) and outside-chamber (reference plot, white bars) accre
tion rates. Amb = ambient; Elev = elevation.
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C 0 2. N  addition yielded higher porew ater N  concen
trations as expected, but further chemical analyses are 
needed for a m ore precise estimate of the m agnitude of 
the N  treatm ent. The SET design allow ed for sensitive 
m easures of soil elevation change. The cham bers, perhaps 
by virtue of their mass, appeared to  slightly depress soil 
elevation. However, there was no cham ber effect in the 
ro o t zone w here the m ost im portan t treatm ent effects are 
expected to  occur. Further, the size of the cham ber effect 
on elevation was small (0.2 cm; Figure 8, bo ttom  panel) 
relative to  the natu ra l range of variation in those elevation 
param eters (1.2 cm; Figure 8, m iddle panel).
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Herbivory, Nutrients, Stochastic Events, 
and Relative Dominances of Benthic 
Indicator Groups on Coral Reefs: 
A Review and Recommendations

Mark M. Littler, Diane
and Barrett L. Brooks

ABSTRACT. Threshold levels (i.e., tipping points where the probability of community 
phase shifts is increased and the potential for recoverability is reduced) for critical bottom- 
up interactions of productivity (e.g., nutrients) and those for top-down disturbances (e.g., 
herbivory) must be known to manage the competitive interactions determining the health 
of coral-dominated reefs. We further posit that latent trajectories (reduced resiliencies/ 
recoverability from phase shifts) are often activated or accelerated by large-scale sto
chastic disturbances such as tropical storms, cold fronts, warming events, diseases, and 
predator outbreaks. In highly diverse and productive reef ecosystems, much of the overall 
diversity at the benthic primary producer level is afforded by the interaction of opposing 
nutrient-limiting/nutrient-enhancing and herbivory controls with the local physical and 
spatial variability, such that a mosaic of environmental conditions typically occur in close 
proximity. Although the relative dominance model (RDM) appears straightforwardly 
simple, because of the nature of direct/indirect and stimulating/limiting factors and their 
interactions it is extremely complex. For example, insufficient nutrients may act directly 
to limit fleshy algal domination (via physiological stress); conversely, abundant nutrients 
enhance fleshy algal growth, with the opposite effect on reef-building corals (via toxic 
inhibition or increased diseases). Furthermore, the effects of controls can be indirect, 
by influencing competition. Even this seemingly indirect control can have further levels 
of complexity because competition between algae and corals can be direct (e.g., over
growth) or indirect (e.g., preemption of substrate). High herbivory (via physical removal) 
also acts indirectly on fleshy algae through reduced competitive ability, whereas lowered 
herbivory and elevated nutrients also indirectly inhibit or control corals and coralline al
gae by enhancing fleshy algal competition. O ther ecologically im portant bottom -up fac
tors, such as reduced light, abrasion, allelopathy, disease vectoring, and sediment smoth
ering, also result from indirect side effects of fleshy algal competition. These factors tend 
to selectively eliminate the long-lived organisms in favor of weedy fast-growing species, 
thereby reducing desirable complexity and biodiversity.
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INTRODUCTION

There has been an exhaustive debate in the coral reef literature over the rela
tive im portance of forces th a t regulate com m unity structure and resilience (i.e., 
the potential to  resist stresses and to  recover following disturbances). The ex
pansion of the hum an population and associated increases in destructive fishing

mailto:littlerm@si.edu
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(Hughes, 1994) and nutrient loading (Lapointe, 1999), com 
pounded with ocean warm ing (Hoegh-Guldberg, 1999) and 
stochastic environmental effects (Precht et ah, 2005), have 
been broadly debated to  explain the increasing degrada
tion  of coral reefs w orldw ide. Because hum an population  
grow th is no t expected to  abate, discrim inating am ong 
various stressors is critical to  determ ine conservation 
strategies and to  eventually am eliorate the accelerating 
degradation of coral reefs. W hat has been lacking is the 
ability to  rigorously test and differentiate am ong the pos
sible acute versus chronic stressors— leading to  ongoing 
controversy. In an attem pt to  address this problem , sev
eral w orkers (M ora, 2008; Burkepile and Hay, 2006) have 
conducted broad  correlative and statistical assessments 
of com m unities over large regional scales. These studies 
have suggested a clear in teraction between eutrophication 
in conjunction w ith declining herbivorous organism s as 
direct causes for m aintaining present undesirable phase 
shifts on coral reefs.

Such phase shifts have been devastating to  the m any 
uniquely specialized benthic photosynthetic symbionts 
dom inating tropical reefs, w hich are responsible for some 
of the m ost productive natu ral ecosystems know n. Four 
m ajor space-occupying groups of benthic prim ary p roduc
ers com bine to  create high coral-reef prim ary productivity: 
reef-building corals (containing symbiotic algae), crustose 
coralline algae, algal turfs (fleshy filam entous and low- 
grow ing p rostrate  forms, and frondose m acroalgae. O f 
these, photosynthetic corals create m uch of the structural 
heterogeneity and com plexity and, w ith coralline algae, 
are prim arily responsible for accretion of C a C 0 3 into the 
reef m atrix—m aking them  the m ost desirable functional 
groups from  a m anagem ent perspective.

A basic objective in m anagem ent ecology is to  deter
mine the m echanisms by w hich natu ral and anthropogenic 
factors m aintain or alter structure and interactions in bi
otic com m unities. A nthropogenic eutrophication and de
structive overfishing (i.e., herbivore rem oval by trapping, 
netting, poisoning, blasting) are the m ost tractable fac
tors correlated w ith the m arked global decline in tropical 
reef com m unities over the past tw o decades (see reviews 
in G insburg, 1994; Birkeland, 1997; papers in Szmant, 
2001). The theoretical fram ew ork involving “top -dow n” 
regulation by predators and “bo ttom -up” control by re
source availability in terrestrial systems was first proposed 
by H airston  et al. (1960), concepts th a t were later used 
(A tkinson and Grigg, 1984) to describe m echanisms tha t 
regulate the structure of coral-reef com m unities. These 
factors provide a valuable perspective (Figure 1) to assess 
and m anage the hum an activities th a t affect the in terac

tive m echanisms controlling stable states, tipping points, 
phase shifts, and recovery am ong the dom inant functional 
groups of prim ary producers on tropical reefs.

In healthy coral-dom inated reefs, nu trien t concentra
tions are extremely low  and attachm ent space is occupied 
by a broad  diversity of three-dim ensional overgrow ing or
ganisms. Given these conditions, the m ajor tenets o f the 
m anagem ent model proposed by Littler and Littler (2006: 
fig. 1, relative dom inance model [RDM]) are (1) th a t com 
petition for space and light is crucial in determining the rela
tive abundances of m ajor benthic photosynthetic organisms, 
and (2) tha t the outcom e of com petition for these resources 
is m ost often, but no t exclusively, controlled by the complex 
interactions of biological factors (top-down controls such 
as grazing) and environmental factors (bottom -up controls 
such as nu trien t levels). As suggested by Grime (1979) 
for terrestrial plants and expanded for m arine m acroal
gae (Littler and Littler, 1984; Steneck and Dethier, 1994), 
prim ary producer abundance and evolutionary strategies 
are controlled by physical disturbances (i.e., factors tha t 
rem ove biomass) coupled w ith physiological stresses (i.e., 
factors th a t lim it m etabolic production). In the conceptual 
relative dom inance model (RDM ; see Figure 1), grazing 
physically reduces biom ass (top-dow n) and nutrients con
tro l production  (bottom -up). The com plex natu ral inter
actions between herbivory and nutrients are m ost d ram at
ically im pacted by large-scale catastrophic disturbances 
such as tropical storm s (Done, 1992), w arm ing events 
(M acintyre and Glynn, 1990; Lough, 1994), cold fronts 
(Precht and Miller, 2007), diseases (Santavy and Peters, 
1997), and predato r outbreaks (Cam eron, 1977). These 
events serve to  trigger or accelerate the ultim ate long-term  
phase shifts postulated  in the RD M . Such stochastic events 
selectively eliminate the longer-lived organism s in favor of 
faster-growing fleshy m acroalgae, w hich are often com pet
itively superior (Birkeland, 1977). However, nutrients and 
herbivory, in the absence of large-scale disturbances, are 
bo th  sufficient to  m aintain phase shifts independently or 
in concert (Smith et ah, 2001; Arm itage and Fong, 2004; 
Littler et ah, 2006a).

O n undisturbed oligotrophic coral-reef habitats, the 
effects of well-documented top-dow n physical controls via 
intense herbivory prevail, where changes in grazing inten
sity often show acutely rapid  effects. Conversely, bottom -up 
stim ulatory controls are m ore chronic, the result of lack of 
nu trien t availability, overcom pensation by grazers, and a 
slower grow th response, com pared w ith acute physical de
struction by herbivory. However, under persistent elevated 
nu trien t conditions (relative to  low  [near-undetectable] 
concentrations), consistent coral declines can occur, con-
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FIGURE 1. The competition-based relative dominance model 
(RDM). All the functional indicator groups occur under the condi
tions of every compartment of the model; however, the RDM pre
dicts which group will most often dominate. Light to dark shad
ing indicates declining desirability of each functional group from 
a management perspective. Cmstose coralline algae are posited to 
be competitively inferior and dominate mainly by default, that is, 
where fleshy algae are removed by herbivores and some corals are 
inhibited by nutrients. The dashed lines approximate tipping points 
where declining herbivory and increasing nutrients reach critical lev
els that begin to reduce resilience to and recoverability from phase 
shifts. One vector can partially offset the other; for example, high 
herbivory can delay the impact of elevated nutrients, or low nutrients 
may offset the impact of reduced herbivory. As a baseline for healthy 
coral-reef habitats, herbivore population abundances and diversity 
should be high and palatable test plants should show at least greater 
than 50% loss 6  h _ 1  (i.e., < 6  h half-life) during a replicated series of 
midday in situ exposures. Hypothetical nutrient tipping points (i.e., 
thresholds that sustain algal growth) are thus far indicated to be quite 
low (i.e., ~0.1 p.M soluble reactive phosphoms [SRP], ~1.0  p.M dis
solved inorganic nitrogen [DIN]), as suggested by laboratory growth 
experiments, case studies for macroalgal overgrowth of coral reef 
communities, and in situ experimental nutrient enrichment research 
(Bell, 1992; Bell and Elmetri, 1995; Lapointe et al., 1993, Bell et al., 
2007). We further posit that latent trajectories (reduced resilience/ 
recoverability from phase shifts) are often triggered or accelerated 
by large-scale stochastic disturbances such as tropical storms, cold 
fronts, warming events, diseases, and predator outbreaks. Although 
these are events from which coral reefs have recovered for millions 
of years in the absence of humans, when tipping points remain sur
passed, less-desirable stable states can persist.

com itant w ith algal increases th a t m ay lead to  enduring 
states th roughout all com binations of herbivory (Littler 
et ah, 2006a). Changes in bottom -up controls and their 
interactions no t only alter the dom inance patterns of the 
m ajor benthic functional groups on coral reefs but, hy
pothetically, could have profound long-term  consequences 
m ediated th rough structural transform ations and chem i
cal m odifications to  reef systems and their herbivorous 
fish populations. In other w ords, excessive nu trien t enrich
m ent no t only increases the productivity and biomass of 
weedy m acroalgae via bottom -up controls th a t alter p a t
terns of com petitive dom inance (Littler et ah, 1993) but, 
over the long term , may lead to coral h ab ita t degradation 
th rough (1) reduced spatial heterogeneity by overgrow th 
(Johannes, 1975; Pastorok  and Bilyard, 1985; Szmant, 
1997) and  (2) nighttim e anoxic conditions (tolerated by 
m acroalgae, but no t by coral com petitors and herbivorous 
predators; Lapointe and M atzie, 1996) th a t could indi
rectly reduce top-dow n grazer effects. Furtherm ore, fleshy 
m acroalgal blooms, irrespective of how  they are induced, 
decrease the grow th and reproductive capacity of the m ore 
structurally com plex reef-building corals (Tanner, 1995; 
M iller and Hay, 1996; Bellwood et ah, 2006; H ughes et 
ah, 2007), as well as inhibit coral larval recruitm ent (Birke- 
land, 1977; Tomascik, 1991; W ard and H arrison, 1997) 
and survival (Lewis, 1986; Hughes et ah, 1987; Hughes, 
1989; W ittenberg and H unte, 1992). Such com plicated 
feedback loops following eutrophication  (e.g., anoxia) are 
know n to occur in seagrass m eadow s (Sand-Jensen and 
Borum, 1991; D uarte, 1995) and could also explain de
creases in fish populations on coral reefs w ith long-term  
histories of eutrophication.

CORAL-REEF M AN AG EM ENT

The data relevant for long-term  reef m anagem ent con
sist of (1) m any im portan t short-term  caging and feeding 
experim ents (in the case of exceedingly well-docum ented 
top-dow n herbivory effects), (2) circum stantial evidence 
(H allock et ah, 1993), (3) correlative biogeographic sur
veys contrasting  oligotrophic versus eutrophic systems 
(Littler et ah, 1991; Verheij, 1993; M ora, 2008), (4) com 
parative experim ents on systems containing natu ral n u tri
ent gradients (Lapointe et ah, 2004, 2005b; Vroom  et al., 
2005), (5) physiological assays (Littler and Littler, 1990; 
Lapointe et ah, 1997), and (6) logistically com plicated, in 
situ, long-term , experim ental/causality studies, in the case 
of bottom -up nutrien t controls (Smith et ah, 2001; Littler 
et ah, 2006a). Top-dow n contro l by abundan t populations
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of large mobile herbivores is particularly  well studied for 
coral reefs, beginning nearly five decades ago w ith the cag
ing study of Stephenson and Searles (1960 As examples, 
Sam m arco et al. (1974), O gden and Lobel (1978), Sam- 
m arco (1980), C arpenter (1986), Lewis (1986), M orris- 
son (1988), and num erous other w orkers (see review by 
M cC ook et ah, 2001) have dem onstrated th a t lowering 
herbivory in low -nutrient hab itats (usually assumed) often 
results in rap id  increases in low -grow ing stages of fleshy 
m acrophytes.

In the study of Lewis (1986) on the same reef flat stud
ied by Littler et al. (2006a, 2006b), increases in a dom i
nan t vegetative algal tu rf form  (Vaughaniella stage) w ith 
its upright fertile Padina blades, no t bloom s of mixed 
m acroalgae, followed short-term  ( 11 week) reductions of 
herbivorous fish grazing under conditions of low  nutrien t 
levels. Lewis’ (1986) table 4 (although pseudoreplicated) 
shows statistically significant, bu t relatively small, in 
creases (26% ) in the above Vaughaniella-tm i stage and its 
reproductive Padina blades; however, in contrast to  sev
eral literature citations, no significant increases occurred 
in any of the abundan t upright m acroalgal dom inants such 
as Turbinaria turbinata  and H alim eda  spp. Such low  mats 
are unique in containing an abundance of nitrogen-fixing 
blue-green algae th a t can enrich other m em bers w ithin 
the low -grow ing algal com m unity (Adey and Goertmiller, 
1987; Adey, 1998). In presum ably higher-nutrient envi
ronm ents, herbivore rem ovals usually result in dram atic 
bloom s of larger frondose m acroalgae (Bellwood et ah, 
2006: fig. 4; H ughes et ah, 2007).

T hroughout the past decade, m any biologists and 
m anagers have no t recognized the im portance of chronic 
nutrient enrichm ent and associated eutrophication p ro b 
lems facing coral reefs. A recent study (Littler et ah, 2006b) 
provided a detailed review and discussion of the misinter
pretations, m isunderstandings, and suboptimal experimen
tal designs that pervade the literature in regard to nutrient 
enrichment and the health of coral reefs. Overgrown 0.5 L 
porous clay-pot diffusers (“m ini-reefs,” following a de
cade of recruitm ent, colonization, and com petition) were 
utilized (Littler et ah, 2006b) to  evaluate protocols for 
studies of controlled nu trien t enrichm ent on coral reefs. 
A com m only used nutrien t source, Tree Lood Stakes con
taining up to  6%  chlorine, resulted in a significant 11- 
fold and 20-fold decrease of fleshy algae and calcareous 
coralline algae, respectively, relative to  the contro l tre a t
m ents, while blue-green algae (C yanobacteria) became 
significantly (6 fold) m ore abundant. Osmocote-filled 
mini-reefs show ed no significant differences from  the 
controls for any of the indicator groups. By avoiding the

pitfalls o f suboptim al study areas, insufficient duration  of 
colonization/com petition studies, inadequate nu trien t de
tection limits, and inappropria te  sources of enrichm ent in 
future research, the potential to  provide new  insights into 
the nu trien t status of coral reefs will be greatly im proved. 
N u trien t research is logistically difficult and, because the 
grow th responses are relatively slow (i.e., chronic), re
quires m ore emphasis on m ultifaceted approaches carried 
ou t over sufficiently long time periods. Optimally, studies 
should include in situ enrichm ent experim ents th a t test the 
long-term  com petitive interactions of functional indicator 
groups on healthy coral-dom inated reefs, in addition to 
precisely m onitoring w ater colum n nu trien t levels, tissue 
C:N:P ratios, and algal physiological response assays.

A lthough nutrient data are typically lacking in coral- 
reef herbivory studies, natural background levels in con
junction w ith ample w ater m otion are usually assumed to 
exceed levels tha t are limiting to  m acroalgal grow th (Long 
et ah, 2003). As pointed out by Lewis (1986), large fron
dose m acroalgae such as Sargassum  and Turbinaria do oc
cur in oligotrophic reef areas adjacent to  coral colonies (see 
also Littler et ah, 1986; M cC ook et al, 2001; Vroom  at 
al., 2005); however, m any of these frondose forms occupy 
m icrohabitats tha t generate increased current acceleration, 
such as the reef crest and tops of patch reef rocks, impli
cating higher nutrient fluxes (Atkinson et ah, 2001). Also, 
large biom ass/standing stocks of slow-growing perennial 
m acroalgae (e.g., rockweeds) can develop over time under 
low  inorganic nutrient concentrations; rainforests are good 
illustrations of this as well. Lurtherm ore, Sargassum  spp. 
can coexist w ith corals in oligotrophic w aters by utilizing 
particulate organic sources of nutrients (Schaffelke, 1999); 
therefore, in this particular situation, large p lant biomasses 
of low  diversity do no t necessarily indicate detrim entally 
abundan t dissolved nutrients. Tissue analyses of mid-shelf 
Sargassum  transplants on the great barrier reef (M cCook, 
1999) revealed a C:N  ratio  of 32:1 and a C:P ratio  of 
1261:1, exceeding values for pelagic Sargassum  in the nu 
trient-im poverished Sargasso Sea (C:P =  877:1; Lapointe, 
1995), which are compelling for substantial N  lim itation 
and severe P lim itation. A further consideration is the now- 
ubiquitous presence of significant anthropogenic nitrogen 
sources (from burning fossil fuels) in rainfall w orldwide 
(Vitousek et ah, 1997), m aking the term  “pristine” relative, 
a t best. The demise of copious coral cover (Pollock, 1928) 
and concom itant rise in frondose algae (Doty, 1971) and 
coralline algae (Littler, 1971) on the reef flat at W aikiki, 
H aw aii, was the first phase shift from  coral to  m acroalgal 
dom ination tha t was postulated (Littler, 1973) as caused 
by increases in eutrophication (bottom -up control).
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Eutrophication affects coral reefs to  different degrees 
and on varying scales. Several studies (A tkinson et ah, 
1995; Grigg, 1995; Steven andB roadben t, 1997; M cC ook, 
1999; Bongiorni et ah, 2003) indicated no substantial ad 
verse responses of coral species to  elevated nutrients. H o w 
ever, o ther laboratory  and field experim ents (Pastorok and 
Bilyard, 1985; Tomascik and Sander, 1987; M uscatine et 
ah, 1989; Stambler et ah, 1991; Jokiel et ah, 1994; Koop 
et al., 2001) have concluded th a t corals are negatively af
fected by increased levels of nutrients and th a t diversity 
suffers. N um erous in situ observations exemplify the types 
of shifts from  coral dom inance to  algal dom inance tha t 
suggest linkages w ith chronic nu trien t loading, including 
case studies in H aw aii (Littler, 1973; Banner, 1974; Smith 
et ah, 1981; M aragos et ah, 1985; Grigg, 1995), Venezu
ela (Weiss and G oddard , 1977), the Red Sea (Mergener, 
1981; W alker and O rm ond, 1982), Barbados (Tomascik 
and Sander, 1985, 1987), Am erican Samoa (Green et ah, 
1997), Reunion Island (Cuet et ah, 1988; N aim , 1993), 
Bermuda (Lapointe and O ’Connell, 1989), the G reat 
Barrier Reef (Bell, 1992), the Llorida Keys (Lapointe et 
ah, 1994), M artin ique (Littler et ah, 1993), and Jam aica 
(G oreau et ah, 1997; Lapointe et ah, 1997).

In a num ber of cases, herbivory patterns alone (simi
lar to nu trien t levels) do no t explain the d istribution and 
abundance of benthic algae on coral reefs (Adey et ah, 
1977; Hay, 1981; Hatcher, 1983; H atcher and Larkum , 
1983; Carpenter, 1986). Several studies (Hatcher, 1981; 
Schmitt, 1997; L irm an and Biber, 2000) found no sig
nificant correlation  between grazing intensity and algal 
biom ass. A dram atic increase in algal biomass resulting 
from  eutrophication, w ithout any sim ultaneous reduction 
in herbivore populations, was reported  (Lishelson, 1973). 
The im portance of the very low  nutrien t levels involved in 
eutrophication (i.e., nu trien t threshold hypothesis, N TH ), 
either natu ral o r anthropogenic, has only recently come to 
light (Bell, 1992; Lapointe et ah, 1997; Small and Adey, 
2001; Bell et ah, 2007) regarding the potential for phase 
shifts from  corals tow ard  m acroalgal dom inance. These 
kinds of biotic phase shifts also have been attribu ted  to 
overfishing of herbivore stocks (see Hughes, 1994 on 
Jam aican reef trends), in concert w ith cultural eu trophi
cation (G oreau et ah, 1997; Lapointe et ah, 1997). It is 
now  clear (Burkepile and Hay, 2006; M ora, 2008) tha t 
both  herbivory and nutrien t levels in teract on large scales 
as m ajor factors in m aintaining or degrading coral-reef 
health.

We hasten to  point out tha t individuals of all the func
tional indicator groups can and do occur under the condi
tions of every com partm ent of the R D M  (see Ligure 1);

however, the model predicts w hich group m ost often will 
dom inate  (as does the very sim ilar fig. 2a in Bellwood et 
ah, 2004). Such apparen t presence/absence anomalies, 
on closer inspection, are often scientifically logical but 
have led to  different perspectives. Lollowing large coral 
bleaching events and die-offs in Belize, we have observed 
dram atic increases in chemically defended sponges (e.g., 
Chondrilla) and Cyanobacteria (blue-green algae) under 
high levels of grazing by sea urchins and fishes. O ther ob
servations th a t appear counterintuitive include some corals 
grow ing in high-nutrient habitats, some large fleshy m acro
algae grow ing under low  nutrients, certain tu rf algae ex
posed to  high herbivory, and the frequent coexistence of 
crustose corallines and the other functional groups. We 
agree w ith these observations and have addressed such 
anom alies herein.

The general applicability as well as the lim itations of 
the R D M  can be dem onstrated further in relationship to 
a num ber of recent studies. Lor example, nutrients and 
herbivory are no t independent, and the positive effects of 
nutrients on m arine p lan t productivity  and grow th can ac
tually  m ake plants m ore palatable and susceptible to  graz
ers (M cGlathery, 1995; Boyer et ah, 2004). Lurtherm ore, 
nu trien t increases are sometimes associated w ith coral 
inhibition (Koop et al., 2001) as well as coral diseases 
(Harveii et ah, 1999, 2002; Bruno et ah, 2003), and algal 
bloom s can serve as disease vectors (Nugues et ah, 2004). 
The sophisticated enrichm ent study (ENCORE) on a large 
and carefully controlled scale (Larkum  and Koop, 1997; 
Encore G roup, 2001) did no t produce supportive results 
because (1) am bient nu trien t levels w ithin the lagoon at 
One Tree Island are well above tipping-point concentra
tions th a t m ay be inhibitory to  some corals, while being 
m ore than  sufficient to  support luxurian t frondose m acro
algal grow th (Bell, 1992; L arkum  and Koop, 1997; Bell 
et ah, 2007) and (2) the test organism s were isolated on 
raised grids to  m easure grow th rates, precluding natural 
encroachm ent, overgrow th, or o ther com petitive inter
actions crucial to  testing the RD M . However, all increases 
in nu trien t levels did adversely affect coral reproduction  
(Koop et al., 2001). Additionally, several short-term  (< 4  
m onths) studies (Thacker et ah, 2001; Belliveau and Paul, 
2002; M iller et ah, 1999; M cC lanahan et ah, 2002) re
ported  lack of algal stim ulation following nutrien t enrich
m ent, further docum enting the low  am bient nu trien t con
centrations sustaining am ple algal grow th.

In contrast, tw o in situ experim ental studies con
ducted over longer time scales in healthy coral-reef settings 
(Smith et ah, 2001; Littler et ah, 2006a), in conjunction 
w ith natu ral successional and com petitive interactions,
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provided the m ost relevant causality data dem onstrating 
the im portance of both  nu trien t and herbivory influences; 
the present review builds on these findings. The paper by 
Lapointe (1997) was the first to pu t forth  a convincing 
case for the effectiveness of the R D M  in addressing harm 
ful algal bloom  issues on coral reefs. Additionally, highly 
diverse living m odel systems of coral-reef com m unities 
(i.e., mesocosms), operated for decades (Small and Adey, 
2001), clearly have dem onstrated th a t m inute increases 
in nitrogen and phosphorus reduce coral grow th (some
times causing substantial die-backs). Such self-contained 
systems require continuous rem oval of nutrients by algal- 
tu rf scrubbers or protein  skimmers in com bination w ith 
an abundance of fish and invertebrate grazers to  m aintain 
a high coral and algal diversity. The burgeoning aw are
ness of coral-reef degradation  w orldw ide (see G insburg, 
1994; chapters in Birkeland, 1997; G ardner et ah, 2003), 
particularly  from  coastal eutrophication (Bell, 1992; W in- 
dom , 1992; N ixon, 1995; Lapointe, 1997, 1999) and de
structive overfishing (Hughes, 1994; Jackson et ah, 2001), 
m akes this m anagem ent perspective relevant and oppor
tune (see Ligure 1).

A lthough harm ful m acroalgal bloom s on coral reefs 
have long been a ttribu ted  to  nu trien t enrichm ent and 
eutrophication (Littler, 1973; Banner, 1974; Johannes, 
1975; Smith et ah, 1981; Lapointe, 1997; Lapointe et ah, 
2005a, 2005b), some reef biologists have countered tha t 
such changes in benthic com m unity structure routinely 
result prim arily from  natu ral stochastic events (Precht et 
ah, 2005), overfishing of herbivorous fish stocks (Hughes, 
1994; Pandolfi et ah, 2003; Lesser, 2004), or loss of key
stone grazers, such as the long-spined sea urchin D iadem a  
antillarum  (Jackson et ah, 2001). A lthough generally sup
ported, these last observations are not typical of the m ajor
ity of grazer reduction experiments in extreme oligotrophic 
environm ents (see Lapointe, 1999), m ost of w hich have 
reported an expansion of small low -growing algal forms 
rather than  m acroalgal blooms (as predicted in Ligure 1). 
It is encouraging tha t the critical role of excess nutrients 
on coral reefs has begun to  receive attention in recent re
view papers (Scheffer et ah, 2001; Hughes et al. 2003; 
Bellwood et al., 2004; Pandolfi et al., 2005; Burkepile and 
Hay, 2006; M ora, 2008). Some scientists (e.g., Precht et 
al., 2005) dow nplay declining resilience issues, instead em
phasizing fundam ental stochastic factors such as upwell- 
ings, hurricanes, and cold fronts (see caption, Ligure 1). 
These occurrences represent unm anageable events from  
which coral reefs have recovered for millions of years, but 
no t in the presence of m odern hum an influences such as 
destructive overfishing and nutrien t pollu tion  (see M ora,

2008). There are strong interactions between catastrophic 
stochastic factors and the roles of herbivores and nutrients 
th a t strongly im pact reefs. Lor example, coral m ortality  
following hurricanes and coral bleaching events opens up 
large am ounts of new tw o-dim ensional space readily colo
nized by fast-grow ing algae. Such increases in productiv
ity and the area available for grazing hypothetically sati
ate the herbivore pressure over large areas, assum ing tha t 
na tu ra l herbivore populations have an upper lim it in the 
am ount of reef area th a t they can graze effectively (Wil
liams et ah, 2001; M um by, 2006). This diluted grazing 
pressure and reduction in suitable shelter could in tu rn  
lead to further increases in algal cover and a decline in the 
recovery capacity (i.e., resilience) of coral com m unities. 
Thus, stochastic processes are unquestionably im portan t 
factors in determ ining the trajectories of reef health  and 
in teract w ith the processes discussed herein.

To establish the baseline conditions and detect subse
quent changes, a com bination of environm ental, survey, in
ventory, and bioassay data are essential to  characterize and 
m onitor the am bient nutrient and herbivory environments 
and antecedent nutrient history of a given m anagem ent 
area. Valid and reliable data are the cornerstone needed 
to  prioritize am ong different m anagem ent strategies and 
m otivate the local populace and politicians/lawm akers to 
support and im plem ent the goals necessary for responsible 
m anagem ent. The R D M  provides a clear visual depiction 
th a t is easily understood and, therefore, can serve as a 
convincing illustrative aid. It is essential tha t assessment 
and m onitoring m ethods should be both  simple and rapid 
to  use. C hlorophyll a concentration (determ ined by fluo- 
rom etric or spectrophotom etric m ethods; see Bell and El- 
m etri, 1995) is an especially useful ancillary indicator of 
w ater colum n enrichm ent because phytoplankton  blooms 
can rapidly attenuate critical light energy while buffer
ing inorganic nu trien t pulses. Along w ith nu trien t levels, 
chlorophyll a serves as a valuable tipping-point indicator, 
where levels in excess of 0 .2 -0 .3  p.g L_1 indicate approach
ing overabundances of nutrients (Bell et ah, 2007).

W ater colum n nutrien t concentrations represent the 
net sum of in ternal cycling, algal assim ilation, and external 
inputs, relative to  m acroalgal grow th dem ands (Lapointe, 
1997), and therefore offer the m ost direct m ethod to  assess 
nu trien t excesses on any given coral reef. Consequently, a 
nu trien t threshold m odel based on nu trien t concentrations 
(rather than  on nu trien t fluxes) is no t only valid but is 
likely the best index of nu trien t status. Low -nutrient tip 
ping points, w here increasing nutrients reach hypotheti
cally critical levels tha t begin to  reduce recoverability from  
phase shifts (i.e., —1.0 p.M dissolved inorganic nitrogen
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[DIN] =  nitrogen: 0.014 ppm  N  or 0.040 ppm  N O 3 and 
—0.10 p.M soluble reactive phosphorus [SRP] =  phospho
rus: 0.003 ppm  P or 0 .007  ppm  P 0 4), have been broadly 
corroborated  (in developing the nu trien t threshold hypo th 
esis [NTH]; Bell, 1992; Lapointe et ah, 1993; Bell et ah,
2007) for sustaining m acroalgal overgrow th of seagrass 
beds and coral reefs. The physiological/kinetic basis for 
such low -nutrient tipping points is the hyperbolic M onod 
relation (D roop, 1985; Bell et ah, 2007), w hich is also sup
ported  by controlled, high-flux, continuous-culture labo
rato ry  experim ents (C aperon et ah, 1971 DeBoer et ah, 
1978; Lapointe and Tenore, 1981). In our experience, if 
m odern analytical instrum ents can detect m easurable n u 
trient levels, so can grow th-lim ited m acroalgae.

Additionally, a w ealth of in situ coral-reef studies car
ried out in areas characterized by nutrien t levels only m od
erately above the putative 0.1 p.M SRP and 1.0 p.M D IN  
tipping points (Larkum  and Koop, 1997; M iller et ah, 
1999; Thacker et ah, 2001) have reported  m inim al algal 
stim ulation following experim ental nu trien t enrichm ent, 
further docum enting the low  natu ra l nu trien t concentra
tions required for ample algal grow th and their w idespread 
applicability. Some corals can tolerate high levels of D IN  
and SRP; however, nu trien t tipping points no t m uch above 
the present analytical limits of detection represent levels 
of resource availability a t w hich resilience begins to  be re
duced (Scheffer et ah, 2001), such th a t stochastic or other 
disturbances and stresses can trigger coral-reef ecosystem 
shifts tow ard  sustained dom inance by m acroalgal stable 
states. M oreover, the m acroalgal overgrow th experim en
tally stim ulated (Smith et ah, 2001; Littler et ah, 2006b) 
in reduced-grazing/elevated-nutrient treatm ents dem on
strates th a t am bient nu trien t concentrations inhibitory to 
grow th under the natu ral turbulence levels found on coral 
reefs are similar to  those reported  above for other tro p i
cal m arine algae. It should be noted th a t the rem ote reef 
in the northw estern  H aw aiian  Islands studied by Smith et 
al. (2 0 0 1 ) had  nu trien t levels at or above the hypothetical 
levels needed to  sustain m acroalgal g row th (i.e., 1.1 p.M 
D IN  and 0.2 p.M SRP). This system, w ith its present lack 
of m acroalgae and dom inance by unbroken thickets of 
three branching and one massive coral species, m ay be the 
result of overcom pensation by intense grazing and, con
sequently, could be susceptible to  a future relative dom i
nance reversal.

Littler et al. (2006a: tbl. 1) give typical baseline her
bivorous fish assay and population  density data con
trasting natu ral Belize Barrier Reef sites of low  and high 
herbivory. Based on similar experim ents conducted w orld 
wide on coral reefs by a range of w orkers (Hay, 1984;

Lewis and W ainw right, 1985; Paul et ah, 1987; Sluka 
and Miller, 2001; Littler et ah, 2006a), Littler and Littler 
(2006 posited th a t less than  a six hour half-life (> 5 0 %  
m ean loss per 6  h for palatable algae) during a series of 
in situ, midday, assay periods is indicative of a healthy 
level of herbivory for the particu lar habitat(s) tested. H er
bivore abundances also should be enum erated by counting 
num bers of individuals (by species), from  m idm orning to 
m idafternoon th roughou t a typical day for w eather (Lit
tler et ah, 2006a, see their table 1 ), at fixed distances on 
either side of random  replicates of standardized transect 
lines. Video transects are quick; enum eration can be done 
later in the laboratory, and the videos provide a perm a
nent record of the target species (Littler et ah, 1986).

FUNCTIONAL INDICATOR G R O U P S

The fast grow th and turnover rates of fleshy algae 
com pared to  o ther reef organism s suggest their value as 
early-w arning indicators of reef degradation. Represen
tatives of ubiquitous algal form /function groups (from 
Littler and Littler, 2006) are increasingly encountered as 
dom inants on reefs, particularly  those subjected to  hum an 
activities (see Littler and Littler, 2006: fig. 2).

Reef-B uilding  C orals (C nidaria)

A predom inance of diverse corals and calcareous 
coralline algae are universally accepted as the m ost de
sirable com ponents of biotic reefs because of (1 ) their 
three-dim ensional architecture, w hich provides habitats 
for a m yriad of o ther reef organism s (largely responsible 
for m uch of the heterogeneity/high biodiversity), (2 ) their 
roles in producing the massive carbonate structure of 
reefs, and (3) their aesthetic qualities. The vertical struc
ture and horizontal canopies of branching forms allow  
abundan t populations of shade-dwelling crustose coralline 
algae to  co-occur. Reef-building corals, while preyed upon 
by a few om nivorous fishes and specialist invertebrates 
(e.g., crow n-of-thorns sea star), generally achieve dom i
nance under the top-dow n control of intense herbivory 
(Lewis, 1986; Lirm an, 2001) and extremely low  nutrient 
concentrations (Bell, 1992; Lapointe et ah, 1993). M as
sive corals are resistant to  grazing at the higher levels of 
herbivory (Littler et ah, 1989). H ard  m ound-shaped forms 
show  relatively little colony m ortality  under high grazing 
pressure, even though occasionally rasped by parrotfishes. 
Contrastingly, some delicately branched corals such as 
Porites porites are quite palatable and readily eaten by
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parrotfishes (e.g., Sparisoma viride-, Littler et al., 1989; 
M iller and Hay, 1998). N utrien t increases are sometimes 
associated w ith coral diseases (Harveii et ah, 1999, 2002; 
Bruno et ah, 2003). As m entioned earlier, num erous cor
als tolerate elevated nutrien t levels (A tkinson et ah, 1995; 
Steven and Broadbent, 1997; Bongiorni et ah, 2003), but 
their diversity suffers. Conversely, others are physiologi
cally inhibited by increases in n itra te  (e.g., M ontastrea an
nularis and Porites porites: M arubin i and Davies, 1996), 
am m onium  (e.g., Pocillopora dam icornis: Stam bler et ah, 
1991; M uller-Parker et ah, 1994), and orthophosphate 
(e.g., Porites compressa: Townsley, cited in Doty, 1969; 
P. damicornis and Stylophora pistillata: H oegh-G uldberg 
et ah, 1997). N utrien t inhibition of coral larval settlem ent 
also has been show n for Acropora longicyathis (W ard and 
H arrison, 1997). D uring the extensive EN C O R E program  
on H eron  Island, all increases in nu trien t levels adversely 
affected coral reproduction  (Koop et al., 2001).

M acroalgae

W ith an increase in nutrients, the grow th of harm 
ful fleshy algae is favored over th a t of the slower-growing 
but highly desirable corals (Genin et ah, 1995; M iller and 
Hay, 1996; Lapointe et ah, 1997), and the latter become 
inhibited by com petition for space and light, increased 
diseases, and physiological inhibition. O n healthy oligo
trophic coral reefs, even very low  nu trien t increases may 
exceed critical levels th a t can shift relative dom inances by 
stim ulating m acroalgal production  while inhibiting corals. 
As indicated earlier, large biomass, or standing stocks, of 
slow-growing perennial m acroalgae (e.g., rockweeds) can 
develop over time under low  inorganic nutrient concentra
tions (M cCook, 1999), and Sargassum  spp. can coexist 
w ith corals in oligotrophic w aters by utilizing particulate 
organic sources of nutrients (Schaffelke, 1999). Therefore, 
in this particu lar situation, large p lan t biomasses do no t 
necessarily indicate detrim entally abundan t dissolved n u 
trients. Lilam entous and frondose algae can outcom pete 
corals (Birkeland, 1977; but see M cC ook et ah, 2001), 
m any of w hich are inhibited under elevated nutrien t levels 
(reviewed in M arubin i and Davies, 1996). Last-growing al
gae are no t just opportunists tha t depend on disturbances 
to  release space resources from  established longer-lived 
populations but become the superior com petitors (Birke- 
land, 1977) w hen provided w ith sufficient nutrients. As a 
result, frondose m acroalgae as a group are now  generally 
recognized as harm ful to  the longevity of coral reefs be
cause of the linkage between excessive bloom s and coastal 
eutrophication (ECOHAB, 1997). Potential com petitive

dom inance of fast-grow ing m acroalgae is inferred from  
their overshadow ing canopy heights, as well as from  in 
verse correlations in abundances between algae and the 
other benthic producer groups (Lewis, 1986), particularly 
at elevated nutrient concentrations (Littler et ah, 1993; 
Lapointe et ah, 1997). M acroalgae, such as Halim eda  
spp., also gain com petitive advantage by serving as car
riers of coral diseases (Nugues et ah, 2004). The fleshy 
m acroalgal form -group has proven to be particularly  a t
tractive to  herbivores (see Hay, 1981; Littler et ah, 1983a, 
1983b) and only becomes abundan t w here grazing is de
creased or sw am ped by excessive algal grow th (chemically 
defended forms, e.g., C yanobacteria, are exceptions). Such 
overcom pensation by herbivory may explain some of the 
reported  cases (Crossland et ah, 1984; Szmant, 1997; 
Smith et ah, 2001) of specific corals surviving high-nutri
ent reef environm ents.

C rustose C oralline A lgae

The predom inant m embers of this indicator group, 
the coralline algae, tend to  be slow-growing, competitively 
inferior taxa abundan t in m ost reef systems (Littler, 1972). 
However, they span a spectrum  of m orphotypes from  thin 
sheet-like crusts to  thick massive pavem ents to  upright 
branched and colum nar coral-like heads th a t contribute 
to  both  cem entation and bulk. This functional group is 
highly resilient and is able to recover or restore the coral- 
reef system relatively m ore quickly, given th a t some crus
tose coralline algae chemically a ttrac t and facilitate the 
survival of coral larvae (H arrington et ah, 2004) whereas 
the other tw o algal functional groups inhibit larval settle
m ent. Because crustose corallines continually slough up
per surface layers, they play a key role, as do filter-feeding 
corals, in physically preventing the settlem ent and colo
nization of m any undesirable fleshy fouling organism s on 
coral reefs (Littler and Littler, 1997). Crustose corallines, 
because of their slow grow th rates, tolerate low  nutrient 
levels and generally are conspicuous, but no t dom inant, 
under low  concentrations of nutrients and high levels of 
herbivory (Littler et ah, 1991). Accordingly, they do well 
under both  low  and elevated nutrients; th a t is, m ost are 
no t inhibited by nu trien t stress and m any are m aintained 
com petitor free by surface cell layer shedding (Johnson 
and M ann, 1986), even at low er levels of grazing (Littler 
and Littler, 1997). Therefore, crustose coralline algae do 
no t require elevated nutrients, as m ight be inferred from  
the R D M  (Ligure 1); instead, their rise to  dom inance is 
largely controlled indirectly by the factors influencing 
the abundances of the o ther groups, prim arily corals and
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fleshy m acroalgae. The key poin t is th a t crustose corallines 
predom inate m ainly by default (i.e., under conditions of 
m inim al com petition), w here either corals are inhibited by 
elevated nutrients or fleshy algae are rem oved by intense 
herbivory. In independent co rroboration  of the herbivory 
portion  of the RD M , a gradient of frondose- to  turf- to 
coralline algal groups was closely correlated w ith escalat
ing herbivory on coral reefs (Steneck, 1989).

Low-G r o w in g  a nd  T urf A lgae

The tu rf algae are m ostly dense filam entous and low- 
grow ing frondose m embers of all four algal phyla and tend 
to  become dom inant under m inim al inhibitory top-dow n 
and stim ulatory bottom -up controls. D om ination by low- 
grow ing algae suggests desirably low  nutrien t levels but an 
inadequate herbivory com ponent. Their relatively small 
size and rap id  perennation  results in m oderate losses to 
herbivory at low  grazing pressures. They have opportunis
tic life history characteristics, including the ability to  m ain
tain  substantial nutrient uptake and grow th rates under 
low -nutrient conditions (Rosenberg and Ram us, 1984), 
and also contain an abundance of nitrogen-fixing Cyano
bacteria (Adey and Goertemiller, 1987; Adey, 1998) tha t 
can enrich o ther low -grow ing m em bers of the dense tu rf 
community. Algal turfs have been show n to be favored 
under reduced nutrient-loading rates (Fong et ah, 1987) 
or infrequent nu trien t pulses (Fujita et ah, 1988) and can 
form  extensive horizontal m ats.

DISCUSSION

This paper directly addresses the goals of an im pera
tive research agenda (ECOHAB, 1997) by providing a 
m anagem ent perspective and assessment strategies for the 
m echanisms th a t initiate and sustain harm ful blooms of 
algae th a t degrade coral-reef ecosystems. The com plex in 
teractions of herbivory and nutrients can change gradually 
w ith no apparen t effects to  induce subtle declines in resil
iency and recoverability of coral/coralline-dom inated reef 
systems (Scheffer et ah, 2001). As m entioned, these sys
tems then become vulnerable to  catastrophic im pacts by 
large-scale stochastic disturbances th a t typically trigger or 
accelerate such low-resilience reef systems (Scheffer et ah, 
2001; Bellwood et ah, 2004). M ost im portantly, recovery 
to  coral dom ination cannot occur unless tipping points are 
returned to healthy levels, and even then alternative stable 
states m ay persist. For exam ple, w hen catastrophic events 
selectively elim inate the longer-lived organism s in favor of

early-successional fleshy algae (Littler and Littler, 1984), 
the settlem ent of coral planulae is prevented and the algae 
persist as com petitively superior states (Birkeland, 1977; 
Lewis, 1986). For completeness, we also po in t out the ob
vious devastating effects of toxic spills, carbonate mining, 
land-fill, and sediment inundation, some of which also are 
associated w ith nutrient pollution and algal blooms.

Because of global-scale degradation of coral-reef eco
systems (Ginsburg, 1994; W ilkinson, 1999), it is im por
tan t to  obtain  relevant inform ation on tipping points for 
bo th  top-dow n herbivory (relatively fast acting, acute) and 
bottom -up nutrient controls (slower acting, chronic), both 
of w hich are reem phasized. As the first approxim ation, we 
posit th a t on a healthy reef system, herbivore abundances 
and diversity should be high, and palatable test plants 
should show  at least a 50%  m ean loss per six hours (i.e., 
< 6  h half-life) during a series of m idday in situ assays. 
Table 1 in Littler and Littler (2006 summarizes baseline 
assay and critical fish population  data of this sort for two 
natu ra l coral-reef zones of low  and high herbivory.

N u trien t threshold points (where increasing w ater 
colum n nutrients reach critical resilience levels such tha t 
they reduce recovery from  phase shifts) have been widely 
postu lated  (as —1.0 p.M D IN  and —0.10 p.M SRP [NTH]; 
Bell, 1992; Lapointe et ah, 1993; Bell and Elmetri, 1995) 
for potential m acroalgal overgrow th of coral-reef com m u
nities. As m entioned earlier, a further useful tipping-point 
indicator is w ater colum n chlorophyll a, where levels in 
excess of 0 .2 -0 .3  p.g L_1 also indicate detrim ental over
abundances of nutrients (Bell and Elmetri, 1995).

C O N C LU SIO N S

Assessment protocols for determ ining and m onitoring 
the status of any given coral reef are suggested: these in 
clude (a) herbivore population  assessments, (b) herbivory 
assays, (c) w ater colum n nu trien t levels, and (d) standing 
stocks of functional indicator groups. These m easure
m ents can reveal quantitative tipping-point levels beyond 
w hich resilience to and recovery from  undesirable phase 
shifts begin to  become critically reduced. Tipping-point 
approxim ations are reviewed and posited both  for inor
ganic nutrients and for herbivory.

This review specifically addresses the relatively acute 
top-dow n effects of herbivory and the m ore chronic 
bottom -up effects of nu trien t enrichm ent on critical indi
cato r groups of benthic prim ary producers: reef-building 
corals, crustose coralline algae, dense tu rf algae, frondose 
m acroalgae, and herbivore associates.
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A predominance of massive corals and calcareous coral
line algae relative to frondose macroalgae and low-growing 
algae indicates a healthy spatially heterogeneous condition 
reflecting low nutrients and high herbivory. W ith a few ex
ceptions, an abundance of frondose macroalgae illustrates 
the least desirable condition of elevated nutrient levels and 
reduced herbivory, possibly reflecting eutrophication in 
concert w ith destructive herbivore fishing practices. A high 
coverage of coralline algae suggests healthy high herbivory 
levels but also suggests problems with elevated nutrients that 
may be inhibitory to some corals. Dom ination by dense low- 
growing and turf algae indicates desirably low nutrient lev
els but also suggests an inadequate herbivory component.

From  a m anagem ent perspective, levels of herbivory 
and herbivore populations and of nutrients rank  am ong 
the m ost useful quantitative indicators of coral-reef re
silience and recoverability, whereas the degree of health, 
degradation, and m ortality  are inferred by the relative 
abundances of functional indicator groups.

The bioassay and indictor group m onitoring ap 
proaches provide pow erful perspectives and essential 
m easurem ent criteria to enable resource m anagers to  p ro 
tect coral reefs and sim ilar coastal systems from  eu tro 
phication, destructive overfishing, and in itiation of harm 
ful algal bloom s. H um an population  grow th has always 
been accom panied by changes in land and sea use and 
by increased exploitation of natu ral resources, attitudes 
th a t continue to  cause broad  alterations in the structure 
of coral-reef com m unities. Unless curbed, anthropogeni- 
cally induced phase shifts will expand geographically at 
an accelerated pace. However, solutions are available, 
w hich include the use of M arine Protected Areas, banning 
of destructive fishing practices (e.g., trapping, poisoning, 
blasting, netting), and regulations protecting keystone her
bivorous fish species (e.g., parrotfish, surgeonfish) from  
m arket exploitation. Fisheries controls m ust be backed up 
by strategies to  regulate the effects of pollu tion  along w ith 
an in ternational com m itm ent to  reduce the emission of 
greenhouse gases and, finally, the im plem entation of long
term  strategies to  reduce or stabilize the ultim ate cause of 
all these stressors, the w orld ’s hum an population  grow th.
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Impacts of Human Disturbance on Soil 
Erosion Potential and Habitat Stability of 
Mangrove-Dominated Islands in the Pelican 
Cays and Twin Cays Ranges, Belize

Karen L. McKee and William C. Vervaeke

ABSTRACT. The Mesoamerican Barrier Reef System (MBRS) is the longest unbroken 
reef in the Western Hemisphere and contains hundreds of mangrove-dominated islands. 
These islands provide critical habitat supporting marine biodiversity and create a self- 
sustaining system that counterbalances sea-level rise. Undisturbed mangrove islands 
build vertically through accumulation of organic m atter (peat), which forms a strong, 
erosion-resistant matrix. Clear-cutting and dredging activities for development of tourist 
resorts, fishing camps, and “improved land” for resale, however, threaten mangrove- 
dominated islands and adjacent seagrass and coral reef assemblages. Effects of mangrove 
disturbance were examined on four islands in the designated marine preserves of Twin 
Cays and the Pelican Cays, Belize. Mangroves were clear cut (1.0-6.2 ha), and marine 
sediment was dredged from nearby reef flats and seagrass beds to raise land elevations 
to support beach vegetation and buildings. Removal of mangroves and especially addi
tion of dredged fill significantly altered soil characteristics and decreased shear strength 
and aggregate stability of soil surfaces. Deep cores collected at both island ranges also 
revealed underlying deposits of peat (1.5-10.8 m thick), which influence local land sub
sidence. Although infilling with dredged material temporarily raised elevations, the in
exorable subsidence of peat through natural processes of compaction and decomposition 
and sea-level rise will ultimately submerge such areas. O ur findings thus show that soil 
erosion potential is increased and that long-term stability of islands may be compromised 
by mangrove clearing and dredging activities. Degradation of key biophysical compo
nents and critical habitat will ultimately impact ecotourism activities that depend on a 
healthy, natural environment.

INTRODUCTION

Karen L. McKee and William C. Vervaeke, U.S. 
Geological Survey, National Wetlands Research 
Center, 700 Cajundome Boulevard, Lafayette, 
Louisiana 70506, USA. Corresponding author: 
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Persistence of oceanic m angrove islands is dependent upon m aintenance of 
soil elevations relative to  sea level. M angrove-dom inated islands can counter
balance rising seas by accum ulating organic m atter (mangrove-derived peat), 
which gradually builds land vertically (McKee et ah, 2007a). In addition, biodi
versity of intertidal and subtidal ecosystems in the Caribbean Region is dependent 
upon the presence of mangroves because a num ber of marine species are exclusively 
associated w ith the mangrove habitat (Ellison and Farnsw orth, 1992; Goodbody, 
2000; Taylor, 2000; Rocha et ah, 2005). M angroves also serve as nurseries for 
m any reef fish and other marine organisms (M umby et ah, 2004). Consequently,

mailto:karen_mckee@usgs.gov
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changes in m angrove extent may have a cascading effect 
on hab ita t stability and capacity to keep pace w ith sea- 
level rise, as well as on m arine biodiversity, in regions w ith 
m angrove-dom inated islands and adjacent seagrass and 
coral reef assemblages.

The M esoam erican Barrier Reef System (MBRS) off 
the coast of Belize, C entral America, contains hundreds 
of m angrove islands in association w ith extensive seagrass 
beds and coral reefs (w w w .m brs.org.bz; accessed 11 June
2008). Unfortunately, clear-cutting of insular m angroves 
has greatly accelerated in Belize and  other locations in 
recent years for developm ent of tou rist resorts, fishing 
cam ps, and “ im proved lan d ” for resale (K. L. McKee, 
personal observation). Even if such areas are ultim ately 
abandoned  and allow ed to  recover, recolonization by 
m angroves m ay be extrem ely slow, if it occurs a t all. For 
exam ple, a site on Twin Cays, an island range th a t was 
clear cut in 1992, is slowly recovering, bu t regenerating 
m angroves are still sparse and  have taken  15 years to 
reach sapling size (—1-2 m  tail) (McKee et ah, 2007b). 
In addition to  rem oval of m angroves, bo ttom  sediments 
are dredged from  adjacent seagrass beds and reef flats and 
pum ped onto cleared m angrove areas to  raise elevations 
sufficiently to  support beach vegetation and buildings. 
This type of disturbance thus destroys m ultiple ecosys
tems, w hich require m any years for recovery. In the in 
terim , there may be additional consequences from  the loss 
of hab ita t stability and increased erosion.

The specific objectives of this study were to  assess the 
potential for changes in soil erosion and hab ita t stability 
on m angrove islands subjected to  clear-cutting and dredg
ing activities. The w ork focused on the designated m a
rine preserves of Twin Cays and the Pelican Cays ranges, 
w hich have been highlighted as critical hab ita t for m arine 
biodiversity in the region (M acintyre and Rützler, 2000; 
M acintyre et ah, 2004a).

STUDY SITE

The MBRS is the longest unbroken reef in the Western 
Hemisphere and extends 220 km  from  the southern part 
of the Yucatan Peninsula to  the Bay Islands of H onduras. 
Two m ain areas where clear-cutting and filling of mangrove 
islands has occurred were studied: Twin Cays and the Peli
can Cays. Twin Cays, which consists of tw o larger and two 
smaller islands, is located in the central part of the barrier 
reef system and about 2 km  west of the reef crest (Figure 1). 
The Pelican Cays archipelago is located 21 km  south of Twin 
Cays and contains multiple m angrove-dom inated islands

(Figure 1). Twin Cays and the Pelican Cays ranges have been 
a m ajor focus of m angrove research by the Smithsonian In
stitution (M acintyre and Rützler, 2000; M acintyre et ah, 
2004a). These m angrove islands are far from  the mainland, 
and peat cores contain no terrigenous sediment (Cameron 
and Palmer, 1995; McKee and Faulkner, 2000; Purdy and 
Gischler, 2003; M acintyre et ah, 2004b). The only source of 
freshwater is rainfall, and the entire landform  is intertidal 
(mean tide range [neap] =  0.2 m). The vegetation on undis
turbed  islands is dom inated by R hizophora m angle F. (red 
m angrove), which is the m ost com m on m angrove species 
in the C aribbean Region. The area has been im pacted by 
num erous hurricanes and tropical storm s.

Twin Cays occurs in the C entral Province of the bar
rier reef (16°50 'N , 88°06 'W ) (see Figure 1). M angrove 
com m unities were established at Twin Cays about 8,000 
years ago on the Pleistocene surface of the Belize Barrier 
Reef Platform  w hen it was flooded during the H olocene 
Transgression (M acintyre et ah, 2004b; Purdy and Gisch
ler, 2003). Deep deposits of peat (as m uch as 11 m  thick) 
have developed as Twin Cays accreted vertically w ith 
rising sea level (M acintyre et ah, 2004b; McKee et ah, 
2007a). Cores collected th rough these deposits indicate 
th a t the prim ary means of vertical land m ovem ent is accu
m ulation of m angrove organic m atter (mostly ro o t m atter) 
(McKee et ah, 2007a). At Twin Cays, five areas ranging in 
size from  0.1 to  6.2 ha have been cleared and elevations 
raised by infilling w ith dredged m aterial, beginning in the 
early 1990s and continuing until the present; small fish
ing camps consisting of one or m ore buildings have been 
established. O ur study targeted the largest site on East Is
land th a t was clear cut and filled in 1995.

The Pelican Cays occur in the south central lagoon 
o f the reef system (16°39 .8 'N , 88°11.5 'W ). H ere, m an
groves have developed as part of a com plex netw ork of 
coral ridges th a t surround deep circular ponds (M acintyre 
et ah, 2000). There are several m angrove cays, including 
N ortheast Cay, F isherm an’s Cay, M anatee Cay, C at Cay, 
Ridge Cay, Avicennia Cay, Co Cat Cay, the Bird Cays, and 
several unnam ed smaller cays. M angroves established at 
the Pelican Cays only w ithin the past 1,000 years (M ac
intyre et ah, 2000; M cKee et ah, 2007a) bu t have accum u
lated deposits of peat as m uch as 1.5 m  thick (McKee and 
Faulkner, 2000). D isturbance at the Pelican Cays began in 
the m id-1990s w ith m angrove clearing on N ortheast Cay. 
Aerial surveys conducted in April 2006 show ed disturbed 
areas on N ortheast Cay, Co C at Cay, and Ridge Cay, and 
a follow-up survey in April 2007 showed new areas of 
m angrove clearing and dredging at M anatee Cay and Fish
erm an’s Cay (I. C. Feller, personal com m unication).

http://www.mbrs.org.bz
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MATERIALS A N D  METHODS

Experimental D esign

Sampling of Pelican Cays and Twin Cays was con
ducted during M ay 2008. The sampling design was a split- 
p lot in which the m ain plot was disturbance type (fixed 
effect) and the subplot was spatial position relative to the 
shoreline (fixed effect). Two disturbance levels were desig
nated: undisturbed and disturbed. Undisturbed, reference 
areas exhibited no visible signs of hum an activity. Disturbed 
areas were characterized by removal of mangroves by clear- 
cutting followed by deposition of dredged m arine sediment. 
Islands w ith a disturbed area of this type were identified 
initially by aerial photography. Four islands were selected 
for soil sampling based on disturbance history and acces
sibility: one in the Twin Cays range (East Island) and three 
in the Pelican Cays range (M anatee, Fisherm an’s, and Ridge 
Cays). Extent of natural and disturbed areas at each study 
location was estimated from  satellite imagery (Tandsat 7, 
M ay 2008; http://landsat.usgs.gov) and aerial photographs 
(April 2006, 2007; I. C. Feller, unpublished) and confirmed 
by ground-truthing (M ay 2008).

At each island, tw o transects were established per
pendicular to  the shoreline and traversing the island to  a 
distance of 100 m  inland. O ne transect was located in the 
disturbed area and the o ther in an adjacent undisturbed 
forest. Fourteen to  sixteen sam pling stations were prese
lected along each transect in a stratified-random  design; 
th a t is, tw o to  four stations occurred w ithin each of five 
intervals (0-10 , 11-30, 3 1 -5 0 , 5 1 -7 0 , and 71 -100  m 
from  the shoreline). In the disturbed areas, some portions 
were no t clear cut (but m ay have been buried by dredged 
fill) o r were clear cut and rem ained free of dredged fill; 
these zones were sam pled as well. The reference transect 
originated along the same shoreline and was oriented in 
the same direction as the disturbed transect, although the 
length was no t always the same (as a consequence of vari
ation in island configuration). Each island was considered 
to  be a replicate block.

At each sam pling station, percent cover of herbaceous 
vegetation and m angrove canopy was estim ated visually. 
The following soil variables were m easured: bulk density, 
texture, shear strength, organic m atter content, particle 
size d istribution, and aggregate stability (as described be
low). A surface core (30 cm depth) was also collected at 
each disturbed island to  determ ine the thickness of dredged 
m aterial. Also, deeper cores were collected at one island at 
Twin Cays (West Island) and one undisturbed island in the 
Pelican Cays (Cat Cay) to  determ ine the stratigraphy and 
com position of deposits beneath these islands.

A nalyses 

Soil S h ear  Strength

Soil shear strength was determ ined w ith a Torvane de
vice (H -4212 1, H um bolt M anufacturing Company, D ur
ham  Geo-Enterprises), w hich measures the to rque required 
to  shear or deform  the soil (M cGinnis, 1997). Soil strength 
was m easured at the soil surface, and the only selective 
criterion was flatness, because the Torvane required a flat 
or nearly flat surface for accurate m easurem ents. Five rep 
licate m easurem ents were m ade at each sam pling station 
and averaged.

Soil A g g r e g a te  Stabili ty

D uplicate soil cores (2 cm diam eter X 10 cm long) 
were collected at each station. The cores were carefully 
extruded onto  a board, and the upper 1 cm was severed 
w ith a knife, providing a to ta l soil volum e of 3.14 cm 3 per 
sample. O ne core was used for stability testing and the 
other was placed into a Z iplock bag for determ ination of 
soil bulk density and texture (described below).

Soil aggregate stability  w as determ ined based on a 
m odification  of s tan d ard  m ethods (Angers and M ehuys, 
1993; H errick  et ah, 2001) to  better assess the substrates 
(peat, m arine sedim ent) and  the types of erosive forces 
(waves, currents) typical of the m angrove h ab ita t. In the 
field, cores w ere p laced in collection boxes, w hich p ro 
tected  them  from  d isturbance until processing. Because 
the soils in this study w ere na tu ra lly  m oist to  sa tu ra ted , 
sam ples w ere no t dried  before m easurem ent. Each core 
w as transferred  to  a sieve (#20 m esh, 850 pm) and gen
tly low ered in to  a con ta iner of w ater, then  scored as to  
in itia l s truc tu ra l integrity. The core w as then  gently agi
ta ted  by repeated  dipping (five tim es) in w ater and again 
assessed. In itial stability  (based on slaking or d isin tegra
tio n  of the core) was scored as 0 (soil too  unstable to  
sam ple), 1 (50%  of stru c tu ra l in tegrity  lost upon  im 
m ersion  or less th an  10%  of soil rem ained  on sieve after 
five dips), 2 (1 0 % -2 5 %  of soil rem ained), 3 (2 5 % -7 5 %  
of soil rem ained), or 4 (7 5 % -1 0 0 %  of soil rem ained). 
A fter in itial assessm ent, 200 mL w ater w as poured  over 
the sam ple; the  m ateria l rem aining on the sieve and  th a t 
w ashed  th ro u g h  the sieve (including the p o rtio n  from  
the in itia l assessm ent) was transferred  to  separate  bags 
for drying and  w eighing. Samples w ere oven dried at 
60°C for 24 h and  w eighed. The percent by w eight of 
m ateria l re ta ined  on the sieve w as calculated . These tw o 
m easures w ere designated as S tability Index  1 and  2, 
respectively.

http://landsat.usgs.gov
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Soil W a ter  C on ten t, Bulk D ensity, a n d  Texture

At the laboratory, the soil was weighed wet, dried at 
60°C to constan t mass, and reweighed to  determ ine m ois
ture content (percent w ater in soil sample). D ry bulk den
sity was calculated by dividing the dry mass by the vol
ume (g cm -3 ). The dried soil was ashed at 550°C for 6 h 
to  determ ine m ineral mass after organic loss on ignition. 
Percent organic m atter content was calculated as 100 m i
nus the percent ash. Particle size d istribution  (PSD) was 
determ ined (only for m ineral sediments) based on a m i
cropipette m ethod (Burt et ah, 1993). Subsamples (three 
or four) collected w ithin each zone along a transect were 
com bined to provide sufficient mass for PSD.

P eat C oring

Deep cores were collected to  the po in t of refusal w ith 
a R ussian peat corer, w hich extracts uncom pressed cores 
in sections 0.5 m  long (McKee et ah, 2007a). At Twin 
Cays, seven cores were collected across a transect travers
ing W est Island (west to  east) to  depths to  10.8 m. At Cat 
Cay, nine cores were similarly collected, but the m axim um  
depth was 1.5 m  because the peat layer was thinner. A 
deep core was also collected at M anatee Cay (disturbed 
area). Each core was extracted and transferred to  a half
section of polyvinyl chloride (PVC) pipe, w rapped w ith 
plastic w rap, and refrigerated until processing. At the field 
station, each core section was logged, photographed, and 
thicknesses of m ajor strata m easured. Subsamples were 
taken at intervals of approxim ately 10 cm and washed

on a 1 m m  m esh sieve; p lant fragm ents were identified to 
species using a key as described previously (McKee and 
Faulkner, 2000). At all d isturbed sites, shallow  cores (5 cm 
diam eter X 30 cm deep) were collected w ith a piston corer 
to  determ ine the thickness of the dredged fill.

RESULTS

G eneral O bservations

Targe areas of Twin Cays, F isherm an’s Cay, M anatee 
Cay, and Ridge Cay were clear cut (Table 1), and m arine 
sedim ent had  been dredged from  a nearby reef flat and 
pum ped to  the island interior. Scars on the seafloor were 
visible from  the air (Figure 2), show ing th a t large areas 
(0.6 to  1.0 ha) of reef flat had  been disturbed. The m an
grove areas disturbed at these four study sites varied from  
1.0 to  6.2 ha, accounting for up to  34%  of the m angrove 
area per island (Table 1). In m ost cases, the w oody de
bris from  clear-cutting had been burned and only stumps 
rem ained to  m ark the past presence of m angrove trees. 
All four disturbed sites had  received varying am ounts of 
dredged m arine sediment th a t had created a relatively flat, 
hom ogeneous landscape of dry, highly reflective, inorganic 
substrate (Figure 3). The dredged m aterial varied in depth 
from  12 to 25 cm and contained coral, shells, and sand 
th a t indicated the m arine origin of the m aterials. All the 
sites exam ined at the Pelican Cays were filled w ith m aterial 
dredged from  nearby reef flats, as evidenced by the pres
ence of carbonate sand (Halimeda  spp.), shells, and coral 
fragm ents. At Twin Cays, the dredged fill was com posed of

TABLE 1. Summary of natural and disturbed mangrove areas at two island ranges: Twin Cays (East 
and West) and Pelican Cays (Manatee Cay, Fisherman’s Cay, and Ridge Cay). A dash (-) indicates data 
were not obtained.

Twin Cays Pelican Cays

Measurement East Island West Island M anatee Cay Fisherman’s Cay Ridge Cay

Total island area (ha) 41.4 17.6 1 2 . 6 24.3 3.4
Undisturbed area (ha)

Natural ponds 9.8 2 . 0 4.3 6 . 2 0 . 1

Mangrove 28.7 13.0 6.3 11.9 2.3
Disturbed area (ha)

Clear-cut only 1 . 2 1.4 - - -

Clear-cut + filled 1.7 1 . 2 2 . 0 6 . 2 1 . 0

Percent disturbed area
Island 7% 14% 16% 26% 29%
Mangrove only 9% 17% 24% 34% 30%
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FIGURE 2. Aerial photograph of Fisherman’s Cay and Manatee Cay in April 2007 showing mangrove areas 
that were clear cut and filled with marine sediment dredged from an adjacent reef flat (indicated by red circle 
and arrow pointing to white filled area on the cay). (Photograph by I. C. Feller.)

quartz sand, indicating a m ainland origin. W ith the excep
tion  of a narrow  fringe of uncut trees and occasionally a 
Ione tree, no m angrove canopy rem ained in these disturbed 
areas. In some cases, dredged m aterial had  buried the aer
ial roots of in tact trees along some shorelines, and these 
trees had  subsequently died (Figure 4). At all d isturbed 
sites, m angrove associates (Conocarpus erectus) and com 
m on coastal beach species were present, bu t to tal cover 
was low  (<  10% ). The m ost com m on herbaceous species 
included Batis m aritim a  T., Sesuvium  portulacastrum  (T.) 
T., Distichlis spicata (T.) Greene, Paspalum distichum  T., 
Salicornia virginica T., Spartina spartinae (Trin.) M err. ex 
A. S. H itchc., Rhabdadenia biflora (Jacq.) M uell.-Arg., 
Cyperus spp., Ipom oea pescaprae ssp. Brasiliensis (T.) van 
Ooststr., Ageratum  littorale Gray, and Typha  sp. In unveg
etated areas, a biological crust of unidentified com position 
had  sometimes form ed a thin surface layer on top  of the 
dredged fill.

In contrast, the reference sites contained in tact m an
grove canopy (dom inant species =  R. m angle  w ith  sub
dom inants =  Avicennia germinans (T.) T. and Lagun

cularia racemosa  (T.) G aertn. f.), low  herbaceous cover 
(< 5 % ; m ost com m only B. m aritim a ), and undisturbed 
substrate th a t was dark  in color, saturated  w ith water, and 
com posed of live and dead m angrove roots and other or
ganic matter. A bundant aerial roots o f in tact m angrove 
vegetation (prop roots and pneum atophores) form ed an 
interlacing netw ork th a t contribu ted  to  the overall struc
tu ra l integrity of the reference areas and also served as sub
strate for a variety of epiphytes and epibionts. The forest 
floor was usually covered by algal-m icrobial m ats (Rho
dophyta, C hlorophyta, C yanophycota, Bacillariophyta), 
typical of m angrove forests in this region (K. T. McKee, 
unpublished data).

S urface S oil C haracteristics and  Er o sio n  Potential

M ajor differences in surface soil characteristics and 
poten tia l for erosion occurred betw een reference and 
disturbed areas (Table 2). The surface soil of reference 
forests was peat com posed of a m atrix  of live and dead 
m angrove roots, filam entous algal-m icrobial m ats, and
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FIGURE 3. Views of disturbed (upper panels, A and B) and reference (lower panels, C and D) areas showing 
detail of soil surfaces. A circular quadrat in panel D (0.1 m2) provides scale.

trapped  organic m atter th a t retained its structural integ
rity even w hen disturbed by sam pling. Bulk density was 
low  (0.17 g cm -3 ), and  w ater (68% ) and  organic contents 
(60% ) were high. Despite its organic nature , the reference 
soil (peat) had  high shear strength  (overall m ean, 0.084 
kg cm2), w hich varied little spatially (Figure 5). Core sam 
ples retained their shape and  show ed little or no slaking 
upon im m ersion in w ater (Stability Index 1 =  3.98) and 
little loss of m aterial upon repeated agitation  (Stability 
Index 2 =  87% ). W hen stability indices were p lo tted  as 
x - y  coordinates, the reference sites grouped together, in 
dicating little difference am ong islands (Figure 6).

In contrast, the surface soil in disturbed areas was 
com posed of inorganic carbonate particles derived p ri
m arily from  calcareous algae (Halimeda  spp.), coral frag
ments, and shells (PSD showed tha t > 9 0 %  of the mass 
was sand or larger particles). This m aterial had a high bulk 
density (0.72 g cm -3) and low  w ater content (30% ) and 
organic content (9% ). Soil shear strength (0.044 kg cm 2) 
in disturbed areas was low er overall com pared to  refer
ence areas and varied spatially (see Figure 5). Aggregate 
stability was lower overall (Stability Index 1 =  2.14, Sta

bility Index 2 =  47% ), and differed am ong island loca
tions (see Figure 6). M any cores were friable and readily 
disintegrated w hen disturbed mechanically. W here vegeta
tion  or biological crusts had  developed on the dredged 
m aterial, the shear strength was higher, but aggregate sta
bility rem ained low; th a t is, cores typically did no t retain 
their integrity and exhibited a high degree of slaking in 
water. The mass retained on the sieve was com posed of 
particles greater than  1 m m  in diam eter (Halimeda  chips, 
coral fragm ents, shells). Shear strength increased overall 
w ith increasing distance along some disturbed transects 
because of the absence of dredged fill at in terior stations 
w here the old peat surface rem ained exposed (e.g., Twin 
Cays). In such cases, the exposed peat substrate retained 
high shear strength and high aggregate stability despite the 
rem oval of the m angroves.

Peat Stratigraphy

M angrove islands in the Twin Cays and Pelican Cays 
ranges were underlain by deposits of peat, varying in 
m axim um  thickness from  1.5 m  (Cat Cay and M anatee
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(' dredge m aterial

Live Fringe Dead Fringe

FIGURE 4. Red mangrove trees along the shoreline of disturbed areas: some trees died as a result of burial 
with dredged fill (right).

Cay) to more than 10 m (Twin Cays) (Figure 7). At Cat 
Cay, a series of cores traversing the island showed that peat 
thickness was greatest on the southern, leeward side and 
decreased toward the northern, windward shore. Botanical 
m atter in the peat consisted predominately of mangrove 
roots with fragments of leaves and wood. Beneath the peat

layer was sand and/or coral. Deeper peat layers were domi
nated by R. mangle, whereas upper layers (0-50 cm) in 
the island interior contained remains of A. germinans. At 
Twin Cays, cores across an east-west transect were 7.5 to 
10.8 m thick, with two of the cores reaching the limestone 
platform underlying this range. These cores also consisted

TABLE 2. Summary of analysis of variance ( ANOVA) results for soil characteristics. The main plot factor (disturbance) was 
within-subject error (island); subplot factor (spatial position) and interactions were tested with residual error. Values are 
significance: "P = 0.05, " P  = 0.01, '" '"P  = 0.001, ■’■’■’■’P = 0.0001, ns = not significant.

tested with 
the F ratio;

Aggregate stability Vegetative cover

Source Shear Bulk Organic Water
of error strength Index 1 Index 2 density matter content Herbaceous Mangrove

Disturbance 50.24**** 180.0**** 86.4**** 184.0**** 353.2**** 350.0**** 6.78* 191.3****
Island (block) 6.23*** 7.01**** 1.93ns 212**** 5.52** 2.42 ns 7.80**** 7.95****
Position 1.36 ns 4.85** 3.53** 1.23 ns 0 . 6 8  ns 3.02* 1.87 ns 1 9 9  ns
Disturbance X position 5.70*** 3.95** 1 .2 ' ’" ' 6.58**** 2.82* 8.67**** 1.70 ns 1.59 ns
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FIGURE 5. Spatial variation in soil shear strength (A), organic matter (B), bulk density (C), and water content 
(D) in reference (squares) and disturbed (circles) mangrove areas. Values are the mean ± SE (note some SE 
bars are smaller than the symbols).

of mangrove peat, predominately R. mangle. In the is
land interior, surface layers of A. germinans peat varied 
in thickness from 50 to 100 cm, similar to the pattern ob
served at Cat Cay.

D ISCU SSIO N

The MBRS is a unique and valuable resource to the 
Central American countries of Belize, Honduras, and 
Guatemala (www.mbrs.org.bz; accessed 11 June 2008). 
Destruction of mangrove islands has rapidly accelerated 
in this system as a result of attempts to transform these 
sensitive and fragile habitats into environments more at
tractive to tourists. Because there are few sand-based 
islands underlain by shallow limestone platforms and

suitable for development, mangrove-dominated islands 
have been targeted for conversion. In addition to the two 
ranges included in this study (Pelican Cays, Twin Cays), 
other mangrove ranges in the vicinity also have undergone 
similar mangrove clearing and filling (e.g., Blue Ground 
Range, Tobacco Range, Coco Plum) (K. L. McKee, per
sonal observation). Survey lines found during this study 
indicate plans for further development at many of these 
island ranges.

Effects o f  M angrove Removal 
and  D redged F ill o n  Er osion

Although the direct and indirect effects of mangrove 
clear-cutting and marine dredging are many and varied, our 
study focused on the specific consequences for erosion and

http://www.mbrs.org.bz
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FIGURE 6. Aggregate stability of soils from reference sites (closed 
symbols) and disturbed mangrove areas (open symbols) at Twin 
Cays (diamond), Fisherman’s Cay (square), Manatee Cay (triangle), 
and Ridge Cay (circle). Stability indices (mean ± SE) are based on 
maintenance of soil structure upon immersion in water (Index 1) and 
percent of soil retained on a 850 pan sieve (Index 2). Probability el
lipses (90% confidence curves) are drawn for each group.

long-term loss of elevation. Removal of mangroves and 
alteration of the soil surface by dredged fill significantly 
altered the potential for erosion and substrate stability at 
Twin Cays and the Pelican Cays. The natural substrate in 
undisturbed mangroves comprised a strong matrix com
posed of living and dead fibrous roots as well as filamen
tous algae, which formed mats on the soil surface. This 
material was extremely resistant to shearing and retained 
its integrity even when repeatedly agitated by submersion 
in water (see Figure 6). Although some interior areas con
tained natural deposits of flocculent material (e.g., micro
bial mats) that were soft and friable, they were underlain by 
solid peat. Work in other locations, such as the Bay Islands 
of Honduras, found similarly high resistance of mangrove 
peat soils to shearing (McKee and McGinnis, 2002; Cahoon 
et ah, 2003). These results demonstrate the high resistance 
to soil erosion afforded by intact mangrove peat.

Removal of mangroves by clear-cutting did not by itself 
appear to have an immediate effect on soil shear strength 
or aggregate stability in the areas sampled. In a few cases, 
clear-cut areas that were not covered by dredged material

were encountered during surveys (e.g., at Twin Cays), and 
here shear strength was equal to that in reference areas; 
these were all areas that had been previously occupied by 
R. mangle and had only been altered by removal of trees. 
Similarly, some mangrove areas in the Bay Islands of H on
duras killed by Hurricane M itch retained shear strength 
up to two years following mortality because of the strong 
m atrix of R. mangle roots forming the peat substrate (Ca
hoon et ah, 2003). However, those areas that had been 
dominated by Avicennia germinans lost soil integrity and 
collapsed following mortality of the trees. Eventually, 
however, the lack of live roots and algal mats may lead 
to loss of shear strength wherever mangroves have been 
removed.

A review of sediment burial effects on mangroves sug
gests that some species are more sensitive and may suffer 
mortality when subjected to excessive rates of sedimen
tation (Ellison, 1998). We also found that live trees (R. 
mangle) exposed to dredged fill often died—presumably 
the result of smothering of aerial roots. This outcome was 
particularly evident where a narrow  (<10 m wide) fringe 
of trees was left intact along the shoreline and the dredged 
material overflowed into this zone (see Figure 4). In cases 
where the shoreline tree zone was wider (20-30 m), there 
was a higher survival. W ithout a protective mangrove buf
fer along the shoreline, these islands may rapidly erode. 
Observations at older sites (Twin Cays) showed rapid 
shoreline retreat (up to 0.3 m per year) where mangroves 
had been removed in 1992 (McKee et ah, 2007b).

Lo n g -Term C o n seq u en c es  for  Island Stability

Oceanic islands are generally vulnerable to distur
bance because of their low-lying position and potential for 
submergence as well as exposure to tropical storms, hur
ricanes, and tsunamis that generate strong erosive forces. 
Mangrove islands in the MBRS have developed and built 
vertically over thousands of years through deposition of 
peat derived from mangrove organic m atter (McKee and 
Faulkner, 2000; McKee et ah, 2007a). This process occurs 
in the intertidal zone where abundant mangrove roots are 
produced and accumulate biomass because of their slow 
decomposition in the anaerobic environment (Middle
ton and McKee, 2001). Other biogenic processes include 
formation of algal and microbial mats on the soil sur
face (intertidal and subtidal) and carbonate sand formed 
from calcareous algae (subtidal) in mangrove ecosystems 
(McKee et ah, 2007a; McKee, unpublished data). Growth 
of mangrove root-algal mats and other biofilms not only 
contributes to vertical accretion but also stabilizes islands
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struction of vegetation history. Radiocarbon dates (calendar years before present [Cal YBP]) are based 
on previous work (McKee et al., 2007a).
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by trapping and consolidating organic and inorganic sedi
ment that is deposited.

To persist, such oceanic islands must accrete verti
cally to counterbalance both sea-level rise and local rates 
of subsidence, which vary depending on geomorphology, 
isostacy, and tectonic movements. Mangrove-dominated 
islands have the capacity to self-adjust to subsidence and 
sea-level rise through peat formation. Previous work has 
shown that mangrove islands in Belize and other Caribbean 
areas have kept up with changing sea level for thousands 
of years through the slow accumulation of mangrove roots 
and other organic material and that vertical building rates 
are determined by the health and productivity of the m an
grove community (McKee and Faulkner, 2000; Middleton 
and McKee, 2001; McKee et ah, 2007a). Peat subsidence 
rates determined at Twin Cays in vegetated areas averaged 
7 mm year-1 (McKee et ah, 2007a). Similar rates of sub
sidence were found in the Bay Islands, Honduras (Cahoon 
et ah, 2003). Island subsidence combined with eustatic rise 
in sea level (3.5 mm year-1; Rahmstorf, 2007) means that 
the relative rise in sea level in this area is at least 10.5 mm 
year-1 (assuming negligible deep subsidence). On undis
turbed cays with intact mangroves, vertical building from 
peat accumulation should maintain surface elevations 
within the intertidal zone, unless sea-level rise accelerates 
beyond the capacity of the system to compensate.

Removal of mangroves by clear-cutting eliminates the 
main mechanism of peat formation and also may alter the 
environmental conditions necessary for the survival of al
gal and microbial mats that contribute to sediment trap
ping and resistance to erosion. Cays disturbed by m an
grove clearing and dredged fill deposition will continue to 
subside, but peat formation will cease. Even if these areas 
become revegetated with coastal beach vegetation, peat 
cannot form because of oxidizing conditions (caused by the 
higher elevations) and lack of the primary peat builder—R. 
mangle. Although disturbed island surfaces have been tem
porarily raised by dredged fill, the inexorable subsidence of 
underlying peat and rising seas will lead to submergence. 
At current rates of peat subsidence and sea-level rise, the el
evation gain from dredging will be offset within 20 years.

Implications for  S ustainable Ecotourism

The Caribbean Region, and in particular the MBRS, is 
a major destination for “eco-tourists,” who are attracted 
to the tropical climate, clear waters, and abundant marine 
life (Uyarra et ah, 2005; Diedrich, 2007). A prerequisite 
for sustainable ecotourism is maintenance of a pristine 
natural environment and protection of all biophysical 
components necessary for healthy ecosystems and habitat

stability (Casagrandi and Rinaldi, 2002). Unregulated eco
tourism enterprises threaten the very features that under
pin this industry and, in addition, lead to the degradation 
of natural resources essential to the livelihood of citizens 
(e.g., sport and commercial fisheries) (Burger, 2000; Haii, 
2001). Although “charismatic” ecosystems such as coral 
reefs receive much attention by conservationists and tour
ism regulators (Diedrich, 2007), less emphasis is placed 
on mangroves. The mangrove destruction occurring in 
the Belize reef system likely reflects a general mispercep
tion that the land beneath mangrove-dominated islands is 
stable, as well as a failure to recognize mangroves as es
sential components contributing to habitat stability and 
marine biodiversity—which is what attracts eco-tourists 
in the first place (Uyarra et ah, 2005).

Our work suggests that the alterations occurring on 
mangrove islands in the MBRS are inconsistent with sus
tainable ecotourism. In their natural state, mangroves 
build a peat substrate that is resistant to erosion and 
counterbalances subsidence and sea-level rise. In fact, this 
dynamic peat-building process has allowed mangrove is
lands such as Twin Cays to persist for the past 8,000 years 
(Macintyre et ah, 2004a, 2004b; McKee et ah, 2007a). 
Attempts to convert mangrove islands to sand islands, 
with white beaches and coconut palms, will ultimately 
fail because the underlying peat subsidence and rising seas 
will eventually prevail. Filling with marine sediment tem
porarily raises elevations, but without repeated dredging, 
eventually these cleared areas will become submerged, 
ultimately reducing the total land area of islands in the 
MBRS.

Aerial roots of mangroves additionally provide one of 
the few natural hard substrates for growth of many marine 
organisms in the MBRS (Ellison et ah, 1996; Goodbody, 
2000; Macintyre et ah, 2000) and also create a permeable 
barrier that dampens wave energy, decreasing shoreline 
erosion (Alongi, 2008). Toss of mangrove fringes directly 
decreases the abundance of marine organisms dependent 
on mangrove roots for substrate as well as that of reef 
species dependent on the mangroves as nurseries (Mumby 
et ah, 2004). Although the direct and indirect effects of 
dredging on reef flats and seagrass beds were not exam
ined in this study, these effects are likely to be substantial, 
given the sensitivity of such systems to disturbance and 
sedimentation (Nugues and Roberts, 2003; Erftemeijer 
and Tewis, 2006).

Future work should examine the long-term conse
quences of human activities on the resilience of mangrove 
islands to global change and the contribution of m an
groves to terrestrial and marine biodiversity and fishery 
productivity. In addition, cost-benefit analyses of m an
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grove clearing and dredging and the consequences for 
sustainable ecotourism should be conducted to provide 
economic rationales for conservation and management of 
mangroves and associated habitats.
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An Overview of Symbiont Bleaching 
in the Epiphytic Foraminiferan
Sorites dominicensis

Susan L. Richardson

ABSTRACT. Populations of Sorites dominicensis, an epiphytic foraminiferan that pos
sesses dinoflagellate endosymbionts (Symbiodinium ), were sampled from seagrass m ead
ows located in Florida and Belize and surveyed for evidence of bleaching. Symbiont 
bleaching was first documented in S. dominicensis populations in the Indian River La
goon, Florida, in August 2003. Subsequent surveys indicated high rates of bleaching in 
August 2004, followed by a near eradication of the epiphytic foraminiferal population as 
a result of the 2004-2005 hurricane seasons. Two contrasting sites in Belize, seagrass beds 
on the reef flat at Carrie Bow Cay and in Boston Bay, Twin Cays, were surveyed in 2005 
and 2006. High rates of bleaching characterize the S. dominicensis populations living on 
turtle grass on the reef flat off Carrie Bow Cay, although freshwater runoff from summer 
storms during the rainy season may trigger localized bleaching events. M oderate rates of 
bleaching were also observed in S. dominicensis populations in Florida Bay in July 2007. 
Symbiont bleaching in S. dominicensis appears to be triggered by multiple environmental 
factors: increased water temperatures, high levels of irradiance, and influx of freshwater 
during storm events. Seasonal summer bleaching events may leave already compromised 
S. dominicensis populations vulnerable to periodic disturbance by hurricanes.
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Sorites dominicensis Ehrenberg, 1839, is one of several living foraminiferal 
species that are host to algal endosymbionts (Hallock, 1999; Lee et ah, 1979). 
Benthic foraminiferans with algal symbionts occur in several different clades 
(Soritacea, Alveolinacea, Nummulitacea, Calcarinidae, and Amphisteginidae) 
and are widely distributed in shallow-water, tropical to subtropical reef-associated 
marine ecosystems (Langer and Hottinger, 2000). As a group, foraminiferans 
host a diverse array of endosymbionts, most of which are microbial eukary
otic taxa, including stramenopiles (diatoms and chrysophytes), unicellular rho- 
dophytes, unicellular chlorophytes, and alveolates (dinoflagellates) (Lee, 2006; 
Hallock, 1999). Cyanobacterial endosymbionts have also been isolated from 
two different soritid taxa collected from the Red Sea and the Great Barrier Reef 
(Lee, 2006). Foraminiferans with photosymbionts possess enhanced calcifica
tion rates, as well as endogenous sources of nutrition (algal photosynthates) 
that allow them to allocate more of their energy resources to cell growth and

mailto:richards@fau.edu
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maintenance (Lee, 2006; Hallock, 1999; Duguay, 1983; 
Kremer et al., 1980; Lee and Bock, 1976). The algal endo
symbionts presumably benefit from the mutualism as well, 
gaining access to nutrients that are scarce in oligotrophic 
environments and to refuge from predation (Lee, 2006; 
Hallock, 1999).

The mutalistic association of Sorites and other taxa in 
the more inclusive foraminiferal clade Soritida, with dino- 
flagellate endosymbionts in the Symbiodinium  clade, is 
of particular interest to the marine biological community 
because this clade comprises the zooxanthellae in stony 
corals, soft corals, gorgonians, anemones, jellyfish, bivalve 
mollusks, nudibranchs, sponges, and ciliates (Baker, 2003; 
Douglas, 2003; Glynn, 1996). Originally considered to be 
a single pandemic species that was symbiotic with a broad 
range of marine taxa, Symbiodinium microadriaticum  is 
now known to be part of a more inclusive and genetically 
diverse clade composed of eight major subclades, identified 
by the letters A -H  (Pochon and Pawlowski, 2006; Coffroth 
and Santos, 2005; Baker, 2003; Rowan, 1998; Rowan and 
Powers, 1991, 1992). Symbiodinium  symbionts from fo
raminiferal hosts are found in clades C, D, F, G, and H, 
with clades F and H  being composed almost exclusively of 
Symbiodinium  isolated from soritid foraminiferans (Garcia- 
Cuetos et ah, 2005; Pochon and Pawlowski, 2006; Paw
lowski et ah, 2001; Pochon et ah, 2001, 2004, 2006; Ro- 
driguez-Lanetty, 2003). Although there is relatively high 
specificity between Symbiodinium  clades F, G, and H  and 
Foraminifera, there appears to be very little congruence 
between host and symbiont phylogenies, indicating that 
coevolution has not taken place, at least not at the taxo
nomic levels sampled to date (Garcia-Cuetos et ah, 2005; 
Pochon and Pawlowski, 2006; Pawlowski et ah, 2001; Po
chon et ah, 2001, 2004, 2006). Although DNA sequences 
have not yet been obtained from the endosymbionts of ei
ther the Belizean or Indian River Lagoon populations of 
Sorites dominicensis, Symbiodinium  sequences from Flor
ida Keys specimens fall within either clade F (subclade F4) 
or H  (Garcia-Cuetos et ah, 2005; Pochon and Pawlowski, 
2006; Pochon et ah, 2006). In all phylogenies published 
to date, clade H, the dominant phylotype isolated from 
the Florida Keys, branches as the sister group to clade C, 
a clade that is widely distributed in the Indo-Pacific, and 
exhibits more sensitivity to bleaching than the other Sym
biodinium  clades (Garcia-Cuetos et ah, 2005; Pochon and 
Pawlowski, 2006; Pawlowski et al. 2001; Pochon et al., 
2001, 2004, 2006; Rowan, 1998, 2004).

The morphological characteristics of Symbiodinium  
symbionts isolated in culture from specimens of Sorites 
dominicensis collected from the Florida Keys have been

described by Lee et al. (1979, 1997). Symbionts are dis
tributed throughout the foraminiferal cytoplasm, with the 
highest densities occurring in the intermediate chambers 
and the lowest densities occurring in the outer chambers 
where the digestive vacuoles are concentrated (Richard
son, 2006; Müller-Merz and Lee, 1976). Similar to other 
species of foraminiferans, S. dominicensis is multinucle
ate and possesses two different types of nuclei: generative 
nuclei that participate in reproduction only, and vegeta
tive nuclei that are transcriptionally active and coordinate 
the day-to-day activities of the cell (Müller-Merz and Lee, 
1976). In S. dominicensis, the generative nuclei are local
ized in the central initial chambers of the test (external 
shell), which are the chambers with the lowest densities of 
dinoflagellates, whereas the transcriptionally active foram
iniferal nuclei are distributed throughout the cytoplasm 
in regions with the high symbiont densities (Müller-Merz 
and Lee, 1976).

Estimates of symbiont population size per cell vary 
depending on the methodology employed (Richardson, 
2006; Doyle and Doyle, 1940). Doyle and Doyle (1940) 
estimated the population of dinoflagellates in a 2-mm 
sized individual of S. dominicensis to be approximately 
1.6 X IO4 using light microscopy. In contrast, confocal 
microscopy of a 2-mm sized individual of S. dominicensis 
collected from Jupiter Sound yielded an estimated 4 X 
IO3 dinoflagellates, equivalent to a density of 1.27 X IO5 
endosymbionts cm-2 of cytoplasm (Richardson, 2006) 
(Figure 1). Hemacytometer estimates of endosymbiont 
densities in live individuals of S. dominicensis collected 
from Jupiter Sound indicate that symbiont densities range 
from 6.1 X IO2 to 4.8 X IO5 dinoflagellates cm-2, with an 
average of 6.5 X IO4 dinoflagellates cm-2 (n = 85, ct = 7.9 
X IO4, ct2 = 6.2 X 109) (Ross and Richardson, unpub
lished data). Endosymbiont populations linearly increase 
with test size: the average number of symbionts per foram 
iniferal cell is estimated to be 1,469 (n = 85, s = 2,919, 
s 2 = 8,523,907) for an individual with a test diameter of 
1.42 mm (n = 85, s = 0.62, s 2 = 0.39) (Ross and Rich
ardson, unpublished data).

Live individuals possess a dark yellowish-brown col
oration to their cytoplasm as a result of the dense popula
tions of Symbiodinium  in each cell (Figure 2). In healthy 
individuals, the coloration is evenly distributed through
out the test, except for the outer chambers, which appear 
colorless because of the low density or absence of endo
symbionts from the zone of cytoplasm where digestion 
takes place (Figure 2). The distinctive coloration of the fo
raminiferal cytoplasm makes it easy to recognize bleached 
or mottled individuals, as described below.
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FIGURE 1. Confocal image of live individual of Sorites domini
censis from Jupiter Sound, Florida. The foraminiferal test is sub
divided into hexagonal chamberlets. The dinoflagellate endosym
bionts are most densely packed into the intermediate chambers. 
Scale bar = 200 pan.

FIELD OBSERVATIONS O F BLEACHING 
IN SORITES DOM INICENSIS

Symbiont bleaching has been observed in field surveys 
of epiphytic foraminiferal populations from Florida (In
dian River Lagoon and Long Key, Florida Keys) and Be
lize (Carrie Bow Cay and Twin Cays). Bleaching in Sorites 
dominicensis was first documented in epiphytic popula
tions attached to Thalassia testudinum  (turtle grass) grow
ing in Jupiter Sound in August 2003 and August 2004, 
followed by field surveys of populations in Belize in July 
2005 and July 2006. Bleaching was also observed in epi
phytic populations of S. dominicensis surveyed from the 
Florida Keys in July 2007 (Richardson, unpublished data). 
Although each of the collecting sites studied hosts seagrass 
meadows dominated by T. testudinum, each locality is 
subject to different physical factors (salinity, temperature, 
water clarity, and subaerial exposure), as well as differing 
levels of anthropogenic impact. Detailed descriptions of 
the field sites in Florida and Belize are given by Richardson 
(2006). Although experimental studies of bleaching in S. 
dominicensis have yet to be carried out, field observations

indicate that symbiont bleaching may occur in response to 
a number of environmental stressors, including increased 
water temperature, freshwater influx, subaerial exposure 
during extreme low tides, and periodic disturbance by 
hurricanes.

F ield M ethods

Only epiphytic specimens of the foraminiferan Sorites 
dominicensis that were attached to blades of the seagrass 
Thalassia testudinum  were examined in the studies described 
below. Blades of T. testudinum  were harvested by wading or 
snorkeling. Seagrass leaves were removed at the base of the 
blade, submerged in seawater in a Ziploc bag, and stored in a 
cooler until return from the field. Both sides of each seagrass 
blade were examined for the presence of epiphytic forami
niferans using a binocular dissecting microscope (Leica M5). 
All specimens of the species S. dominicensis were removed 
from the blade using a fine paintbrush or dental pick, mea
sured, and stored on cardboard microslides for additional 
study and reference material. The cytoplasmic condition 
(healthy, pale, mottled, totally bleached) and reproductive 
state (nonreproductive, presence of brood chambers, pres
ence of embryos in brood chambers, or postreproductive)

FIGURE 2. Live specimens of Sorites dominicensis from Belize, Cen
tral America. The two individuals in the upper part of the image 
show patches of bleached cytoplasm. Note that all specimens, except 
for the individual in the lower left, possess few, if any, endosymbi
onts in the outer two or three chambers. The specimen in the lower 
left is a reproductive individual preparing to undergo multiple fis
sion. The specimen on the upper right is approximately 2 mm in 
diameter.



4 3 2  • S M I T H S O N I A N  C O N T R I B U T I O N S  TO T H E  M A R I N E  SCI ENCES

of each specimen were noted. Specimens were measured 
using an optical micrometer calibrated to a stage microm
eter. Micrographs of representative individuals (healthy, 
mottled, and bleached) were taken using a Nikon Coolpix 
camera with an M Cool (M artin Optics) phototube.

Live individuals were recognized by their distinctive 
cytoplasmic coloration as described below, and/or by the 
presence of pseudopodial arrays emanating from around the 
periphery of the protist’s test. Bundles of bifurcating pseu
dopodia in live individuals are usually covered with a light 
dusting of fine-grained sediment, giving the specimens a star
shaped appearance. Individuals were recorded as having 
healthy cytoplasm if the cytoplasm possessed an evenly dis
tributed, yellowish-brown coloration (see Figure 2). Individ
uals were recorded as having a mottled cytoplasm if the cy
toplasm contained white-colored patches, interspersed with 
yellowish-brown sections of cytoplasm (Figure 2). Mottled 
individuals contained patches of white cytoplasm that were 
visible on both sides of the disk-shaped test. Specimens were 
recorded as being totally bleached if the test was completely 
white. The tests of postreproductive individuals, that is, in
dividuals that had undergone reproduction by multiple fis
sion, were not included in the tallies of bleached specimens. 
Postreproductive tests are easily distinguished from bleached 
tests by the presence of fragmented brood chambers, undis
seminated embryos, and clusters of dispersed juveniles in 
close proximity to the parental test. It is assumed that few, if 
any, of the totally bleached tests had undergone gametogen- 
esis, as microspheric tests (tests formed by syngamy) have 
never been observed in any of the populations of this species 
surveyed by the author.

W ater T emperature and  Bleaching

Studies conducted at both the Jupiter Sound and Belize 
sites indicate that elevated water temperature, or a combina
tion of elevated water temperature and subaerial exposure, 
can induce symbiont bleaching in S. dominicensis. Bleach
ing was first observed in the Jupiter Sound populations in 
2003 during August (Table 1), when water temperatures 
are typically at their maximum, often reaching extremes as 
high as 31°C (RiverKeeper Data, Loxahatchee River Dis
trict). A relatively low abundance of bleached individuals 
was recorded in late July 2004; however, a resampling of 
the site a few weeks later in August indicated that the in
cidence of bleaching had risen 14 fold (Table 2). In July 
2004, water temperatures recorded at the Jupiter Sound site 
ranged from 30° to 3 1°C between 1:00 p m  and 3:30 p m  dur
ing an extremely low spring tide that resulted in the subaer

TABLE 1. Relative abundance of bleached individuals of Sorites 
dominicensis from Jupiter Sound, Florida, during August 2003 
(n = total number of tests examined).

Percent of tests

2 Aug 2003 12 Aug 2003
Test condition (n = 580) (n = 147)

Mottled cytoplasm 1 .0 % 1 .0 %
White cytoplasm 15% 1 2 %
Total bleached 16% 13%

ial exposure of major portions of the seagrass bed. No water 
temperature data are available for Jupiter Sound in August 
2004, although the water was uncomfortably hot to the 
touch at the time of collection (Richardson, unpublished). 
Bleaching was undetectable in surveys of the S. dominicensis 
populations conducted at other times of the year in both 
2003 and 2004 (Richardson, unpublished data).

In Belize, water temperatures were recorded using 
HOBO Tidbit (Onset) submersible temperature loggers 
deployed for three days in July 2005. One logger was de
ployed on the reef flat at Carrie Bow Cay and the other in 
Boston Bay, Twin Cays. The range of water temperatures 
recorded for both sites are listed in Table 3 and Figure 3. 
Although the overall mean temperatures were identical for 
both sites (s = 32°C), the reef flat off Carrie Bow Cay 
experienced a wider range of temperatures (29°-40°C), 
with higher maximum temperatures recorded during the 
late afternoon and lower minimum temperatures recorded 
at night (Figure 3; Table 3). Correspondingly, the rate of 
bleaching recorded from the reef flat at Carrie Bow Cay 
was almost five times higher than that observed in Bos-

TABLE 2. Relative abundance of bleached individuals of Sorites 
dominicensis from Jupiter Sound, Florida during July and Au
gust 2004 (n = total number of tests examined).

Percent of tests

Test condition
29 Jul 2004 19 Aug 2004 
(n = 446) (n = 14)

Mottled cytoplasm 
White cytoplasm 
Total bleached

2.0% 29% 
0 % 0 % 

2.0% 29%
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TABLE 3. Characteristics of two collecting sites in Belize.

Characteristic Carrie Bow Cay Twin Cays

Water depth 
Exposure 
Water clarity 
Water movement
Temperature range (1-4 July 2005)

<0.5 m 
Exposed during low tides 

Very clear 
Swift current 

30°-35°C

1.0 m 
Subtidal

High tannins and mangrove detritus 
Sheltered with slower current 

29°-40°C

ton Bay, Twin Cays (Table 4). Although the water tem
peratures recorded in Boston Bay, Twin Cays, were not 
as extreme as those recorded off Carrie Bow Cay, they 
still were higher than the HotSpot (28.9°C) and bleaching 
(HotSpot + 1°C) thresholds derived by NOAA/NESDIS 
for Glovers Reef (Opishinski, 2006). The same sites were 
resurveyed in July 2006, and the incidence of bleaching 
on the reef flat at Carrie Bow Cay was observed to be 11 
times higher than the incidence of bleaching recorded in 
Boston Bay, Twin Cays, which exhibited almost negligible 
levels of bleaching (Table 5).

Freshwater Influx and  Bleaching

In July and August 2006, continued sampling of the 
Carrie Bow Cay and Twin Cays field sites in Belize yielded 
results that indicate that symbiont bleaching in S. domi
nicensis can also be triggered by an influx of freshwater 
during storm events. In July 2006, field collections were 
suspended during a three-day period of intense rain then 
restarted after the storms subsided. After the rainstorms, 
the incidence of bleaching recorded at both sites rose in 
all three categories (pale cytoplasm, mottled cytoplasm,
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FIGURE 3. Water temperature variations on the reef flat at Carrie Bow Cay and in Boston Bay, Twin Cays, 
Belize, as measured at noon and every 2.5 hours thereafter during 1-4 July 2005.
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TABLE 4. Relative abundance of bleached individuals of Sorites 
dominicensis from two localities in Belize during July 2005 (n = 
total number of tests examined).

Percent of tests

Test condition
Carrie Bow Cay Boston Bay, Twin Cays 

(n = 797) (n = 685)

Mottled cytoplasm 
White cytoplasm 
Total bleached

4.3% 2.5% 
14% 1.5%
19% 3.9%

and white cytoplasm) (Table 6). Although bleaching on 
the reef flat at Carrie Bow Cay was slightly higher than 
the prestorm levels (11% vs. 8.1%), the total poststorm 
incidence of bleaching in Boston Bay was observed to be 
more than 65 times higher than that observed just a few 
days earlier (Table 6). Although the waters in Boston Bay 
are normally of open ocean marine salinities, during heavy 
rains and slack tides cold, brackish water drains off H id
den Take in the Twin Cays and empties into Boston Bay 
through Hidden Creek (Rützler et al., 2004). Interestingly, 
juveniles were disproportionately impacted by the bleach
ing event: 34 of 60 of the tests with white cytoplasm ap
peared to be individuals from the same brood (Table 6).

TABLE 5. Relative abundance of bleached individuals of Sorites 
dominicensis from two localities in Belize during July 2006 (n = 
total number of tests examined). All specimens were collected 
before a three-day period of intense rain.

Percent of tests

Carrie Bow Cay, Boston Bay, Twin Cays,
21 Jul 2006 23 Jul 2006

Test condition (.n = 62) (n = 349)

Pale cytoplasm 0% 0%
Mottled cytoplasm 3.2% 0.29%
White cytoplasm 4.8% 0%
Total bleached 8 .1 % 0.29%

TABLE 6 . Relative abundance of bleached individuals of Sorites 
dominicensis from two localities in Belize during July and Au
gust 2006 (n = total number of tests examined). All specimens 
were collected after a three-day period of intense rain.

Percent of tests

Carrie Bow Cay, Boston Bay, Twin Cays, 
1 Aug 2006 27 Jul 2006

Test condition (n = 132) (n = 369)

Pale cytoplasm 1.5% 0.27%
Mottled cytoplasm 0.76% 2.4%
White cytoplasm 8.3% 16% a
Total bleached 11% 19%

a Of 60 individuals, 34 were juveniles from the same brood.

IMPACT OF HURRICANES A N D  RECOVERY

Seasonal bleaching events cause increased mortality in 
S. dominicensis, resulting in compromised populations that 
are more sensitive to periodic disturbance by hurricanes. 
M onthly surveys in 2001, 2003, and 2004 indicate that 
S. dominicensis populations normally plummet in the late 
summer, stay low throughout the winter, and eventually 
recover and bloom the following spring in late April and 
M ay (Richardson, unpublished data). In September 2004, 
the Jupiter Sound site was traversed by two hurricanes, 
Jeanne and Frances (Beven, 2005; Lawrence and Cobb,
2005). The Jupiter site was situated in the south eyewall 
for both storms, and experienced high winds and storm 
surges and extensive freshwater inundation. Dark, cloudy, 
turbid water continued to characterize the site for several 
months following the hurricanes. Other impacts included 
loss of shading because of downed trees and overgrowth 
of the seagrass by cyanobacterial blooms. The entire epi
phytic foraminiferal community at the Jupiter Sound site 
was impacted by the 2004 hurricane season (Richardson, 
unpublished data). Initially, a dramatic reduction in species 
diversity and abundance was observed, with two species 
comprising 92% of the community in April and May 2005. 
By August 2005 the community had rebounded to 2001 
levels of species diversity and density, with the exception 
of the apparent local eradication of S. dominicensis (Rich
ardson, unpublished data). Sorites dominicensis is the only 
species at this site to possess photosynthetic endosymbi
onts and thus is sensitive to the reduced transmission of 
light in the water column that resulted from the months of 
increased turbidity following the 2004 hurricanes.

In October 2005, Jupiter Sound was impacted by 
Hurricane Wilma (Pasch et ah, 2006), although this time 
the region experienced the high winds of the north eye-
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TABLE 7. Relative abundance of bleached individuals of Sorites 
dominicensis from Jupiter Sound, Florida, 4 April 2008, as de
termined from examination of 446 tests.

Test condition Percent of tests (n = 446)

Pale cytoplasm 5.9%
Mottled cytoplasm 7.8%
White cytoplasm 9.8%
Total bleached 24%

wall of the storm. Individuals of S. dominicensis were not 
recovered from the Jupiter Sound site until the summer of 
2007 and did not reach their pre-hurricane densities until 
April 2008 (Richardson, unpublished). A survey of 446 
individuals of S. dominicensis, collected in April 2008, 
yielded a high incidence of bleached individuals (24% to 
tal), an unusual event for the spring (Table 7). The trigger 
for this event is unknown; the rainfall during this period 
was below average as the region was experiencing an ex
tended seasonal drought. It is also not known whether the 
population recovered through the reproduction of relict 
populations of S. dominicensis that survived the hurri
canes of 2004 and 2005 or whether the site was repopu
lated through immigrants transported by the Gulf Stream 
from the Florida Keys and/or the Caribbean.

DISCU SSIO N

The results from the field studies described above doc
ument the occurrence of bleaching in Sorites dominicensis, 
a dinoflagellate-bearing foraminiferan, and delineate some 
of the environmental stressors that trigger bleaching. As 
has been observed in corals, bleaching in epiphytic speci
mens of S. dominicensis may be triggered by multiple en
vironmental factors, such as increased irradiance during 
subaerial exposure at low tide, increased water tempera
tures, influx of freshwater runoff during storm events, and 
catastrophic disturbance during hurricanes. The symp
toms of bleaching in S. dominicensis include decrease in 
intensity of coloration (pale appearance), the patchy loss 
of cytoplasmic coloration (mottled appearance), and the 
total loss of cytoplasmic coloration (white tests). Symbi
ont bleaching in S. dominicensis can be distinguished from 
the loss of cytoplasmic coloration that occurs during the 
process of reproduction through multiple fission as the 
symbiont-rich cytoplasm moves from the central region of 
the test to the periphery where the brood chambers and

embryos will form. Studies are currently underway to link 
qualitative observations of bleaching in S. dominicensis to 
quantitative studies of symbiont density in bleached speci
mens using staining techniques that differentiate necrotic 
or apoptotic algal cells.

The relatively high water temperatures recorded on the 
reef flat at Carrie Bow Cay in July 2005 are not unusual 
for tropical seagrasses, which may experience annual fluc
tuations in seawater temperatures ranging from 19.8° to 
41°C (Campbell et ah, 2006). Unusually high water daily 
temperatures (40°-43°C) have been recorded in seagrass 
beds growing in shallow water off Papua New Guinea 
(Fred Short, University of New Hampshire, personal com
munication, January 2006). In addition to high tempera
tures, tropical seagrasses growing in shallow-water pools 
in the intertidal zone are subject to desiccation, extremely 
high levels of photosynthetically active radiation, and high 
levels of ultraviolet radiation (Campbell et ah, 2006; Du- 
rako and Kunzelman, 2002).

Although the underlying mechanisms of bleaching in 
S. dominicensis are unknown, it is hypothesized that sev
eral of the proposed mechanisms for bleaching in corals 
may function in foraminiferans as well, such as reduced 
efficiency of photosystem II resulting from increased ir
radiance (Venn et ah, 2008; Smith et ah, 2005), and the 
production of damaging reactive oxygen species via several 
different pathways (Lesser, 2006; Smith et ah, 2005).

Soritid foraminiferans have the potential to serve as a 
model system for bleaching, the need of which was recently 
emphasized by Weis et al. (2008). N ot only do S. domini
censis and other soritids possess Symbiodinium  endosym
bionts that are closely related to the zooxanthellae in corals 
and other metazoans, but the small size of S. dominicensis 
facilitates investigation of symbiont bleaching in hospite, 
using methods such as in situ hybridization, immunofluo
rescence, and other imaging techniques. Future research 
will focus on developing culture methods for S. domini
censis and on exploring cytological methods that will fa
cilitate the visualization of the cell processes underlying the 
bleaching response in foraminiferans.
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ABSTRACT. Coral m ortality has increased in recent decades, making coral recruitment 
more im portant than ever in sustaining coral reef ecosystems and contributing to their 
resilience. This review summarizes existing information on ecological factors affecting 
scleractinian coral recruitment. Successful recruitment requires the survival of coral off
spring through sequential life history stages. Larval availability, successful settlement, 
and post-settlement survival and growth are all necessary for the addition of new coral 
individuals to a reef and ultimately maintenance or recovery of coral reef ecosystems. As 
environmental conditions continue to become more hostile to corals on a global scale, 
further research on fertilization ecology, connectivity, larval condition, positive and nega
tive cues influencing substrate selection, and post-settlement ecology will be critical to 
our ability to manage these diverse ecosystems for recovery. A better understanding of 
the ecological factors influencing coral recruitment is fundamental to coral reef ecology 
and management.
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Coral reefs are facing unprecedented human impacts and continuing acute 
and chronic threats that can impact community structure (Nyström et ah,
2000). Their ability to resist such changes or to recover from them defines their 
“resilience” (sensu Holling, 1973). Unfortunately, coral reef ecosystems can be 
resilient in either the more desirable coral-dominated phase or in the less desir
able algal-dominated phase (Hughes et ah, 2005). Although we know much 
about what causes undesirable “phase shifts” (Done, 1992; Hughes, 1994; 
Pandolfi et ah, 2005), we know relatively little about what drives coral com
munity recovery (Connell, 1997).

Scleractinian corals are uniquely im portant to coral reef ecosystems as 
ecosystem engineers that structure the habitat (Jones et ah, 1994, 1997). The 
abundance of live coral drives key ecological processes in the wider coral reef 
community, such as providing recruitment habitat for reef fish, lobsters, and 
sea urchins (Lee, 2006; M umby and Steneck, 2008). In the past 30 years, the 
percent cover of live coral has decreased on a global scale (Gardner et ah, 2003; 
Bruno and Selig, 2007), raising the question: How can we increase the number 
of corals in these ecosystems for recovery?

mailto:williams@si.edu
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Larval settlement (when they first attach to the ben
thos) and subsequent survival (recruitment) are processes 
that can control marine population dynamics (Gaines and 
Roughgarden, 1985; Doherty and Fowler, 1994; Palma et 
ah, 1999). Although corals can reproduce clonally (Fau- 
tin, 2003; Baums et ah, 2006), recruitment resulting from 
sexual reproduction is the primary means of recoloniza
tion for most species (Connell et ah, 1997) and adds ge
netic variation to coral populations, which may increase 
survival of a species. Coral settlement followed by subse
quent recruit survival and growth maintains coral popula
tions and is necessary for coral reef recovery. For this cycle 
to occur on any given reef, larval survival and recruitment 
are dependent on a sequence of three phases: (1) larval 
availability, which integrates gamete production, fertil
ization success, and connectivity; (2) settlement ecology, 
which relates to larval condition and substrate selection 
behavior; and (3) post-settlement ecology, including sub
strate-specific survival and growth (Figure 1).

This review summarizes existing information on eco
logical factors affecting scleractinian corals during these 
first three phases of their life, covering the period from

gamete release to juvenile coral colonies (typically de
scribed as < 40  mm). We discuss factors that are critical for 
coral recruitment success, and where insufficient data exist, 
we draw parallels to concepts that have been developed for 
other marine larvae or adult corals and briefly discuss their 
relevance for the early life history stages of corals.

LARVAL AVAILABILITY

Larval supply to a reef depends on sequential pro
cesses of gamete production, fertilization success, and lar
val transport (i.e., larval dispersal and connectivity). Basic 
life history traits of corals can greatly influence the range of 
strategies that are used to ensure larval availability. Scler- 
actinians have two main reproductive modes: brooding, 
where sperm are released into the water column and taken 
in by conspecifics for internal fertilization, and broadcast 
spawning, wherein both egg and sperm are released into 
the environment so that fertilization occurs externally, that 
is, in the water column (Figure 2; Fadlallah, 1983; Szmant, 
1986; Richmond and Hunter, 1990; Richmond, 1997).

days-weeks 
in plankton

G a m e te  b u n d les
break apart

Greater potential 
dispersal distanceJÊGamete bundles 

float to sea surface#

LARVAL
AVAILABILITY3dcast spawners 

cycles per year 
y gam etes

SETTLEMENT
ECOLOGY

hours-days 
in plankton Settlement

Brooders
many cycles per year 
few planulae per cycle

«tü Au»3-7 years Recruit
Juvenile

POSTSETTLEMENT 
ECOLOGY

FIGURE 1. Three sequential phases necessary for successful coral recruitment starting with larval availability, 
progressing to settlement ecology, and ending with post-settlement ecology. (Drawn by M ark Vermeij.)
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FIGURE 2. Different modes of reproduction influence larval supply in coral species, a, Female 
Stephanocoenia intersepta, a gonochoric spawner, releases eggs, b, A male S. intersepta releases 
sperm, c, The hermaphrodite Montastraea faveolata releases eggs and sperm as bundles that 
float to the surface, where they break apart for fertilization, d, For Acropora palmata (and other 
spawners), fertilization of coral eggs occurs in the water column, e, A larva of Acropora pal
mata completes development in the water column, f, In contrast, a larva of Porites astreoides 
(a brooder) is fully developed when it is released from its parent and contains zooxanthellae. 
(Photographs a, b, by M ark Vermeij; c, e, f, by Raphael Ritson-Williams; d, by Nicole Fogarty.)
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A minority of reef-building coral species worldwide are 
brooders, but brooding is the dominant reproductive mode 
found in the Caribbean Sea (Szmant, 1986; Richmond and 
Hunter, 1990; Smith, 1992). Broadcast spawning is a more 
common reproductive mode in coral species, and in Aus
tralia more than 100 coral species may spawn on a single 
night (Harrison et ah, 1984; Willis et ah, 1985; Babcock 
and Heyward, 1986). Species representing these modes 
differ in colony size, gametic cycles, larval competency, 
dispersal distance, and zooxanthellae transmission (Rich
mond and Hunter, 1990). Brooders are typically smaller 
than spawning corals and have multiple planulating cycles 
per year, as opposed to one or two cycles in broadcast 
spawners (Szmant, 1986).

Fecundity

Reproductive mode determines the frequency of lar
val release; however, both abiotic and biotic factors can 
influence the amount of gametes produced in corals. The 
production of gametes is only possible when a coral has 
reached an age, and perhaps more importantly a size, ca
pable of reproduction (Hughes, 1984; Szmant, 1986). It is 
difficult to measure the impact of stressors on gamete pro
duction because it is naturally variable both temporally 
and between individuals within a species (Chorneskey and 
Peters, 1987). As coral cover declines in both the Caribbean 
Sea and the Pacific Ocean (Gardner et ah, 2003; Bruno 
and Selig, 2007) there are fewer and often smaller adult 
colonies. This change could reduce coral fecundity be
cause small body size reduces gamete production (Szmant, 
1986) and low population densities reduce fertilization 
success (see Fertilization section, below). Even with rela
tively high adult coral densities the fecundity of individual 
colonies can be decreased by many stressors before and 
during gametogenesis.

Coral bleaching has been observed to stop gameto
genesis (Szmant and Gassman, 1990), reduce the number 
of gametes produced (Fine et ah, 2001), and decrease fer
tilization rates in Acropora corals (Omori et ah, 2001). 
Nutrients added to the water column decreased the num 
ber of successfully developed embryos that were formed in 
the corals Acropora longicyathus and A. aspera (Koop et 
al., 2001). Changes in salinity and sedimentation can also 
reduce gamete production and fertilization success in cor
als (Richmond, 1993a, 1993b). Guzman et al. (1994) sug
gested that the increase in injury levels and slower growth 
in corals exposed to an oil spill further reduced gamete 
size, viability, and fecundity. The presence of macroalgae 
adjacent to coral colonies can decrease fecundity (includ

ing the number and size of eggs) in the corals Montastraea 
annularis and Montipora digitata (Hughes et ah, 2007; 
Foster et ah, 2008). Impacts on fecundity are perhaps best 
summarized by Rinkevich and Toya (1987), who sug
gested that because reproductive activity involves such 
high energy expenditure, any stress that diminishes energy 
reserves will have an effect on adult fecundity.

Fertilization Ec o lo g y

Because broadcast spawners only have one or two 
planulating cycles a year, it is imperative that fertiliza
tion be successful. In any broadcast species, fertilization 
success is highly variable and largely depends on the 
synchronization of gamete release, gamete compatibility 
(Palumbi, 1994; Tevitan et ah, 2004), gamete age (Oliver 
and Babcock, 1992; Tevitan et ah, 2004), and abundance 
of spawning adults (Tevitan et ah, 1992, 2004). However, 
the health of the spawning colony and environmental con
ditions during the spawning event also affect fertilization 
success (Richmond, 1997; Humphrey et ah, 2008).

During multispecies spawning events, synchronized 
gamete release and species-specific gamete recognition 
are critical for fertilization success and reducing the prob
ability of interspecific fertilization (hybridization), which 
may result in reduced offspring fitness (Mayr, 1963); 
however, Willis et al. (2006) suggest a role for hybrid
ization in range expansion and adaptation to a changing 
environment. Species with overlapping spawning times 
typically display low interspecific fertilization success in 
laboratory crosses (Willis et ah, 1997; H atta et ah, 1999; 
Tevitan et ah, 2004). Interspecific fertilization success is 
usually higher among morphologically similar species, 
suggesting they are more closely related or possibly the 
same species (Willis et ah, 1997; H atta et ah, 1999; Wol- 
stenholme, 2004), but interspecific fertilization can also 
occur between Acropora species that have very different 
branching morphologies (Hatta et ah, 1999). Fertiliza
tion success during a mass spawning event could be the 
result of sperm attractant molecules produced by coral 
eggs (Coli et ah, 1994; Babcock, 1995) but could also be 
regulated by gamete recognition proteins, such as those 
that ensure species-specific fertilization in spawning sea 
urchins (Zigler et ah, 2005).

If coral colonies spawn asynchronously or encoun
tered gametes are not compatible, eggs may go unfertilized 
for extended periods of time or sperm may lose its viabil
ity. The effect of age on gamete viability and fertilization 
success differs among coral species; Platygyra sinensis 
showed reduced fertilization after three hours (Oliver and
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Babcock, 1992), but in Acropora spp. reduced fertiliza
tion success occurred after seven to eight hours (Willis et 
ah, 1997; Omori et ah, 2001). With increasing gamete 
age, fertilization success is reduced in conspecific crosses, 
but aging effects on gamete viability differ between sperm 
and eggs. Montastraea spp. sperm lose viability after two 
hours but eggs stay viable for more than three hours (Levi
tan et ah, 2004). Another consequence of gamete aging is 
an increase in the likelihood of interspecific fertilization. 
Hybridization rates between Montastraea faveolata eggs 
and M. annularis and M. franksi sperm increased when 
eggs had aged at least 75 minutes (Levitan et ah, 2004). 
Increased interspecific fertilization may be caused by a 
breakdown in gamete recognition proteins, but the specific 
mechanisms remain to be determined.

The density of spawning individuals plays a critical 
role in fertilization success. If reproductive individual 
densities are too low, fertilization success will be limited 
(also referred to as the allee effect) (Levitan and McGov
ern, 2005). Coma and Lasker (1997) found that fertiliza
tion success in gorgonians was influenced by the density 
of gametes, which was determined by nearest neighbor 
distances (approximately 10 m), synchronous gamete re
lease, or hydrodynamic processes. These factors probably 
influence scleractinian fertilization success; however, it is 
difficult to directly measure species-specific sperm concen
trations in situ because a number of coral species spawn 
synchronously. Field studies examining sperm concentra
tions have used either of two methods: (1) measuring the 
percent of fertilized eggs collected at different times and 
locations on the reef or (2) determining the fertilization 
potential of collected surface water samples by adding 
them to unfertilized eggs and recording the proportion of 
eggs fertilized (Oliver and Babcock, 1992; Levitan et ah, 
2004). W hen lower production or dilution resulted in 
locally lower than norm al sperm concentrations, fertil
ization success was reduced (Oliver and Babcock, 1992; 
Willis et ah, 1997; Om ori et ah, 2001; Levitan et ah, 
2004). These studies showed peak fertilization potential 
during or shortly after coral species spawn (Oliver and 
Babcock, 1992; Levitan et ah, 2004). Hence, synchronized 
gamete release is a mechanism for the high gamete density 
needed to ensure fertilization success.

High gamete concentration brings with it a potential 
risk as well; as sperm densities increase so does the prob
ability of polyspermy, whereby eggs become fertilized by 
more than one sperm cell, which results in lowered fertil
ization rates and developmental failure (Styan, 1998; To- 
maiuolo et ah, 2007). Reduced fertilization success at high 
sperm concentrations has been described for several coral

species (Oliver and Babcock, 1992; Willis et ah, 1997; 
Levitan et ah, 2004), suggesting polyspermie fertilization 
can occur in scleractinian corals. These findings suggest a 
trade-off between spawning synchronously (i.e., high gam
ete density) with other conspecifics to increase fertilization 
and the potential risk of polyspermy. Polyspermy may 
therefore act as a negative density-dependent mechanism. 
Despite the evidence for polyspermy in coral laboratory 
crosses, field fertilization rates never reached 100% dur
ing mass spawning events (97% maximum; Levitan et ah, 
2004), suggesting that polyspermie conditions are unlikely 
to occur in nature. In light of recent decreases in adult 
coral populations, reduced adult density and gamete aging 
are perhaps the greatest threats to larval production.

Larval T ransport: D ispersaland C onnectivity

After gamete fertilization, developing planula larvae 
transport typically away from reproductive populations 
(called “dispersal” ) and to reefs where they recruit (called 
“connectivity” ) (Levin, 2006). The density of planulae ar
riving to a reef determines recruitment strength. Larval 
survival during dispersal varies by means of a combina
tion of hydrodynamic processes, larval energetics, preda
tion pressure (Fabricius and Metzner, 2004), and water 
quality (Richmond et ah, 2007).

Reproductive modes can provide insight into dispersal 
potential, even though the planktonic duration of coral 
species can be highly variable and remains undocumented 
for the majority of scleractinian species. For example, 
brooders generally settle within hours after release (Carlon 
and Olson, 1993), whereas broadcast spawners such as 
Acropora spp., Goniastrea spp., Platygyra spp., and M on
tastraea spp. have planktonic period of 4 to 7 days before 
they are competent to settle and metamorphose (Babcock 
and Heyward, 1986; Szmant, 1986). Larvae of the broad
cast spawners Acropora muricata and A. valida settled 
within 9 to 10 days (Nozawa and Harrison, 2008), but 
larvae of the spawning corals Platygyra daedalea and Go
niastrea favulus can settle between 2 and 3 days after fer
tilization, which is sooner than some brooding corals, sug
gesting that dispersal of these species might be of shorter 
duration than has been assumed from survival estimates 
(Miller and Mundy, 2003). In the absence of settlement 
substrate, a small percentage of Acropora latistella, Favia 
pallida, Pectinia paeonia, Goniastrea aspera, and Montas
traea magnistellata larvae survived for 195 to 244 days in 
the water column (Graham et ah, 2008). Planulae larvae 
can probably survive drifting in the plankton for long du
rations until they encounter suitable settlement substrate;
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however, the length of the planktonic period will partially 
depend on whether the larvae have acquired zooxanthel- 
lae, which give them additional energy reserves, from the 
parent colony (Richmond, 1987).

The frequency of recruitment as a function of dis
tance from a reproductive source population is called a 
“dispersal kernel” (Steneck, 2006). For most planktonic 
larvae it was assumed that relatively long larval survival 
potential in combination with oceanographic transport 
would generally prevent settlement close to a reproductive 
source (Cowen et ah, 2006). Recent reviews suggest that 
even though many marine invertebrate larvae have the po
tential (energy reserves) for long-distance dispersal, they 
often settle locally because of a combination of oceano
graphic conditions, larval behavior, and increasing m ortal
ity associated with planktonic conditions (Cowen et ah, 
2000; Strathmann et ah, 2002; Levin, 2006). The shape 
of most dispersal kernels is now thought to be skewed to 
ward the reproductive source, that is, increased rates of lo
cal recruitment (Figure 3; Steneck, 2006). M ost dispersal 
and connectivity research to date has focused on fishes;
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FIGURE 3. Dispersal kernels determine potential connectivity dis
tance between reproductive populations and offspring. A, Distinc
tion between ecologically important recruitment necessary to balance 
against local mortality and evolutionarily important recruitment to 
balance against local extinction. B, Shrinking dispersal kernels result
ing from adult coral mortality. (After Steneck, 2006.)

however, one study measured ecological connectivity of 
coral larvae via a field experiment conducted around the 
isolated Helix Reef in Australia (Sammarco and Andrews, 
1988). They reported that 70% of coral recruitment oc
curred within 300 m of the larval source and that rates 
of recruitment declined with distance downstream from 
the reef (Sammarco and Andrews, 1988). Further, as ex
pected, broadcasters dispersed farther than did species of 
brooding corals, but the estimated ecologically relevant 
dispersal kernel for both species was remarkably local. A 
recent review discusses the limited dispersal kernel of coral 
planulae (Steneck, 2006); however, there is little experi
mental evidence for the mechanisms that determine coral 
ecological connectivity.

Recruitment rates must equal or exceed rates of adult 
mortality to sustain a local population. M ost dispersal ker
nels show high rates of recruitment near the reproductive 
source, with recruitment decreasing as distance increases 
(Figure 3). Although that tail is important for gene flow, 
that low density of settlement is not sufficient to sustain 
populations. That is, the ecologically relevant portion of 
a dispersal kernel reflects the sustained rate of recruitment 
necessary to compensate for rates of mortality. The critical 
level of settlement to sustain populations (i.e., horizontal 
line above each shaded half of Figure 3) is not known; how
ever, colonization rates of the introduced orange cup coral 
Tubastraea coccina can provide some real-world insights 
into the scale of ecological and evolutionary connectivity. 
This brooding species was first introduced to the Nether
lands Antilles in 1943 and then spread from island to is
land through the Caribbean, taking 50 years to reach the 
Bahamas and 60 years to reach Florida (Fenner and Banks, 
2004). Once in a region, local populations grew rapidly. 
This finding is consistent with the concept that the biogeo
graphic spread results from the evolutionarily important 
“long tail” of the dispersal kernel, whereas the ecologically 
and demographically significant portion of the dispersal 
kernel controlling local colonization is much smaller and 
more local (Figure 3A). Observations of the spread of T. 
coccina are conservative because some of the spread of 
this species probably resulted from colonized ships moving 
among the regions (Fenner and Banks, 2004).

Ecological connectivity necessary to sustain popula
tions against chronic mortality is much more difficult to 
measure than is evolutionary connectivity. Evolutionary 
or genetic connectivity can be directly measured using a 
variety of molecular genetic techniques (reviewed in Hell- 
berg, 2007). In Japan, gene flow between islands 30 to 
150 km apart was determined to be consistently higher 
for the spawner Acropora tenuis than for the brooding



N U MB E R  38 • 4 4 3

species Stylophora pistillata, but both coral species had 
unique genotypes across islands separated by 500 km (Ni- 
shikawa et ah, 2003). In the Caribbean, a genetic break 
was detected for Acropora palmata, roughly dividing pop
ulations from the Greater Antilles and western Caribbean 
from populations in the Lesser Antilles and the southern 
and eastern Caribbean (Baums et ah, 2005). On the rela
tively contiguous Great Barrier Reef (GBR), high rates of 
genetic connectivity were observed for both brooders and 
spawners. For example, gene flow was detected in all the 
spawners and three of the five brooders despite being sepa
rated by 500 to 1,200 km (Ayre and Hughes, 2000). H ow 
ever, the same species of corals were genetically distinct 
on Lord Howe Island, which is separated from the GBR 
by 700 km (Ayre and Hughes, 2004). This observation 
suggests that coral larvae can use islands within the evolu
tionarily im portant tail of the dispersal kernel as “stepping 
stones” to maintain genetic connectivity between distant 
reefs separated by long distances (Steneck, 2006).

Although dispersal kernels are useful for visualiz
ing how larval availability declines with distance from a 
source, their ecological effect can be variable. For example, 
w ithout changing the shape of the kernel but reducing the 
number of recruits as a consequence of reduced reproduc
tive output following an adult mortality event (Figure 3B), 
the range of both the ecological and evolutionary parts of 
the kernel can shrink. If this happens, connectivity among 
distant reefs could sever, making recovery following an 
acute disturbance difficult or impossible.

SETTLEMENT ECOLOGY

As local and global threats continue to decrease coral 
cover, it is likely that fewer coral larvae will be supplied 
to reefs that may or may not have appropriate settlement 
habitat. For corals, the transitional stage from planktonic 
planula larvae to sessile benthic juveniles involves a two- 
step process of settlement and metamorphosis. Settlement 
is the behavioral response of a larva when it stops disper
sal and selects substrate for recruitment. Metamorphosis 
includes the subsequent morphological and physiological 
changes that pelagic larvae undergo to become benthic 
juveniles. Settlement of coral larvae can be influenced by 
habitat qualities that facilitate or inhibit settlement and 
metamorphosis of larvae supplied to a reef (Figure 4). 
Larval settlement behavior can be determined by the con
ditions the larvae experienced in the plankton or by the 
presence of positive or negative cues on the benthos or in 
the water overlying the reef.

Larval C o n d it io n  u po n  A rrival

As coral larvae disperse in the plankton they are ex
posed to water quality conditions that may affect larval 
health, behavior, survival, and settlement success (Vermeij 
et ah, 2006). Experiences during early life stages (i.e., de
pleted energy reserves, nutritional stress, environmental 
stressors, and pollutant exposure) have latent effects on 
later life stages in numerous marine larvae across differ
ent phyla (reviewed in Pechenik, 2006). Even short-term 
exposure to stressors or a slight delay in metamorphosis 
can reduce fitness in juveniles and adults (i.e., decrease 
growth rate, lower competitive ability, reduce survival, 
and decrease fecundity) (Pechenik, 2006). Although the 
mechanisms through which latent effects are mediated are 
not known, it is suspected that transcriptional or trans
lational processes or direct DNA or key enzyme dam 
age are responsible (Pechenik et ah, 1998; Heintz et ah, 
2000; Pechenik, 2006). As very few studies have tested 
latent effects in coral larvae, we describe some of the pat
terns found in other marine organisms to highlight how 
pre-settlement stress might impact post-settlement coral 
growth and survival.

M arine invertebrate larvae often rely on external cues 
to trigger metamorphosis. W ithout these cues, the larval 
period can be prolonged (reviewed in Pechenik, 1990), 
and post-settlement fitness may be reduced (Pechenik, 
2006). For some invertebrates, including abalones, tu- 
nicates, and bryozoans, delayed metamorphosis slowed 
post-metamorphic development (Wendt, 1998; Roberts 
and Lapworth, 2001; M arshall et ah, 2003). Depleted 
energy resources during the larval stage may also be an 
im portant contributor to post-settlement growth and sur
vival. Bennett and M arshall (2005) found that depleted 
energy reserves caused by increased activity in larvae of 
the ascidian Diplosoma listerianum were more costly en
ergetically than extending the larval period or completing 
metamorphosis. Food limitation during the larval period 
can reduce size, total organic content, energy reserves of 
metamorphosed animals, juvenile growth rates, and sur
vival (Miller, 1993; Pechenik, 2002; Thiyagarajan et ah, 
2003; Chiu et ah, 2007, 2008).

Water quality conditions can directly reduce coral 
larval survival and settlement but also may cause latent 
effects for new recruits. Salinity reductions during pre
settlement periods can reduce post-metamorphic growth 
rates and survival for various marine invertebrates (Pech
enik et ah, 2001; Thiyagarajan et ah, 2008). Vermeij et 
al. (2006) tested salinity stress on Montastraea faveolata 
larvae and how that influenced subsequent post-settlement
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FIGURE 4. Coral larval substrate selection is critical to post-settlement survival, a, Favia fragum 
larvae explore the benthos for a suitable settlement site; some larvae have already attached and 
are beginning to metamorphose, b, Acropora cervicornis settlers are attached to Titanoderma 
prototypum  and have metamorphosed, c, A new recruit of Montastraea faveolata has settled on 
coralline algae, which has started to slough its outer layer of tissue, knocking the coral recruit 
off the substrate, d, Montastraea faveolata recmits are being overgrown by a coralline alga, e, 
Montipora capitata larvae have settled on Ulva sp., an ephemeral substrate, f, A Siderastrea 
radians recmit has settled in a high-sedimentation environment. (Photographs a, b, by Raphael 
Ritson-Williams; c, d, by Nicole Fogarty; e, f, by M ark Vermeij.)
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performance. Lower than normal seawater salinity caused 
increased pre- and post-settlement mortality and increased 
the mobility of coral planulae. It was suggested that the 
increased activity of the larvae in the lower salinities was 
an attempt to escape the unfavorable conditions. With 
increased activity, energy reserves were depleted, which 
was suggested to be the cause of pre-settlement m ortal
ity, smaller post-settlement size, and lower post-settlement 
survival. Planulae in the lower-salinity treatments settled 
on a greater range of substrate types. This study empha
sized the importance of planktonic conditions on the per
formance of settling coral larvae, which could then influ
ence post-settlement ecology.

Larval Behavior in O verlying W ater

Coral larvae possess a wide array of behaviors that 
allow them to enhance the likelihood of successful settle
ment, including, but not limited to, sensitivity to light 
(Lewis, 1974; M undy and Babcock, 1998), depth (Car- 
lon, 2001, 2002; Baird et ah, 2003; Suzuki et ah, 2008), 
and chemical cues (Morse et ah, 1994). One field study 
showed that multiple behavioral choices determined the 
larval settlement site of the Caribbean brooder Agaricia 
humilis (Raimondi and Morse, 2000). The larvae swam 
down when restricted to 3 and 8 m but swam toward the 
surface when restricted to 25 m. In further field experi
ments, larvae settled in response to the coralline alga H y
drolithon boergesenii but would only settle directly on the 
coralline alga when it was on the underside of a settlement 
tile. This study showed that coral larvae are capable of 
complex behaviors, which are determined to some extent 
by their ability to detect and discriminate between positive 
and negative settlement cues in their habitat.

Positive S ettlement C ues

Many marine invertebrate larvae use chemical cues to 
determine the appropriate habitat for settlement (Pawlik, 
1992; Hadfield and Paul, 2001). Chemical cues are impli
cated for both settlement and metamorphosis of corals and 
may be released by conspecifics and other organisms that 
indicate appropriate habitat for survival and growth. Re
search in the Caribbean showed that a membrane-bound 
carbohydrate complex from the coralline red alga Hydro
lithon boergesenii induced settlement and metamorphosis in 
the brooded larvae of Agaricia humilis (Morse and Morse, 
1991; Morse et ah, 1994). It was suggested that many corals 
require an algal cue for the induction of settlement, indicat
ing a common chemosensory mechanism for settlement and 
metamorphosis among coral larvae (Morse et ah, 1996).

Both the larvae of Acropora millepora, a common 
Indo-Pacific coral species, and coral larvae collected from 
natural slicks after mass spawning events used coralline 
algae for settlement and metamorphosis (Heyward and 
Negri, 1999). Four species of crustose coralline algae, 
one non-coralline crustose alga, two branching coralline 
algae, and the skeleton of the massive coral Goniastrea 
retiformis induced metamorphosis. Chemical extracts 
from both the crustose red alga Peyssonnelia sp. and the 
coral skeleton were highly active, inducing up to 80% 
larval metamorphosis. Coral larvae can also distinguish 
among species of coralline algae. The Australian spawning 
coral Acropora tenuis had different rates of settlement in 
response to different species of coralline algae (Harrington 
et ah, 2004). Settlement choice resulted in higher rates of 
post-settlement survival on the preferred coralline algae, 
illustrating the recruitment consequences of larval selectiv
ity. Chemical cues appeared to be involved in this selective 
behavior, because methanol extracts of the coralline red al
gae Titanoderma prototypum  and Hydrolithon reinboldii 
both induced metamorphosis of A. tenuis.

Comparative studies have revealed that settlement 
and metamorphosis in response to crustose coralline algae 
is not an obligate trait of all coral species. Two brood
ing Australian corals were compared for their settlement 
selectivity (Baird and Morse, 2004). Acropora palifera lar
vae only metamorphosed in the presence of coralline red 
algae, but Stylophora pistillata larvae showed some m eta
morphosis in unfiltered seawater and also metamorphosed 
onto glass coverslips. A study in Guam found that larvae 
of the spawning species Goniastrea retiformis preferred 
substrate covered with crustose coralline algae (CCA), but 
the reef-flat brooding coral Stylaraea punctata preferred 
biofilmed rubble (Golbuu and Richmond, 2007).

Coralline algae have been identified as a positive set
tlement cue for some corals, but it is unclear if the biofilms 
present on these algae or the algae themselves are respon
sible for the observed settlement behavior (Johnson et ah, 
1991; Webster et ah, 2004). Biofilms were isolated from 
the coralline alga Hydrolithon onkodes, and one strain 
of bacteria alone was enough to induce settlement and 
metamorphosis of Acropora millepora larvae (Negri et ah,
2001). When H. onkodes was sterilized in an autoclave 
and treated with antibiotics, it still induced significantly 
more settlement and metamorphosis than seawater or ter
racotta tiles. Additionally, coral larvae can distinguish be
tween tiles conditioned at different depths, which could be 
related to depth-related differences in bacterial commu
nity composition of biofilms that formed on tiles (Webster 
et ah, 2004). Whether the coralline algae or its biofilm is 
producing the inductive compound) s ) may depend on the
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coral and the coralline algae species tested. The specificity 
of bacterial communities to different coralline algal species 
has rarely been investigated (Johnson et ah, 1991). With 
the recent development of more refined genetic techniques 
it is possible to compare different microbial communities, 
which might enable the identification of the microbe(s) that 
can induce coral larval settlement and metamorphosis.

N egative S ettlement C ues

Water quality and substrate conditions impact fertiliza
tion rates and also may inhibit some coral larvae from nor
mal settlement and metamorphosis. Low coral recruitment 
is commonly documented in the field, yet surprisingly few 
studies have experimentally tested which substrate char
acteristics might deter coral larval settlement. Coral larval 
survival and settlement can be reduced by many environ
mental stresses, such as elevated temperatures (Edmunds 
et ah, 2001), variation in salinity (Vermeij et ah, 2006), 
sedimentation (Hodgson, 1990; Gilmour, 1999), andUVB 
radiation (Kuffner, 2001; Gleason et ah, 2006). Survival 
and settlement are reasonable ecological metrics for the ef
fects of stress, but an important gap in our knowledge is 
how sublethal stress influences larval behavior and post
settlement health and success (Downs et ah, 2005). New 
techniques including cellular biomarkers and differential 
gene expression using microarrays should provide impor
tant techniques to measure sublethal stress in coral larvae.

Water quality conditions that are known to impact 
adult corals also have dramatic effects on larval supply 
and settlement. O f the physical conditions that negatively 
influence larval settlement, elevated temperature has re
ceived the most attention and has the potential to increase 
in frequency and duration as ocean temperatures continue 
to warm. Larvae of the Caribbean brooding coral Porites 
astreoides were killed and had low densities of zooxan- 
thellae when exposed to elevated temperatures for 24 
hours (Edmunds et ah, 2001, 2005). High temperatures 
(36°C) killed Acropora muricata larvae within 40 hours 
(Baird et ah, 2006), and temperatures of 32°C killed D ip
loria strigosa larvae and reduced their settlement (Bassim 
and Sammarco, 2003). However, at elevated temperatures 
(29°C) larvae of Stylophora pistillata had the same settle
ment as at 25°C (Putman et ah, 2008), and more larvae 
settled on the CCA in 25°C than in 23°C. M any of these 
studies used different experimental conditions, making it 
difficult to compare the effects of temperature on different 
species of coral larvae. Temperature is one stress that is 
relatively well studied, but more research is necessary to 
understand other physical stressors, such as ocean acidifi

cation (Albright et ah, 2008), that will affect coral larvae 
in the future.

Larval interactions with the biological inhabitants 
of reef communities can also reduce larval settlement. 
Algal turfs, macroalgae, and benthic cyanobacteria can 
negatively impact the settlement of coral larvae (Kuffner 
and Paul, 2004; Birrell et ah, 2005; Kuffner et ah, 2006; 
Birrell et ah, 2008a). In the Florida Keys, two brown al
gae, Dictyota pulchella and Lobophora variegata, reduced 
the total number of Porites astreoides settlers (Kuffner et 
ah, 2006). In the Philippines, the algae Sargassum polycys
tum  and Laurencia papillosa decreased larval settlement 
of Pocilloproa damicornis, but water conditioned with 
these algae increased settlement over the seawater controls 
(Maypa and Raymundo, 2004). In Australia, water con
ditioned with the foliose brown alga Padina sp. reduced 
larval settlement of Acropora millepora; however, water 
conditioned with the brown alga Lobophora variegata 
increased settlement (Birrell et ah, 2008a). The cyanobac
terium Lyngbya majuscula reduced the survivorship of 
Acropora surculosa larvae and settlement and metamor
phosis of Pocillopora damicornis in studies conducted on 
Guam (Kuffner and Paul, 2004), and in Florida, the cya
nobacterium Lyngbya polychroa caused Porites astreoides 
to avoid settling adjacent to it on settlement tiles (Kuffner 
et ah, 2006). Some macroalgae and cyanobacteria can act 
as settlement inhibitors for coral larvae, but this was not 
true for all the algae tested. A surprising contrast was ob
served for Favia fragum  larvae, which had high rates of 
settlement and metamorphosis onto live Halimeda opun
tia when offered with coral rubble (Nugues and Szmant,
2006). Coral larvae of Montipora capitata were observed 
to settle onto Ulva sp. (Figure 4e; Vermeij et ah, 2009). 
Why these larvae would settle directly onto blades of algae 
is unclear as this substrate is ephemeral, thus probably in
creasing post-settlement mortality. Little research has been 
done on the mechanisms that algae use to inhibit settle
ment, but algal qualities such as natural products, shading 
and abrasion, serving as vectors of bacteria, and releasing 
dissolved organic m atter may contribute to the negative 
impacts of algae on larval settlement.

Competition from other members of coral reef com
munities also influences larval behavior. Tissue of the scler
actinian coral Goniopora tenuidens suspended in seawater 
inhibited metamorphosis of Pocillopora damicornis larvae 
and reduced the growth of new recruits over seven days 
(Fearon and Cameron, 1996). The tissue from Goniopora 
tenuidens also caused increased mortality of larvae from 
P. damicornis, Platygyra daedalea, Fungia fungites, and 
Oxypora lacera. Increased research on the types of benthic
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organisms and the mechanisms they use for competition 
with coral larvae is an im portant area for further study. 
An integrated approach to larval stress, physiology, and 
the physical and biological characteristics of settlement 
substrata will reveal the impact of benthic organisms on 
coral larval behavior, settlement, and post-settlement sur
vival. Determining what benthic habitat characteristics are 
necessary for increased settlement will be a critical step for 
managing reef habitats for increased coral recruitment.

POST-SETTLEMENT ECOLOGY

Corals, and most benthic marine organisms, suffer 
high rates of mortality soon after settlement because they 
are small and vulnerable. Post-settlement processes from 
the time corals settle (i.e., attach to the benthos) to recruit
ment (i.e., survive to some later phase) determines much of 
coral demography (Vermeij and Sandin, 2008). This con
cept is consistent with the tenet of clonal population biol
ogy that states as clonal organisms grow the probability of 
their death declines but the probability of injury increases 
(Hughes and Jackson, 1985). Thus, the two rates of early 
post-settlement mortality and growth can strongly influ
ence the local abundance of corals.

Po st -S ettlement M ortality

Coral recruits can die from a myriad of causes includ
ing chronic disturbances such as competition and preda
tion and pulse disturbances such as bleaching and disease. 
However, the chronic disturbances probably drive most 
post-settlement mortality and thus are serious impedi
ments to reef recovery. Caribbean reefs are a case in point, 
with incidences of recovery much lower than Indo-Pacific 
reefs as a result of setbacks from chronic disturbances 
(Connell et ah, 1997).

Algae, encrusting invertebrates, and sediment have all 
been shown to have deleterious effects on newly settled cor
als (Figure 5; Rylaarsdam, 1983). Settling corals, with lim
ited stores of energy to invest in competitive interactions, are 
particularly vulnerable when faced with a well-developed 
benthic community structure and limited space (Jackson and 
Buss, 1975; Sebens, 1982; Connell et ah, 1997). However, 
the mechanisms, or causes, of reduced growth and mortality 
of newly settled larvae, recruits, and juveniles have, for the 
most part, only recently been investigated.

Encrusting invertebrates (particularly sponges) can be 
especially inhospitable for newly settled corals. In cryp
tic habitats, newly settled corals are likely to lose out by

overgrowth of fast-growing heterotrophic groups such as 
sponges, bryozoans, and bivalves (Vermeij, 2005). Aerts 
and van Soest (1997) determined the impact of sponges on 
coral survival to be greatly species specific. Physical, chem
ical, and biological properties of benthic invertebrates 
may inhibit coral growth and survival. Some studies used 
chemical extracts of sponges (Sullivan et ah, 1983; Pawlik 
et ah, 2007) to show that allelopathy can negatively im
pact adult corals. Coral recruits are even more susceptible 
to stress, yet surprisingly few studies have examined sec
ondary metabolites for their impact on the early life history 
stages of corals. A field study by Maida et al. (1995) sug
gested that allelopathy reduced recruitment of corals adja
cent to the octocorals Sinularia flexibilis and Sarcophyton 
glaucum, and both the live octocorals and settlement plates 
with dichloromethane extracts of S. flexibilis inhibited coral 
settlement and survival. More long-term, small spatial scale 
(millimeters to centimeters) studies are needed to determine 
the effect of benthic invertebrates on post-settlement sur
vival (Edmunds et ah, 2004; Vermeij, 2006).

Areas of high algal biomass are known to be poor nurs
ery habitats for settling corals (Birkeland, 1977; Bak and 
Engel, 1979; Harriott, 1983; Birrell et ah, 2008b; Vermeij 
and Sandin, 2008; Vermeij et ah, 2009). There are several 
mechanisms by which algae may be deleterious to corals. 
Algae may interfere with larval settlement by simply pre
empting available settlement space (Mumby et ah, 2006; 
Box and Mumby, 2007). At least one species of turf algae 
alone (without sediment) has reduced settlement of corals 
in laboratory experiments (Birrell et ah, 2005). More direct 
physical interactions including algal shading, abrasion, or 
basal encroachment can result in reduced coral growth or 
increased mortality (Lirman, 2001; McCook et ah, 2001). 
Shading by the encrusting brown alga Lobophora variegata 
over six months caused a 50% increase in morality of ju
venile Agaricia agaricites (less than 20 mm diameter), and 
the mere presence of L. variegata around the coral reduced 
colony growth by 60% (Box and Mumby, 2007). However, 
shading by Dictyota pulchella resulted in no direct mortality 
but caused a 99% decrease in coral growth. Other studies 
have determined that Lobophora variegata (in the absence 
of grazing) is a superior competitor to Caribbean corals, 
including A. agaricites, A. lamarcki, Meandrina meandrites, 
Mycetophyllia aliciae, and Stephanocoenia intersepta, and 
to at least one species of Pacific coral, Porites cylindrica (De 
Ruyter van Steveninck et ah, 1988; Jompa and McCook, 
2003). Thus, it is likely that community phase shifts to high 
algal biomass decrease recruitment by reducing larval set
tlement and post-settlement survival (Hughes and Tanner, 
2000; Kuffner et ah, 2006).
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FIGURE 5. Macroalgae can be a dominant space occupier on degraded reefs and can inhibit coral recruit
ment at multiple life history stages, a, The macroalgae Dictyota spp. and Halimeda opuntia covered most 
of the benthos on this Belize reef, potentially inhibiting coral settlement, b, Recruits of Acropora palmata 
surrounded by Dictyota sp. c, A new recruit of Diploria sp. surrounded by Gelidiella, Jania, Dictyota, and 
the cyanobacterium Dichothrix sp. d, Montastraea annularis overgrown by Halimeda sp. (All photographs 
by Raphael Ritson-Williams.)

Reduced coral recruitment in algal-dominated reefs (Ed
munds and Carpenter, 2001; Birrell et al., 2005 ) is thought to 
be in part the consequence of chemically induced mortality 
or the increased biomass of fleshy algae actually functioning 
as a reservoir for coral pathogens (Littler and Littler, 1997; 
Nugues et ah, 2004). Bak and Borsboom (1984) proposed 
that the reduction in water flow adjacent to macroalgae 
could cause increased coral mortality through changes in the 
flow regime and increased allelochemical concentrations. 
Most recently, enhanced microbial activity caused by algal

exudates has been proposed as a mechanism of competition 
(Smith et ah, 2006; Vermeij et ah, 2009). Kline et al. (2006) 
determined that elevated levels of dissolved organic carbon, 
which can occur in areas of high algal biomass, increased the 
growth rate of microbes living in the mucopolysaccharide 
layer of corals. These studies all suggest that the detrimental 
effect of algae on corals could be mediated by several prop
erties of macrophytes.

On modern reefs, algal-related post-settlement mor
tality probably decreases the population density of coral
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recruits. Vermeij (2006) compared his recruitment study 
in Curacao from 1998 to 2004 to that of Van Moorsel 
(1989) from 1979 to 1981, using the same method in the 
same location. Recruit densities on the topsides of settle
ment panels in the more recent study were 5.16 times 
lower and recruitment on the undersides was 1.14 times 
lower than the 1979-1981 study. M acroalgae had re
placed CCA as the dom inant topside space occupier, cre
ating a less-suitable habitat for coral recruitment com
pared to the crustose algae that had dominated the same 
site roughly 20 years earlier. In places where Diadema ur
chin recovery and grazing have reduced algal abundance, 
the population density of juvenile corals has increased 
(Edmunds and Carpenter, 2001; Aronson et ah, 2004; 
Macintyre et ah, 2005).

While herbivory can improve the recruitment poten
tial by keeping reefs relatively free of algae, it can also be a 
potential cause of mortality for newly settled corals. Graz
ing rates on exposed outer surfaces of shallow reefs are ex
tremely high, exceeding thousands of bites per square me
ter per day (Carpenter, 1986; Steneck and Dethier, 1994; 
Steneck and Lang, 2003). Bites, especially from parrotfish 
that graze deeply into carbonate substrates, would easily 
kill a newly settled coral. Few studies have documented 
recruit mortality resulting from fish grazing (Mumby et 
ah, 2006), although it has been suggested as the cause of 
the low number of recruits observed on the top surface 
of settlement plates (Adjeroud et ah, 2007). The herbiv
orous sea urchin Diadema antillarum  was shown to be 
a significant agent of mortality for newly settled corals 
(Sammarco and Carleton, 1981). The highest mortality of 
newly settled corals is likely to occur on outer exposed 
surfaces where algal growth rates and herbivore grazing 
rates are greatest and rates of sedimentation are highest. 
In shallow reef habitats where algal growth and herbivory 
rates are greatest, coral recruitment is greater in subcryp- 
tic microhabitats (Bak and Engel, 1979). However, which 
microhabitats increase post-settlement survival has rarely 
been tested (but see Babcock and Mundy, 1996).

Po st -S ettlement G rowth Rates

Given the vulnerability of small size classes, the adap
tive advantages of rapid growth rates are obvious. Coral 
recruit survival is not merely a function of the attributes 
of the settlement substrate but also of the coral’s ability 
to resist overgrowth by neighboring encrusting inverte
brates and algae (Richmond, 1997). As new corals grow, 
their mortality rates decline (Vermeij and Sandin, 2008), 
and they are less likely to be overgrown by competitors

(Hughes and Jackson, 1985). Often, however, the slow 
growth rates of newly settled corals make this a losing 
battle, and early post-settlement mortality is generally 
high (Figure 6; Bak and Engel, 1979; Edmunds, 2000; Ver
meij and Sandin, 2008). Even in a controlled environment, 
laboratory studies showed that a coral that remains less 
than 3 mm in diameter for two or three months has only a 
20% chance of survival (Rylaarsdam, 1983). Field studies 
report a huge amount of variance in early post-settlement 
mortality. Babcock (1985) found post-settlement survivor
ship over the first three to six months ranged from 16% 
to 71%, whereas more recently Box and M umby (2007) 
determined a monthly estimated mortality rate for Agari
cia agaricites to be 3.5% per month. Annual juvenile coral 
survivorship estimates range from 0% to 77%  (Smith, 
1992; Wittenberg and Hunte, 1992; Maida et ah, 1994; 
Smith, 1997; Edmunds, 2000).

Different species of corals have distinctly different 
rates of growth and ability to recover following a distur
bance (Wakeford et ah, 2008). Specifically, some of the 
Indo-Pacific acroporid corals (e.g., Acropora tenuis) are 
extremely “weedy” and are capable of growing nearly 
6 cm in 1.5 years (Omori et ah, 2008); this translates to 
an average growth rate of 3.2 mm/month compared to 
the much slower growth rates reported for Oxypora  sp. 
as ranging between 0.2 and 0.5 mm/month (Babcock and 
Mundy, 1996).

Settlement habitat also influences growth rates of 
newly settled corals. Subcryptic habitats protect coral re
cruits from stresses and disturbances common on outer reef 
surfaces, but they will invariably have lower productivity 
potential. Diameters of Platygyra sp. and Oxypora  sp. set
tlers increased one-quarter to one-half as fast in cryptic 
undersides than they did on upper exposed surfaces for the 
two species, respectively (Babcock and Mundy, 1996). Im
portantly, however, new recruits that selected subcryptic 
microhabitats had higher survivorship despite their slower 
growth rates (Babcock and Mundy, 1996).

VARIABILITY O F POST-SETTLEMENT 
SURVIVAL A N D  G R O W TH : 

THE ROLES O F BIODIVERSITY 
A N D  LIFE HISTORY STRATEGIES

Before the disease-induced Acropora spp. decline in the 
Caribbean, fundamental differences existed between acro- 
porid-dominated reefs of the Caribbean and Indo-Pacific 
regions. Caribbean reefs are largely built by two species of 
Acropora. Both species recruit rarely (Rylaarsdam, 1983;
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FIGURE 6 . A time series of the growth of Agaricia sp. settled on a terracotta tile in Bonaire over 3.75 years. 
After March 2007 (e), this recruit is being overgrown by the coralline alga Titanoderma prototypum, a 
known settlement-facilitating species, illustrating just how hazardous the settlement environment can be. 
a, June 2004, recruit diameter is 1.3 mm; b, March 2005, 3.4 mm; c, July 2005, 8.4 mm; d, June 2006, 
15.2 mm; e, March 2007, 16.0 mm; f, March 2008, 12.0 mm. One segment on the scale bar = 1 mm. (All 
photographs by Suzanne Arnold.)

Sammarco, 1985), but their clonal growth created massive 
monocultures of rapidly growing reefs capable of keeping 
up with rising sea level (Adey, 1978). In contrast, there 
are two orders of magnitude more species of Acropora on 
Indo-Pacific coral reefs, and the population density of their 
recruits are also orders of magnitude greater on Indo-Pacific 
reefs than on Caribbean reefs (Hughes et ah, 1999).

Although the high diversity of acroporid corals in 
the Pacific spans the spectrum of life history characteris
tics from weeds (i.e., high reproductive output and rapid

growth rate; Omori et ah, 2008) to trees (i.e., competitively 
dominant, large colonies; Baird and Hughes, 2000), the two 
acroporid species comprising Caribbean reefs require long 
adult lives and considerable clonal propagation. However, 
since the acroporid die-off in the early 1980s, Caribbean 
reefs have fundamentally changed. Because of the resul
tant algal phase shift (Hughes, 1994), acroporid reefs have 
become hostile to the rare acroporid recruits, and they 
have lost their receptivity for reattachment of encrusting 
fragments (Williams et ah, 2008). These changes on many
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Caribbean reefs may be the primary reason why they ap
pear less capable of recovering from widespread distur
bances such as coral disease and bleaching.

The massive, slow-growing coral Montastraea annu
laris is also a broadcast spawner and framework builder 
in the Caribbean. It also has very low rates of recruitment 
(Hughes and Tanner, 2000) and thus requires long adult 
life to establish its dominance. Although it dominates Ca
ribbean reefs today (Kramer, 2003) and is relatively hardy, 
it too has shown elevated levels of disease in recent years 
(Pantos et ah, 2003) and has increased susceptibility to dis
ease after bleaching (Miller et ah, 2006). Again, the long
term prognosis for this Caribbean reef builder is poor.

Weedy, brooding species such as Agaricia spp. and 
Porites spp. are the thrust behind the current rates of coral 
recruitment in the Caribbean. The Caribbean brooder 
Agaricia agaricites is often the most abundant recruit on 
Caribbean reefs in recent times (Bak and Engel, 1979). 
This species has well-documented high rates of recruit
ment and adequate sediment-rejection capabilities yet re
generates poorly from lesions and is often outcompeted by 
other corals (Bak and Engel, 1979). In the past 30 years 
Agaricia tenuifolia has replaced other corals to dominate 
the community on two reefs that had historically differ
ent community compositions (Aronson et ah, 2004).The 
increasing community dominance observed for Porites as
treoides at six sites in the Caribbean is being driven by a 
constant recruitment rate coinciding with reduced percent 
cover of other coral species (Green et ah, 2008).

It is possible that these life history-related differences 
are fundamentally changing Caribbean reefs. Are Carib
bean reefs today following the paths of forests and other 
marine ecosystems in their shift to weedy, stress-tolerant 
species? (see Knowlton, 2001). A recovery such as seen in 
Palau following the 1998 bleaching event, where sexual 
recruitment and remnant regrowth were equal contribu
tors (Golbuu et ah, 2007), has yet to be recorded in the 
Caribbean. Success stories of Caribbean recoveries led by 
broadcast spawning species are scarce (but see Idjadi et 
ah, 2006). Thus, the relative importance of sexual versus 
asexual reproduction to recovery in the Caribbean needs 
to be addressed by long-term observations with particular 
focus on recovery following large-scale disturbances such 
as major storms and bleaching events.

Thus, it seems that Caribbean reefs were built by 
corals that have been successful since the Pleistocene 
(Pandolfi and Jackson, 2006) with a strategy of low re
cruitment, considerable clonal growth, and low post
settlement mortality. However, that strategy may not be 
broadly viable today, given the global climate trajectory

(Hoegh-Guldberg et ah, 2007) and patterns of human 
activities. While Indo-Pacific reefs are not immune to de
clines in rates of coral recruitment in recent years (Wake- 
ford et ah, 2008), the higher biodiversity and range of re
cruitment and post-recruitment strategies (e.g., high rates 
of growth) allow reefs there to be more resilient.

C O N C LU SIO N S

Coral mortality has increased in recent decades, m ak
ing coral recruitment more im portant than ever before in 
sustaining coral reef ecosystems and contributing to their 
resilience. We identified three critical sequential phases to 
the recruitment process of corals: larval availability, larval 
settlement, and post-settlement ecology. All three factors 
are necessary for coral recruitment and, ultimately, for 
maintenance or recovery of coral reef ecosystems.

M ost coral planulae available for recruitment are 
probably from relatively local reproduction and relatively 
short-distance connectivity. As adult coral abundance de
clines, both fertilization success and the effective disper
sal distance of corals (see Figure 3B) will likely decline as 
well. Physiological stress on reproducing corals might also 
result in fewer and possibly weaker coral larvae arriving, 
thereby reducing the per capita rate of settlement success.

Once in the vicinity of a coral reef, settling corals re
spond to a hierarchy of environmental cues both in the 
water and from the reef. Several studies have identified or
ganisms that facilitate or inhibit the settlement and m eta
morphosis of corals. Crustose coralline algae can facilitate 
coral settlement but, disturbingly, this group of algae is 
becoming rarer on coral reefs as macroalgae become in
creasingly dominant. M acroalgae are known inhibitors of 
settlement, which may result from their ability to rapidly 
occupy settlement habitat, their suite of secondary m etab
olites, their microbial communities, or a combination of 
some or all of these mechanisms.

Stressors that impact multiple life history stages of corals 
have the most potential to greatly reduce coral recruitment. 
Poor water quality (such as sedimentation and increased 
temperatures) and the increased abundance of macroalgae 
are known to decrease coral recruitment and negatively 
impact corals at many different life history stages. Human 
impacts on the water quality of marine systems continue to 
grow, and few locations remain untouched (Halpern et ah, 
2008). These and other stressors may decrease the reproduc
tive output of corals, physiologically stress the larvae, block 
subcryptic nursery habitats, create negative settlement cues, 
and result in increased post-settlement mortality.
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Globally, many Indo-Pacific reefs have higher rates of 
settlement, recruitment, and recovery from disturbances, 
which could be the result of higher biodiversity in the region. 
In contrast, Caribbean reefs may have evolved a strategy of 
low recruitment and considerable clonal growth, with low 
post-settlement mortality for its few reef-building acropo
rid corals. Unfortunately, that strategy may be ineffective 
in the future given the global climate trajectory of higher 
ocean temperatures, acidification, and greater disturbance 
from tropical storms, which will continue to physiologically 
stress corals. Because Indo-Pacific reefs have two orders of 
magnitude more acroporid species, weedy and potentially 
resilient strategies could succeed. If current trends continue 
on modern reefs, it is possible that reefs in the future will 
differ from those of the recent past.
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Do Indian River Lagoon Wetland 
Impoundments (Eastern Florida) 
Negatively Impact Fiddler Crab 
(Genus Uca)Populations?

Björn G. Tunberg

ABSTRACT. Quantitative sampling of fiddler crabs was performed in June-July be
tween 1992 and 1994 along transects at three St. Lucie County mosquito impoundments, 
Florida, running from the Indian River Lagoon (IRL) shore and across the impoundment 
perimeter dikes, and in one impoundment across the perimeter ditch. A total of 929 spec
imens representing four species were found: Uca pugilator, Uca rapax, Uca speciosa, and 
Uca thayeri. The quantitative sampling showed that there was no correlation between the 
number of Uca burrow  openings on the sediment surface and the actual number of crabs 
in the sediment. Differences were recorded in abundance and distributional patterns be
tween impoundments, but no correlation was recorded between substrate organic con
tent and species distributional patterns. The male/female ratio was close to 1 for all spe
cies, except for U. thayeri; the males dominated for this species (ratio, 1.8:1). High water 
temperatures potentially lethal to fiddler crabs occurred in the impounded marsh in the 
summer. U. pugilator and U. rapax were unlikely to be impacted by the impoundment 
flooding as they are highly motile and not very site specific. U. speciosa and U. thayeri 
were more restricted to the very soft, dark, and wet substrate along perimeter ditch banks 
and may therefore be impacted during periods of flooding because they are dependent on 
nonflooded areas for feeding and reproduction.

INTRODUCTION

Burrowing crustaceans, such as fiddler crabs, impact the ecology of associ
ated infaunal communities and, consequently, the ecosystem as a whole (Crane, 
1975; Montague, 1982; Dittman, 1996). According to M ontague (1980), fid
dler crabs are the most abundant macrobenthic crustacean inhabitants of N orth 
American estuaries. Their impacts on bioturbation activity and oxygenation of 
the substrate are considerable (Bertness, 1985). Fiddler crabs may also play an 
im portant role in recycling nutrients (Macintosh, 1982; Bertness, 1985). They 
feed by scraping up and ingesting surface sediment (Crane, 1975; Kraeuter, 1976; 
Heard, 1982; Macintosh, 1982; Weis and Weis, 2004) and are in that respect 
very im portant in overturn of substrates. Fiddler crabs are also an im portant 
food source for birds, fish, and mammals (Peterson and Peterson, 1979; M on
tague, 1980; Grimes et ah, 1989; Gilmore et ah, 1990). There is a relatively di
verse Uca species assemblage within the Indian River Lagoon (IRL) region, with 
seven species reported in the IRL (Salmon, 1967; Kerr, 1976; M. Salmon, Florida
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Atlantic University, personal communication, 1992), four 
tropical species, Uca rapax (Smith), Uca thayeri Rathbun, 
Uca speciosa (Ives), and Uca mordax  (Smith), and three 
temperate species, Uca pugnax (Smith), Uca pugilator 
(Bosc), and Uca minax (Le Conte). Only four species were 
found during these studies: Uca pugilator, U. rapax, U. 
speciosa, and U. thayeri.

That the impoundment of 90% of the marginal wet
lands (primarily for mosquito control) of the IRL has a 
potential negative impact on regional Uca populations has 
been a controversial issue for many years. Each impound
ment and the management procedures are described in 
detail in Rey and Kain (1991). Preliminary studies by Gil
more et al. ( 1991 ) revealed that no Uca spp. were observed 
from marsh-mangrove habitats in flooded (short-term and 
long-term) impoundments, while they were present in large 
numbers at unimpounded sites adjacent to impoundments. 
This difference could be associated with a number of fac
tors, because many aspects of the reproduction of Uca (in
cluding courtship, female receptivity, egg m aturation, and 
hatching) are closely synchronized with the semidiurnal 
and semilunar tidal cycles (Fingerman, 1957; Barnwell, 
1968; Wheeler, 1978; Zucker, 1978; Montague, 1980; De- 
Corsey, 1983; Salmon et ah, 1986). However, according 
to Fingerman (1957), the tidal rhythm  differs between 
species (U. pugilator and U. speciosa). The exclusion of 
natural tidal cycles within several impoundments may 
therefore have serious impacts on populations of Uca 
spp. In addition, prolonged periods of inundation that 
usually occur from M ay to September (management for 
m osquito control) may displace Uca spp., which need 
periods of exposure of the burrow  entrances for sur
vival. Periods of heavy precipitation, mainly during the 
summer, may also drastically reduce the salinity within 
these impoundments.

The main objectives of this study were (a) to evaluate 
survival and adaptation of Uca populations to manipu
lated ecological conditions along the impoundment perim
eter ditches (compared with the natural IRL conditions), 
(b) to determine if these potential adaptations differed 
among species, and (c) to elucidate zonation patterns of 
each species (from the IRL shore, across the dike road, 
down to the impoundment ditch).

M ETHODS

Figure 1 shows the location of the three studied im
poundments, which are described in detail in Rey and 
Kain (1991). Blue Hole Point (impoundment [Imp.] #23)

Imp #23

-  17“ 3 0 ’

ATLANTIC
OCEAN

■Fort Pierce 
Inlet

.SMS

INDIAN RIVER 
LAGOON

Imp #1

80° 18’ 1 km

FIGURE 1. The three sampling impoundments (Imp) within St. Lu
cie County, Florida; SMS = Smithsonian Marine Station.

is a 122 ha breached impoundment. The 20 m breach in 
the western dike allowed natural tidal access between the 
impoundment and the IRL. This breach was a result of a 
severe 1981 winter storm and was left open to the natural 
tidal cycles of the IRL. The main reason for not repairing 
the breach was that this impoundment could be used as a 
reference/control site for numerous impoundment studies 
(James R. David, St. Lucie County M osquito Control Dis
trict, personal communication, 1992). Jack Island State 
Preserve (Imp. #16A) is a 161 ha impoundment divided 
into four cells. This impoundment was open via culverts 
to the IRL during the winter months but was artificially 
flooded during the summer months (early May through 
August). Bear Point (Imp. #1) is a 255 ha impoundment. 
Since August 1993, the culverts here were left open to tidal 
exchange.

Quantitative sampling was performed in these im
poundments, Imp. #23 and Imp. #16A in June-July 1992,
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1993, and 1994 and Imp. #1 in July 1994 along a portion 
of transect lines previously established for burrow counts 
(Gilmore et al., 1991). One transect line had been estab
lished in each impoundment. These transects ranged from 
the edge of the IRL (0 m), continued across the artificial 
dike, and ended at the impoundment perimeter ditch (Fig
ure 2). Four permanent metal stakes indicated the sam
pling sites (see below). Because of the very hard substrate 
on top of the actual dike (the road), it was impossible to 
sample these sites (10 m and 15 m) quantitatively (see 
below). The 0 m stake was placed at the waterline (low 
tide) on the IRL side, and the other three stakes (markers) 
were placed at 5 m intervals across the dike, with the 0 m 
stake as the starting point. The 15+ m site was between 
the 15 m stake and the upper bank of the perimeter ditch 
(Gilmore et al., 1991; see Figure 2). Additional sites were 
also established for the studies: site A was at the edge of 
the water (low tide) on the dike side of the perimeter ditch 
and site B in the corresponding area of the impoundment 
marsh side of the ditch (Figure 2). It was not possible to 
establish a site B in Imp. #16A, because of the summer 
artificial flooding, or in Imp. #1, because it was flooded 
naturally. The width of the perimeter ditches was about 5 
to 6 m. The ditch shores in all impoundments had a very 
dense (but only about 1.5 to 2 m wide) mangrove vegeta
tion (primarily Rhizophora mangle). Two additional sites 
were established in Imp. #23: site C, about 2 m into the 
impoundment marsh from site B, immediately behind the 
dense mangrove vegetation along the ditch shore (see Fig
ure 2), and site D on the sand flat within the marsh (25 m 
from the ditch). The distance from site 0 m to site C was 
about 25 m and to site D about 47 m. The sampling sites 
were 2 X 2 m permanent squares situated at each marker 
(sites 0 m, 15+ m, C, and D), within which four repli
cate samples were randomly collected on each sampling

DIKE

15+m5m MARSH
DITCHIRL

0 m

FIGURE 2. Cross section of a typical mosquito impoundment in the 
Indian River Lagoon (IRL), showing locations of the fiddler crab 
sampling sites. The dike road was approximately 1.5 m above low 
tide level in the IRL at three investigated sites (site D is not shown).

date. Sites A and B were sampled the same way (on the 
exposed substrate at low tide) close to the dense m an
grove vegetation at each side of the perimeter ditch. The 
Imp. #23 im poundment marsh was never flooded dur
ing my studies. The random  sampling was performed by 
means of a stainless steel cylinder (0.1 m2, 40 cm high) 
with a sharpened bottom  edge. Sampling was always per
formed at low tide and when no, or very few, specimens 
were observed on the sediment surface. Sampling was 
never performed when many crabs were observed out of 
their burrows. Sampling at such times would have re
sulted in erroneous quantitative results because Uca spp., 
when disturbed on the sediment surface, seek shelter in 
the closest burrow  or even migrate out into the water. 
The cylinder was forced down to a sediment depth of 
at least 25 cm. The number of Uca burrows within the 
cylinder area was recorded, and then the sediment was 
removed with a shovel (with a straight edge). The up
permost fraction (0-10 cm) was sieved (in the field) in 
seawater through a 2 mm stainless steel mesh sieve. In the 
remaining fraction (10-25 cm) the crabs were removed by 
hand in the field. This procedure was deemed acceptable 
as small crabs only occurred in the uppermost layer of 
the sediment. The specimens were transferred to plastic 
bags and kept in a cooler in the field. In the laboratory, 
the samples were either processed immediately or stored 
in a freezer for later processing. The crabs were sorted by 
hand in a tray filled with seawater. They were then placed 
in labeled glass jars in a solution of 5% borax-neutral
ized formalin, diluted in seawater. After 4 to 5 days the 
formalin was replaced w ith 70% ethanol. All specimens 
larger than 5 mm carapace w idth (CW) were later iden
tified and weighed (wet weight) and have been archived 
for possible future studies. All individuals smaller than 5 
mm were regarded as “juveniles.” It was not possible to 
identify these to species level with certainty. The litera
ture sources used for species determ ination were Tashian 
and Vernberg (1958), Salmon (1967), and Crane (1975). 
A total of 140 quantitative samples were collected dur
ing the entire study period: 84 in Imp. #23, 40 in Imp. 
#16A, and 16 in Imp. #1.

Water temperature was measured midafternoon on 26 
July 1993 and 1 August 1994 within the marsh of Imp. #16 A 
(which was artificially flooded), in the middle of the adjacent 
perimeter ditch, and in the IRL (about 5 m from the shore). 
The measurements were taken at 5 cm water depth.

Because many impoundments are closed for natural 
tidal exchange to the estuarine waters of the IRL during 
the artificial flooding periods (impoundment pumps), sa
linity may drop rapidly during periods of heavy rainfall.
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An experiment was therefore performed to investigate toler
ance to rapid salinity changes among the four Uca species. 
The laboratory setup consisted of twenty 2 L round plas
tic containers equipped with a lid. A separate air supply 
was provided to each container. Four treatments and one 
control (four replicates per treatment) were established: 
100%, 75%, 50% , 25% , and 0% seawater. Laboratory- 
supplied seawater was diluted with distilled water. The 
salinities of the different treatments were 100% = 36-37 
ppt (parts per thousand), 75% = 27-29 ppt, 50% = 19 
ppt, 25% = 9-10 ppt, and 0% = 0 ppt, measured with an 
ocular refractometer. The water temperature was very sta
ble during the experimental period, 24.0°-26.0°C. Each 
experiment lasted for seven days. The crabs were collected 
48 hours before each experiment and acclimated in 100% 
aerated seawater during this period. Seven randomly se
lected female crabs of each species were placed in each 
experimental container. It was not possible to find enough 
specimens of U. thayeri during the period for these stud
ies. Therefore only 25% and 0% seawater were used as 
treatments, and each replicate contained five crabs. The 
experiments were monitored twice a day, and any dead 
crabs were removed. Water was changed only in the con
tainers where dead crabs were found. These experiments 
were performed between 4 July and 27 July 1994.

Sediment samples for analysis of organic content (loss 
on ignition) were collected in 1994 along the three tran
sects. Three sediment cores (inner diameter, 30 mm) were 
collected to a depth of 5 cm at randomly chosen points at 
each site. As stated above it was not possible to establish 
a site B in Imp. #16A or in Imp. #1. The sediment was 
treated in the laboratory according to the procedures de
scribed in Holme and McIntyre (1971).

A one-way analysis of variance ( ANOVA) (Holm-Sidak 
method) was performed to compare the respective moni
tored sites in the three impoundments regarding organic 
content (LOI) in the sediment (Table 1).

RESULTS

A bundance

Abundance data from the three transects sampled in 
1992, 1993, and 1994 at Imp. #23 and Imp. #16A are pre
sented in Figures 3 and 4, and the one transect sampled in 
1994 at Imp. #1 in Figure 5. High water levels prevented 
sampling 0 m (IRL) at Imp. #16A in 1992 and site A (ditch 
shore) in 1994.

The results from Imp. #23 were similar the three sam
pling years (Figure 3). U. pugilator and U. rapax were 
relatively evenly distributed across the transect, and a few 
specimens of U. rapax were sometimes observed on the 
dike road (DIKE; see Figure 2). U. speciosa, the dominant 
species, was found only at site 0 m, and in very high den
sities in the wet, soft, and dark mud on both sides of the 
perimeter ditch (sites A and B). U. thayeri was also found 
on both sides of the perimeter ditch (sites A and B), in ad
dition to a few specimens at site 0 m in 1992.

In contrast, at Imp. #16A (Figure 4), U. pugilator 
dominated in abundance at site 5 m whereas U. rapax was 
most abundant at site A (perimeter ditch shore). U. spe
ciosa was almost exclusively found at site A and U. thayeri 
at site 0 m.

At Imp. #1 the distributional patterns were similar 
to the other impoundments. However, U. pugilator was 
found in comparatively low densities, whereas U. rapax 
was abundant at both sites 0 m and 5 m. U. speciosa was 
found in high densities in the wet muddy areas at site 0 m 
and at site A. U. thayeri was found at the 0 m site and to 
even a greater extent at site A (dike side of the ditch).

No statistical tests were performed to elucidate any 
potential difference between years at each site, but it was of 
higher interest to statistically compare abundance patterns 
between impoundments. Therefore, correlation analyses 
(Pearson product moment correlation) were performed on 
the mean abundance data (1992, 1993, 1994) for sites 0 m

TABLE 1. One-way analyses of variance (Holm-Sidak method) concerning differences in organic con
tent (LOI) between the different impoundment and sampling sites. Significant differences (P values) are 
in bold italic.

Site

Impoundment no. 0 m  5 m  15+  A C D

23 vs. 16A 0.025 0.068 0.158 0.0002 0.0001 0.001
23 vs. 1 0.148 0.044 0.123 0.124
16A vs. 1 0.004 0.003 0.014 0.00006
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FIGURE 3. Abundance and biomass (wet weight) between 1992 and 1994 of the four fiddler crab species along the impoundment #23 
transect. Error bars represent + standard error values (N  = 4). Note the different scaling on the y-axes.
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FIG U R E  5. Abundance and biomass in 1994 of the four fiddler crab species along the transect within impoundment #1. Error bars represent 
+ standard error values (N  = 4).

to A for each of the four species separately between Imp. 
#23 and Imp. #16A. However, no correlation (P >  0.05) 
could be found for any of the species. The same analyses 
were performed for the 1994 data from Imp. #23, Imp. 
#16A, and Imp. #1. The only correlation (positive) found 
was for 17. thayeri between Imp. #23 and Imp. #1 (correla
tion coefficient, 0.968; P value, 0.031).

Biomass

The biomass (g wet weight) measurements are pre
sented in Figures 3-5. No significance tests were performed 
concerning the biomass difference among the three years 
for each species.

However, the biomass calculations for the three years 
in Imp. #23 (Figure 3) indicate that changes took place, but 
these changes are based on subjective observations. High 
biomass values were recorded for 17. pugilator in 1992 at 
site C and in 1993 and 1994 at site 0 m. High values were 
recorded for 17. rapax throughout the entire transect, espe
cially in 1993 and 1994, except at site D. The highest bio
mass values for 17. speciosa were recorded on both sides of 
the perimeter ditch (sites A and B), especially on the marsh 
side of the ditch (site B). High 17. thayeri biomass values 
were recorded along the perimeter ditch (sites A and B).

At Imp. #16A the biomass values for 17. pugilator 
were high at site 5 m all three years (see Figure 4). Rela
tively high biomass values were recorded for 17. rapax at 
sites 5 m and A in 1992. However, data for site A in 1994 
are not available. Tow biomass values were recorded for 
17. speciosa at site A in 1992 and 1993. 17. thayeri was 
only recorded at low biomass values at site 0 m in 1993 
and 1994 and at site A in 1993 and at site 0 m in 1994.

At Imp. #1 low values were observed for U. pugilator 
throughout the transect (see Figure 5), but 17. rapax was, 
by far, the most dominant (biomass) species across the en
tire transect. The only exception was site A, where the val
ues for 17. speciosa and 17. thayeri were somewhat higher.

Repro duction  and  S ex D istribution

The percentage of “juveniles” found in 1993 and 
1994 at the different sites within Imp. #23 and Imp. #16A 
is presented in Figure 6. M ore juveniles were found at 
site 0 m at Imp. #16A compared with Imp. #23. Many 
juveniles were also recorded along these impoundment 
ditch shores (sites A and B in Imp. #23 and site A in Imp. 
#16A). The sex distribution among adults of the four spe
cies from the 1992, 1993, and 1994 (combined) collec
tions (June-July) is presented in Figure 7 with the number
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FIGURE 6 . Percentage specimens having a carapace width (CW) less 
than 5 mm (juveniles) of all collected individuals of Uca spp. from 
each site in 1993 and 1994. Note different scaling on y-axes.

of ovigerous females. As shown, the sex ratio was near 
to 1.0 among all four species except for U. thayeri where 
the male/female ratio was approximately 1.8:1. The high
est ovigerous rate was found among U. pugilator (22.0%) 
and the lowest among U. rapax (3.4%). The correspond
ing figures for U. speciosa and U. thayeri were 6.9% and 
10.0%, respectively.

Burrows

The correlation between the number of burrows and 
the actual number of crabs found within each sample 
in 1992 and 1993 is presented in Figure 8. A Wilcoxon 
signed-rank test showed that there was no correlation 
between these two parameters: P = 0.097 (linear regres
sion: R 2 = 0.02, P [analysis of variance] = 0.23). This 
finding has also been reported by Colby and Fonseca 
(1984). The same lack of correlation was also found by 
the author in a larger and more detailed multiyear study 
at M erritt Island impoundments (close to Cape Canav
eral, eastern Florida.).

The summer water temperatures within Imp. #16A, the 
perimeter ditch, and in the IRL is presented in Table 2. The 
water temperature was higher within the impoundment 
marsh than in the perimeter ditch and in the IRL.

The laboratory experiment showed that no species 
showed any disturbance or mortality in 100%-25 % seawater. 
However, the reaction toward 0% seawater was severe (Fig
ure 9). U. speciosa and U. thayeri showed very low tolerance 
toward 0% seawater while U. pugilator showed the highest 
tolerance. The reaction from U. rapax was intermediate.

S ediment

The results of the sediment analyses are presented 
in Figure 10. The loss on ignition (organic content) was 
higher in Imp. #16A than in Imp. #23 and Imp. #1 (see
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FIGURE 7. Sex distribution of all fiddler crab individuals larger than 
5 mm collected during 1992-1994 combined within impoundments 
#23, #16A, and #1. The bars show sex distribution for each species 
found throughout the study period; PUG = Uca pugilator; RAP = 
U. rapax; SPE = U. speciosa; THA = U.
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Table 1). The lowest values on the IRT side (site 0 m) were 
recorded from Imp. #1 and the highest from Imp. #16A. 
At the ditch (site A) the highest organic value was recorded 
at Imp. #16A and the lowest at Imp. #1. Within the marsh 
(site C) (Imp. #23 and Imp. #16A only), the loss on igni
tion was very high within Imp. #16A and very low within 
Imp. #23. As indicated in Table 1, Imp. #16A deviated 
significantly the most from the other two impoundments, 
with generally the highest organic content (TOI).

TABLE 2. Water temperatures (°C, 5 cm water depth) at im
poundment site #16A, measured in midafternoon during July 
1993 and July 1994.

Location a 1993 1994 Mean

Marsh 44.3 42.4 43.4
Ditch 37.1 36.1 36.6
IRL 37.5 35.2 36.4

a Marsh = impoundment marsh; ditch = impoundment perimeter ditch; IRL 
Indian River Lagoon.
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FIGURE 9. Percent survival in fresh (distilled) water of the four fid
dler crab species. Error bars represent standard error values (N =  4).
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FIGURE 10. Sediment organic content (percent weight loss on igni
tion) at the sampling sites within the three impoundments in 1994. 
The error bars represent standard error values (N  = 3). Note differ
ent scaling on y-axes.
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Pearson product moment correlation tests were used 
to elucidate any potential correlation between the organic 
content of the sediment (LOI) and the distributional pat
tern (along the transects) of the four different species. All 
tests were performed on the mean values of each param 
eter. Only transects where a significant amount of infor
mation was available were used for these tests: Imp. #23 
in 1993 and 1994, and Imp. #16A in 1994 (see expla
nation above). No significant correlation (P >  0.05) was 
recorded for any species between abundance and organic 
content, except for U. pugilator at Imp. #23 in 1994, with 
a correlation coefficient of 0.797 and a P value of 0.032.

DISCUSSION

Different species of fiddler crabs prefer different sub
strates and salinities for reasons of their specific physiolog
ical tolerances and environmental preferences (Teal, 1958; 
Vernberg et ah, 1973). However, the artificial environment 
of the impoundments in the IRL, with the perimeter ditch 
and dike, poses a completely new, different type of envi
ronment for the Uca populations. The occurrence and dis
tributional patterns of the different species of fiddler crabs 
in these impoundment dikes and perimeter ditches have 
not been investigated earlier, so this is a first basic study 
on these populations. The results from this study indicate 
that more detailed studies are needed in the future in these 
very extensive artificial environments in the IRL.

Uca speciosa and U. thayeri were the most “site- and 
substrate-specific” species within these environments, 
whereas U. pugilator, and in some cases also U. rapax, 
were more “generalists.” Uca speciosa and U. thayeri were 
almost exclusively found in the very soft, black, and wet 
substrate close to the water (primarily sites A and B), 
which is clearly demonstrated by the data presented from 
Imp. #23. The highest abundances of U. speciosa were here 
recorded on the perimeter ditch “shores” (sites A and B). 
Given the rich mangrove vegetation, it was expected that 
the very fine, wet, and muddy sediment on the ditch pe
rimeter shores (sites A and B) would have a comparatively 
high organic content, but this was not the case (see Figure 
10). Because no correlation between the organic content 
of the substrate and the abundance pattern of the different 
species were found, the grain-size distribution, water con
tent, the chemical content of the sediment, root mat den
sity, physiological tolerances, and interspecific interactions 
may be more im portant factors in fiddler crab distribu
tional patterns (Teal, 1958; Ringold, 1979; Bertness and 
Miller, 1984). No root mat areas were investigated in this

study. The large differences in substrate organic content 
(LOI) between Imp. #23 and Imp. #16A are noteworthy 
(see Table 1).

Large numbers of U. rapax (and to some extent also 
U. pugilator) were quite often observed on the dike roads, 
but U. speciosa and U. thayeri were never seen there. 
Thompson et al. (1989) have also demonstrated that some 
species of desiccated fiddler crabs, among these U. pugila
tor, can rehydrate on damp sand.

When the impoundments are being flooded, it appears 
that U. rapax, and most likely also U. pugilator, are able 
to migrate under water, across the perimeter ditch (often 
anoxic and with H 2S in the sediment), to more suitable 
areas. It is, however, im portant to note that this has so far 
been confirmed only for U. rapax. Therefore, the ability 
to relocate to more suitable habitat may be the decisive 
factor in survivorship among Uca species. The banks of 
the perimeter dike (immediately above site A) may there
fore act as a temporary “refuge” for some species dur
ing periods of impoundment flooding. It is also possible 
that further migration takes place tow ard the IRL shores 
(U. rapax, U. pugilator). However, this question does not 
apply to the rim and road of the dike because of the un
suitable substrate. Furthermore, the distance to the water 
table is also too great (at least 1 m).

The two species U. rapax and U. pugilator are probably 
not adversely affected by impoundment management. Visual 
observations, and also in situ experiments, have revealed 
that these species are highly motile within the impoundment 
areas. According to Thurman (2003) U. rapax is typically 
collected in brackish water. Yoder et al. (2005) have also 
found that the “herding behavior” in U. pugilator is a water- 
conserving group effect, and this behavior makes them less 
vulnerable to desiccation. Many specimens of U. pugilator 
and U. rapax have been observed (by the author) to migrate 
over long distances within and outside the impoundments 
(marked individuals, not reported here). However, further 
studies need to be performed to clarify these patterns.

Although U. pugilator and U. rapax thrive in these 
areas, the fate of the other two species is more uncertain. 
According to the quantitative sampling results and inten
sive visual in situ studies, U. speciosa and U. thayeri are 
confined to substrate-specific areas of the impoundments, 
and this may have a negative effect on the populations of 
these species when the impoundments are being managed 
(flooded). However, the results from Imp. #16A, which 
was flooded frequently for mosquito control, seem to con
tradict this assumption. In spite of this management, a rich 
community of U. speciosa was recorded on the ditch shore 
(site A), but with low densities of U. thayeri.
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Even though the data on the occurrence of juveniles 
are limited, they indicate that fiddler crab reproduction 
(species unknown) occurs also in the impoundment perim
eter ditch (site A and B). As shown in Figure 6, juveniles 
were, as expected, mainly found close to the water (sites 
0 m, A, and B).

The dilution experiments indicate that none of the 
four species is sensitive to low salinities, a situation that 
rarely occurs within the impoundments. During this ex
periment U. pugilator was the most tolerant species. 
Thurman, (2003) investigated the osmoregulation of eight 
Uca species and found that U. speciosa and especially U. 
pugilator are able to withstand high “osmotic challenge.” 
Additionally, Thurman (2005) reported that U. rapax is 
best equipped for living in brackish habitats and that U. 
thayeri and U. speciosa are best suited physiologically to 
inhabit low and moderately saline habitats. This obser
vation may explain why the latter two species are able 
to successfully inhabit the impoundment ditch “shores” 
(sites A and B). U. rapax, and most likely also U. pugi
lator are, as discussed earlier, able to migrate over long 
distances, for example, across the perimeter ditches (when 
the impoundments are being flooded) and dikes (studies 
by the author on ~  1,200 of marked U. rapax individuals). 
However, this is most likely not the case with U. speciosa 
and U. thayeri. As U. speciosa is a comparatively small 
species, it may therefore be more vulnerable to desiccation 
than the other three species (Pellegrino, 1984).

High summer temperatures in the shallow impound
ment water (see Table 2) pose a threat to the fiddler crab 
populations. Even though the temperature measurements 
only were performed twice within Imp. #16A (Table 2), 
they show that the temperature in the shallow (flooded) 
areas in the impoundment marsh may reach at least 44°C, 
which is significantly higher than in the nearby IRT. Targe 
numbers of dead individuals were observed in very shal
low water during these high temperature periods (within 
the marsh of Imp. #16A), but never at lower temperatures, 
and it was assumed that death was the result of short-term 
hyperthermia. Replicated laboratory experiments on U. 
pugilator and U. rapax collected inside Imp. #23 showed 
that lethal water temperatures (TD50) on individuals from 
this area are 41°-42°C. Teal (1958) reported a lethal tem
perature (TD5o) between 39.5° and 40.0°C for U. pugila
tor, U. minax, and U. pugnax, and Vernberg and Tashian 
(1959) found that U. rapax was more resistant to tem
peratures of 42°-44°C than was U. pugnax. Wilkens and 
Fingerman (1965) performed a thorough study on lethal 
temperatures for U. pugilator in both saturated and dry 
air. TD5o in saturated air was reached at 40.7°C, which

corresponds well to the results from my observations. 
Powers and Cole (1976) have also demonstrated that bur
row  temperature decreased rapidly with depth, proving 
the major heat refuge for U. panacea on open sand flats 
during a study on M ustang Island, Texas. Edney (1961), 
in a study on a number of fiddler crabs at Inhaca Island, 
Mozambique, found that the temperature within the bur
rows during the warmer months was considerably cooler 
than the sand on the surface. Preliminary results within 
this study (not presented) also indicate that the tempera
ture drops significantly with sediment depth in the mos
quito impoundments.

Genoni (1985), on a study on U. rapax in Florida, 
reported that there were more burrows than fiddler crabs 
in the sediment. Even if there was no correlation between 
fiddler crabs (all species) and burrows in the present study, 
the results were often the opposite from the results by 
Genoni (1985). M outon and Felder (1996) investigated 
the quantitative distribution of U. spinocarpa and U. lon- 
gisinalis by quantitatively counting the number of Uca 
burrows along transects in a Gulf of Mexico salt marsh. 
However, no studies were performed regarding the num 
ber of individuals (and species) living in these burrows. 
Excavating the substrate is a very labor-intensive proce
dure but obviously necessary to be able to evaluate the 
actual fiddler crab species distribution and abundance 
within specific areas (see Methods, above). The studies 
performed by the author in the three St. Tucie County 
impoundments and at M erritt Island (Cape Canaveral) 
impoundments (not reported here) did not produce any 
correlation between burrows and number of Uca speci
mens. Actually, in several cases when no burrows at all 
were found on the sediment surface within the 0.1 m2 
sampling area, large amounts of fiddler crabs were found 
in deeper areas when excavating the substrate within the 
sampling area according to the description above. There
fore, only counting Uca burrows does not seem to give 
correct data regarding Uca population abundance and 
species distributional pattern. Further detailed studies are 
therefore needed to elucidate this relationship.

In conclusion, these studies in the St. Lucie impound
ments do not indicate that the construction and manage
ment of IRL mosquito impoundments pose a serious threat 
to fiddler crab populations. However, the impoundments 
may change the distributional patterns of the different 
species. It is important to note that new, highly suitable 
habitats were created when the impoundments were con
structed, such as the perimeter ditch margins (sites A and 
B), especially preferred by U. speciosa and U. thayeri in 
impoundments with tidal access to the IRL. However, the
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fate of these two species at the marsh side of the perimeter 
ditch (site B) during the prolonged artificial summer flood
ing is still unknown.
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ABSTRACT. The hydrology of an overwashed mangrove island is shown to be both 
complex and dynamic, with a strong interaction between tide-induced flow and the resi
dent red mangrove (Rhizophora mangle L.) root system. A topographic map of the tid- 
ally flooded area of the island was made and related to the tide-induced water levels. The 
flooded area approximately doubled during the usual tidal event. The bottom  topogra
phy is highly irregular with a maximum channel water depth of about 1.5 m, but much 
of the flooded area experiences a water depth of less than 0.5 m. Water elevations were 
recorded by automatic water level loggers for periods of time up to 9 months. The usual 
symmetrical parabolic tide signal was transformed into a highly asymmetrical form as it 
moved landward through the tangled root system of the red mangrove forest. A normal 
tide range of 13 cm at the island m argin attenuated to 3 cm at a distance of 200 m 
landward, with a lag time of 2 h for highs and 6  h for lows. M aximum flow velocities 
of 5 cm/s were measured in the main channels with marked reduction in regions of 
dense mangrove root and shallow water depth. The combined frictional resistance of the 
bottom  and associated mangrove roots is characterized by a M anning’s roughness coef
ficient, n, that ranged from 0.084 to 0.445. The changing flow pattern within the flooded 
mangrove swamp was mapped during a 7 h high-to-low tide period using aerial photog
raphy to track the movement of slugs of visible dye placed at three locations. Analysis 
of the sequential time-related photos showed limited lateral dispersion in the tortuous 
main channel but strong tidally controlled flow direction changes and dispersion along 
the channel axis. A strong circulatory pattern is observed in a shallow pond at the south 
central terminus of the tidally affected flow system. This large shallow pond is sparsely 
populated by dwarf red mangrove and is some 350 m from a primary connection with 
the surrounding lagoon. Poor flushing of the pond creates water temperatures ranging 
from 25°C in the winter to 40°C in the summer. High surface water evaporation creates 
a hypersaline condition of 45 ppt salinity in summer. In winter, with the infusion of fresh 
rainwater, salinity of surface water in the pond can be less than 5 ppt. Because of its role 
in the transport of nutrients and detritus, and its flushing action, the dynamic hydrological 
system of the mangrove island is a highly important ecological feature of the overwashed 
mangrove island.

INTRODUCTION

Mangrove forests are tropical wetlands with a specialized vegetation adapted 
to waterlogged and saline conditions (Lugo and Snedaker, 1974; Hutchings and 
Saenger, 1987; Ball, 1988). These forests provide energy-absorbing buffers from

mailto:harbourrose@cox.net
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hurricane-driven seas, prevent coastal erosion, provide 
a protective habitat for many fish juveniles, and are a 
nutrient source for the surrounding waters (Odum and 
Heald, 1972, 1975; Twilley, 1988; Danielson et ah, 2005; 
Barbier, 2006, Constanza et al., 2008), as well as a filter
ing mechanism for sediments and pollution (Alongi and 
M cKinnon, 2005). Under natural conditions mangroves 
live in a highly dynamic environment and in synergistic 
balance with their natural neighbors. Mangroves have 
evolved features that enable them to cope with an ever- 
changing regime of tidal water ranges, variable salinity and 
temperature, and anoxic soil conditions, but within limits 
(Tomlinson, 1986). The biggest enemy appears to be man, 
who can directly or indirectly destroy, in days, whole m an
grove communities that have taken thousands of years to 
develop (Alongi, 2002; Macintyre et ah, 2004; Rodriguez 
and Feller, 2004; Taylor et al. 2007; Duke et al., 2007).

It is widely recognized that hydrological patterns de
termine mangrove structure and function at the ecosystem 
scale (Lugo and Snedaker, 1974; Forman and Godron, 
1986; Twilley, 1995), and general models of mangrove hy
drodynamics have been developed (Wolanski et ah, 1992). 
In these coastal wetlands, tidal flooding and surface drain
age influence many ecological processes, including habitat 
quality, water movement, filtration, and nutrient cycling 
(Forman and Gordon, 1986). Water flow also influences 
the dispersal and establishment of mangrove propagules 
(Mazda et ah, 1999).

The significant role of vegetation and the effect of in
tertidal root density on tidal movement in mangrove chan
nels has been described by Wolanski et al. ( 1980) and over 
the broader mangrove swamp environment by Wolanski 
et al. (1992), Furukawa and Wolanski (1996), Mazda et 
al. (1997), and Mazda et al. (2005). Thus, there is a syn
ergistic relationship for the development and growth of a 
mangrove forest that depends on the dynamics and mag
nitude of tidal inundation into the swamp. Concurrently, 
the frictional resistance of the mangrove roots controls the 
degree of tidal inundation and patterns of movement in 
the mangrove swamp (Wright et ah, 1991).

Based on long-term experiments on offshore m an
grove islands in Belize, hydrodynamics have been linked 
to distinct patterns of nitrogen (N) and phosphorus (P) 
limitation across the intertidal flow system (Feller et ah, 
2003). Lovelock (2008) suggested that differences in tidal 
inundation also influence soil respiration and below- 
ground carbon sequestion via root production, which is 
the source of the deep peat deposits underlying these is
lands. McKee et al. (2007) predicted that the ability of 
islands such as Twin Cays to keep pace with rising sea

levels is dependent on the tight coupling between peat for
mation and hydrology.

Although these and other studies based at Twin Cays 
have identified tidal flooding as an im portant drive of eco
logical processes, there is limited knowledge on the spe
cific pattern of water movement across these islands. Thus 
the objective of this research was to conduct a detailed 
analysis of tidal characteristics and flushing patterns of 
West Island, the smaller of the two main islands in the 
Twin Cays Archipelago.

Lo c a tio n

The Twin Cays Archipelago lies some 22 km off the 
coast of Belize (Figure 1) on the edge of the Belizean Bar
rier Reef (16°50'N , 88°06'W ). Islands of the Barrier Reef 
and its surrounding waters have been the locations for 
scientific ecosystem studies by the Smithsonian Institu
tion since 1972 (Rützler and Macintyre, 1982). Because of 
their pristine condition and relative isolation from anthro
pogenic effects, the islands and contiguous waters of Twin 
Cays were selected for detailed scientific research of oce
anic mangroves and associated marine ecosystems (Rütz
ler and Feller, 1996). Field studies of the dynamic hydrol
ogy of the Twin Cays mangrove ecosystems were begun in 
1986 and have continued since that time. This particular 
study focuses on the surface hydrology of West Island of 
Twin Cays (Figure 1), a 21.5 ha kidney-shaped landmass 
approximately 900 m long and 400 m wide. According to 
the classification of Lugo and Snedaker (1974), the island 
is an “overwashed mangrove island,” one frequently over
washed by tides and with high organic export.

Island C haracteristics

The land cover on West Island and effect of m an are 
shown in Figure 2, which depicts the natural mangrove 
growth and the man-made clear-cut and dredge-fill as 
m apped by I. C. Feller of the Smithsonian Institution 
in 2002. Since then even more mangrove destruction 
has occurred on the east side of the island. The island 
is dom inated by the red mangrove, Rhizophora mangle 
L., with black mangrove (Avecennia germinans L.) on 
somewhat higher topography in the intertidal zone and 
white mangrove (Laguncularia racemosea L.) above 
the intertidal zone (Rützler and Feller, 1988; Rodriguez 
and Feller, 2004). It is to be noted that the density of 
the mangrove is far from uniform, with sparse dwarf 
red mangrove dom inating the interior, and much more 
vigorous red mangrove growth on the island perimeter
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FIGURE 1. Location map of Twin Cays, Belize, Central America. (Adapted from Rützler and Macintyre, 
1982.)

and in areas of greater tidal movement. Figure 3 is a 
photograph taken from the island interior showing the 
dw arf red mangrove in the foreground and the distant 
background of taller dense red mangrove growth that 
characterizes the island perimeter. Figure 4 provides a 
botanical rendering of the cross section of the scrub red 
mangrove, showing the relationship between mangrove 
foliage, stem and root structure, average tidal range, and

hydrogeologic strata. It is to be noted that the typical 
low tide level is near the top of the organic ooze.

The mangroves of Twin Cays have developed on 
an ancient limestone plateau over the past 8,000 years 
(Macintyre et ah, 2004). During this time 9-12 m of 
Holocene mangrove deposits have accumulated on the 
underlying limestone substrate and kept pace with ris
ing sea level (Toscano and M acintyre, 2003; M acintyre
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FIGURE 2. Land cover characteristics of West Island, Twin Cays, Belize, based on aerial photographs taken 
in 2002 that show mangrove density and clear-cut areas. (Drawn by Molly K. Ryan of the Smithsonian 
Institution in 2002.)
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FIGURE 3. Photograph of West Island, Twin Cays, showing dwarf 
red mangrove of island interior with much more vigorous fringe red 
mangrove growth in distance along periphery of the island.

et al., 2004; McKee et al., 2007). Macintyre and Toscano 
(2004) found Pleistocene limestone at depths of 8.3 to 
10.8 m below mean sea level in cores at West Island. As 
sea level rose to cover a subaerially eroded limestone 
plateau fringing the coastline, mangrove peat appears in 
the stratigraphie record. The highest topography of the 
island is on the seaward side where deposited sand is no 
more than 1 m above mean sea level. The limestone is 
now found at depths of 9 to 10 m below present sea level 
(Macintyre et ah, 2004). The swamp bottom  is com 
posed largely of soft silty organic detritus. Exceptions of 
harder bottoms are found in the nearshore swamp chan
nels where stronger tide-induced velocities have scoured 
the channel bottoms.

The climate of Twin Cays is m arine tropical with air 
temperatures ranging during the year from 24°C in Janu
ary to 29°C in June; humidity averages about 78% (Rütz
ler and Ferraris, 1982). Lagoon water temperatures range 
from 23°C in the winter to 31°C in the summer. The mi
croclimate of West Island, particularly that of the interior 
water, has a much greater range. The estimated annual 
precipitation at Twin Cays is about 1,885 mm, based on 4 
years of complete records at the climatological station on 
Carrie Bow Cay, 4 km away. This precipitation is about 
80% of the annual precipitation of the nearest mainland 
climatological station, the Melinda Forest Station, 30 km 
to the northwest. The monthly pattern is much the same 
for both stations. Hurricanes cause seawater to completely

overwash the low-lying island. However, the natural m an
grove ecosystem seems resilient and well suited to survival 
from natural events, viz. hurricanes. No significant adverse 
effects have been observed on Twin Cays; the same can
not be said for the response to man-made features, where 
mangrove clearing results in severe coastal erosion.

Tides in the lagoon area surrounding the island are 
m icrotidal with an average range of about 15 cm and 
are of the mixed semidiurnal type (Kjerfre et ah, 1982). 
The tides exhibit semidiurnal high and lows with a tidal 
cycle periodicity of approximately 12 h and 25 min, but 
display a marked asymmetry with a large tide range fol
lowing a smaller one. In some cases the larger range is as 
much as 40 cm, followed by a range of only 10 cm. At 
times the smaller range is so small as to appear nonex
istent. In other cases certain components of the tide oc
cur simultaneously and create a range as great as 50 cm. 
Once the tidal signal enters the tangled root system of 
the mangrove, the signal changes from a form that is 
approxim ately parabolic to a highly asymmetrical pat
tern, in which the rising limb of the flood tide is much 
steeper than the falling limb. Concurrently the amplitude 
is attenuated, and the highs and lows of the tidal signal 
lag the open lagoon tide. The spring-neap tidal cycle is 
about 29.5 days and can cause monthly tidal ranges that 
completely “dry up” the interior of the island.

HIGH TIDE

LOW TIDE 
ORGANIC 

OOZE

PEAT

SCALE 0 1 2  3 meters

FIGURE 4. Botanical rendering of cross section of dwarf red man
grove showing relationship between mangrove foliage, stem and 
root structure, average tide range, and hydrogeologic strata. (Drawn 
by Molly K. Ryan of the Smithsonian Institution in 1989.)
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M ETH ODO LO GY

The information required for a study of the dynamic 
hydrology of West Cay encompassed both spatial and 
temporal data and a wide variety of methods. These meth
ods included field surveying techniques for obtaining the 
island topography and bathymetry, automated water level 
recorders for water levels, automated temperature loggers, 
electromagnetic water current meters, conductivity meters 
for determination of water salinity, and aircraft for pho
tographic recording of dye flows, among a host of lesser 
equipment and measuring devices that were employed 
over the study period of 18 years (1988-2006).

Topography

Topography was determined for the tidal flood region 
extending from open lagoon water at the west side of the 
island along the 350 m long channel and the southern in
terior pond (Urish et ah, 2003; Wright et ah, 1991). Some 
36 semipermanent monitor locations were established in 
1988 in the intertidal swamp to obtain water level and wa
ter quality measurements. The locations were marked with 
2 cm diameter polyvinyl chloride (PVC) pipes driven into 
the ground in a grid pattern. Horizontal control was es
tablished by field measurement with a 35 m long tape and 
conventional level and transit surveying techniques (Wolf 
and Ghilani, 2006), later located with Global Positioning 
System (GPS) technology using a Garmin GPS 76. These 
data were later used for georeferencing of all island features 
(Rodriguez and Feller, 2004). Vertical control for land and 
water measurements was determined from a primary da
tum reference point on the east side of the island to which 
an arbitrary datum was assigned. The initial elevation as
signed to this reference point was 3.05 m with all readings 
later adjusted to an approximate mean lower low water 
(MLLW) after several years of time segments of about 2 
weeks; one long record of 9 months of tidal data was ob
tained. A datum lower than the typical terrestrial datum of 
“mean sea level” was used to maintain both topography 
and water level values positive to the extent possible.

Two principal surveying transects across the island 
were established: (1) from the lagoon to the bend in the 
channel along an east-to-west run including 6 points (FI 
to AÍ) and (2) from the bend in the channel to the south 
pond along a north-to-south run of 12 more points (AÍ 
to A12). In addition, 3 to 5 points were determined per
pendicular to each transect point. These secondary points 
were spaced approximately 15 m apart. These established

points, as located on Figure 5, were the primary location 
references for all subsequent data collection.

Automated pressure transducer water level loggers 
(In-Situ Environmental Data Logger Model SE 1000c 
with pressure transducer probes) were employed at five 
locations for short-term (1-2 weeks) measurements. 
These units were vented to automatically compensate for 
ambient atmospheric pressure. Later in the study period 
12 of these locations became long-term monitoring sta
tions with automated self-contained water level loggers 
(Remote Data Systems, Navassa, N. C.) that remained in 
place for as long as 12 months to record data at 30 min 
intervals with an accuracy of about 3 mm. Self-contained 
automated temperature loggers (Optic Stowaway by O n
set Computer Corporation) were also deployed to record 
temperatures at 30 min intervals for as long as 9 months. 
In addition to the m onitor locations, stilling wells consist
ing of slotted 15 cm diameter PVC pipe for both manual 
and instrumented tide measurements were established at 
both shorelines of the island, and later in the study these 
were correlated with a primary oceanographic/climatolog- 
ical data collection station established at the Smithsonian 
Research Station on Carrie Bow Cay, 4 km southeast. The 
tops of the stilling wells were initially assigned an eleva
tion based on the same arbitrary datum as used at the key 
datum  reference points. Elevations were established on 
the tops of all reference station pipes using survey level
ing techniques with a Topcon Automatic Level (model 
ATF-1A). The coordination of tides at West Island and 
Carrie Bow Cay was accomplished by comparison of a 
series of six separate short-term tidal cycle measurements 
taken concurrently at both stations.

H ydrology

Water flow direction and velocities during various posi
tions of the tide cycle were determined using conventional 
stream gauging techniques along channel cross-sections, or 
“reaches:” section A-A ' was defined between survey points 
A Í and D1 and reach B between survey points D1 and E l. 
The measurements were taken at various times during the 
tidal cycle using a Marsh-McBirney electromagnetic current 
velocity meter and standard stream channel cross-sectioning 
methods (Watson and Burnett, 1995). Velocities and water 
depths were measured at 0.6- to 1.5 m intervals perpendicu
lar to the flow to provide 25 to 50 individual measurements 
at each cross section. These measurements were then plot
ted to determine flow volumes and flow friction factors and 
to examine trends.
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Water salinity (±0.1 ppt), conductivity (±0.1 uS), and 
temperature (±0.1°C) were measured with a YSI 30 S-C-T 
(Yellow Springs, OH) in the field and in the laboratory. 
Salinity measurements were also made in the field using 
a refractometer (model 366ATC; Vista) with an accuracy 
of ± 1 ppt.

Flow patterns were also observed and evaluated by 
use of dye studies, both at the surface water level and by 
helium balloon low-level photography in 1990 and 1991, 
and later by high-level aircraft photography during a tidal 
cycle in 1993. Although the balloon photography was only 
of limited value because upper air wind currents caused the 
balloon to drift off the island, aircraft photography was 
highly successful. Large targets, approximately 1 X 2 m 
in size, were marked and placed at each station for dye 
movement referencing. Continuing runs at 0.5 h intervals 
were made across the island on the same flight path at an 
altitude of 150 m. Photographs were taken during each 
run with a SLR camera with AF Zoom  35-70 mm lens 
(Minolta 5000 MAXXUM), thus enabling both the flow 
directions and dispersion within the mangrove system to 
be observed. Slugs of Rhodamine fluorescent dye, a highly 
visible but nontoxic dye, were placed at three stations 
at the start of the observation period. The dye remained 
highly visible during one tidal cycle. Continuing, but di
minishing, levels of the fluorescence were measured in the 
laboratory on water samples taken during three subse
quent tidal cycles. The series of photographs taken from 
the aircraft runs were reduced to a time sequence of plots 
and then used by George L. Venable of the Smithsonian 
Institution to produce an animated video of the dye move
ment for further study.

RESULTS

T o p o g r a p h y

A topographic map of the intertidal flood zone region 
of West Island is shown as Figure 5. The highly irregular 
nature of the bottom is evident by inspection of the con
tour pattern. The region of tidal flow and flooded area is 
characterized by relatively flat areas with water depths fre
quently only about 25 cm over much of the flow system, 
but highlighted by sections more than 1 m in depth, such 
as occur between stations A4 and A5. Such deep holes are 
not necessarily coherent with the main flow channel. A 
cross-section (A-A') plot (Figure 6) at station A5 depicts 
the extreme changes in channel bottom that exist at this 
location. In contrast, the other significant feature of the 
system is a very large shallow pond of about 2.2 ha at sta

tions A10 to A12 at the south central part of the island. 
This region contains only sparse dwarf red mangrove with 
a flooded depth of about 0.25 m. Additionally, examina
tion of the topographic map shows ground level at the east 
shoreline of this pond is about 6 cm lower than the rest 
of the island periphery. At high tides these limited lower 
topographic zones allow lagoon water from outside to en
ter the internal swamp flow system. In particular, high tide 
waters overtop the island perimeter at two other locations 
on the east side into the central region, causing short-term 
hydrological anomalies of temperature and salinity, as well 
as a somewhat irregular tidal signal, in the system.

H y d r o l o g y

Figure 7 is a five-day plot showing the typical tidal 
signal as it enters the swamp system at TG2. As the signal 
enters the mangrove system, the frictional resistance of the 
roots cause attenuation in tide amplitude as well as a time 
lag in the highs and lows.

The unique hydrological nature of the flow in the 
mangrove ecosystem is characterized by a very shallow 
water depth that averages only about 0.5 m at low tide 
to 0.67 m at high tide, although great variations exist. 
However, because of the very flat topography, even this 
low tidal fluctuation causes an extensive and significant 
hydroperiod of wetting and drying with im portant impli
cations to the mangrove ecosystem. As depicted on Fig
ure 8, the area typically covered by water during high tide 
is about double that covered by water during low tide. 
Doyle (2003) states that his controlled field experiments
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FIGURE 6 . W e s t Is lan d  c ro ss  sec tio n  A - A ' a t  s ta tio n  A 5 sh o w in g  

re la tiv e  re la tio n sh ip  o f  h ig h  a n d  lo w  tid es to  b o t to m  c o n to u rs . G reen  

=  ra n g e  o f  f lo o d in g  f ro m  th e  tid e ; b lu e  =  lo w  tid e  flow . E le v a tio n  

d a tu m  is a rb itra ry .
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m a te  m e a n  sea level.

“suggest that the hydroperiod—the rate and level of tidal 
exchange—plays a much more im portant role in determin
ing mangrove growth and success than previously docu
m ented.” Figure 9 presents a conceptual plot showing 
the wetting-drying cycle during the sequential phases of 
the tide. Perhaps even more im portant, the tide range is 
sufficient to cause reversal of flow direction and velocity 
throughout the system during each cycle.

Figure 10 shows the changing characteristics of the 
tidal signal at three stations as it moves inland in a to rtu 
ous path through the mangrove ecosystem. A tide range 
of 13 cm at the island margin is attenuated to 8 cm at a 
location 50 m landward and to 3 cm at a location 200 m 
landward in the main flow channel. Concurrently, there is 
a lag time of 1 h for high tide and 2 h for low tide at 50 m 
landward, and of 2 h for high tide and 6 h for low tide at 
200 m landward. The great difference in lag time between 
highs and lows is caused by the much greater influence of 
root density during a receding tide; this is also illustrated 
by the asymmetrical characteristic of the tidal signal as it 
transposes landward.

The seasonal climatic variations had a profound effect 
on the monthly hydrological budget, especially when the 
high évapotranspiration was considered. Figure 11 shows 
the approximate seasonal relationships of precipitation, 
surface water evaporation, and vegetation transpiration 
(évapotranspiration), assuming a total annual rainfall of 
1,885 mm. This value and the estimated monthly values 
are based on limited (about 5 years) available data that

m a g

50 100
METERS

V

FIGURE 8 . P lan  o f  W e s t Is lan d  sh o w in g  ae ria l e x te n t  o f  t id a l f lo o d 

ing  b e tw e e n  av erag e  daily  lo w  a n d  h ig h  tid es. S tip p lin g  o n  m a p  

sh o w s re la tiv e  d en s ity  o f  v e g e ta tio n . (A d ap ted  f ro m  d ra w in g  by  

M o lly  K. R y a n  o f  th e  S m ith so n ia n  In s titu tio n  in  2 0 0 2 .)

have been collected at Carrie Bow Cay and correlated 
with the longer-term record at the mainland Melinda 
Forest Station. The potential évapotranspiration values 
for each month were calculated from the Thornthwaite 
equation (Dunne and Teopold, 1978; Thornwaithe and 
Mather, 1987) using a partial record of temperature and 
solar radiation available for Carrie Bow Cay. Examina
tion of the water budget shows a deficit of precipitation as
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FIGURE 9. C o n c e p tu a l p lo t  o f  t id a l p h a se s  d u r in g  m ix e d  se m id iu r

n a l h y d ro p e r io d  ev en t. (A d ap ted  f ro m  B o u lto n  a n d  B rock , 1 9 9 9 .)

compared with évapotranspiration February through June 
during the “dry” season and a surplus during the “wet” 
season months from July through January. This “dry” sea
son water deficit has an extreme effect on the surface w a
ter in the semienclosed interior swamp system, especially 
in the poorly flushed shallow pond at the south end of the 
island. Figure 12 is a composite plot of water temperature 
and salinity measured along the main flood channel over 
several years during the “dry” and “wet” seasons. Near 
the inflowing/outflowing location at station FI the values 
approach those of lagoon water at the periphery of the

island, but in the shallow pond the value ranges are much 
more extreme, with salinity ranging from 5 to 45 ppt and 
temperatures ranging from 25°C to 40°C. Some tempera
ture and salinities even exceed these values in particularly 
isolated locations.

The elevations of the water surfaces and velocities at 
three stations within the first 150 m inland from the shore, 
as compared with the primary tide signal at shore station 
TG2, are shown in Figure 13. It is to be noted that at all 
stations the maximum velocities occur during the middle 
of the falling tide, with the highest velocities found nearest 
shore. This pattern is comparable with the tidal asymme
try and velocity patterns found by Bryce et al. (2003) in 
mangrove creek systems in Australia. The distribution of 
flow and variations of velocity for a typical channel sec
tion are illustrated in Figure 14 for a cross section at sta
tion A4. The data were acquired during a mid-tide flood 
tide at a time of maximum velocity. The upper part of Fig
ure 14 shows depths of water across the section at the spe
cific time of the velocity measurements shown in the lower 
part. The velocities shown are an average determined from 
a series of velocities measured at a series of depths over 
the shortest time period possible. As indicated the velocity 
changes dramatically, from 2.0 to 0 cm/s, across the sec
tion, although there is a general pattern of greater velocity 
at the deeper parts. However, this is contradictory to the 
observation that the deeper part on the right side does not

Tidal Period 2/09 -2 /1 1 , 2003

50 660 e

Sequential Time (h)

FIGURE 10. T id a l f lu c tu a tio n  p lo ts  a t  th re e  in te r io r  m o n ito r in g  s ta tio n s— T G 2 , A , a n d  B, as sh o w n  o n  p h o 

to g ra p h  a t  r ig h t— d u r in g  m a x im u m  ve lo c ity  o f  flo o d  tid e  o n  2 7  M a y  1 9 8 8 . Y e llo w  d o ts  o n  th e  p h o to g ra p h  

a re  lo c a tio n s  o f  m o n i to r  s ta tio n s . E le v a tio n  d a tu m  is a rb itra ry .
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have a high velocity. Inspection of the topographic plan (see 
Figure 5) provides the explanation: The deeper right-hand 
feature is a part of a closed depression, whereas the deeper 
part on the left is continuous with the main channel flow.

The average flow velocity between points in the swamp 
is reflective of both the tortuous path of flow through the 
mangroves and the frictional resistance of the mangrove 
root system and the channel bottom. This resistance can

be quantified by inverse calculation of the M anning equa
tion for stream flow (Watson and Burnett, 1995). Al
though the M anning equation was originally developed 
for stream flow, it has a logical deterministic relationship 
that has been used successfully by other researchers for 
mangrove flow characterization and modeling (Wolanski 
et ah, 1980). The M anning equation in MKS unit format 
(Tindsley and Franzini, 1979) is

V = 1/n R lß Sm ,

where V is the average velocity, n is the M anning rough
ness coefficient, R  is the hydraulic radius (cross-section 
area divided by wetted perimeter), and S is the slope, or 
hydraulic gradient, of the water surface.

M anning’s roughness coefficient, n, was determined at 
various locations in the flow system and at various times 
in highly fluctuating stream depth and current direction. 
The determined values of n for these measurements ranged

ovO
O'

CO

FIGURE 12. P lo t sh o w in g  ran g es o f  sa lin ity  (b lack  dots) a n d  te m p e ra 

tu re  (circles) d u rin g  “ d ry ” a n d  “w e t” season  c o n d itio n s  a t  th e  so u th 

e rn  sh a llo w  p o n d  o n  W e s t Island . M o n ito r in g  sta tio n s  (see F igure  5) 
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E L E V A T IO N
(m)

•  * C 1  2 . 7 0 -

2 . 6 5 -

VELOCITY
(m /s )

*+F 1

,04 —

TG 1

TIME (h)

F IG U R E  13 . P lo t o f  re la tiv e  e lev a tio n s (a rb itra ry  d a tu m ) a n d  v eloci

ties d u r in g  fa llin g  lim b  o f  tid e  a t  m o n ito r  s ta tio n s  C l ,  E l ,  a n d  F I  

(see F igu re  5).

<y////////////////////////////Z

WIDTH OF CROSS-SECTION (m)

F IG U R E  14 . W a te r  d e p th s  a n d  velocities a t  c ro ss -sec tio n  A - A ',  a t  

m o n ito r in g  s ta tio n  A 4  (see F igu re  5) d u r in g  a  f lo o d  tid e  w ith  m a x i

m u m  velocities, o n  2 7  M a y  1 9 8 8 .

from 0.084 to 0.445, far higher than the typical 0.035 
found even for natural channels with stones and weeds. 
These values however are comparable to those ranges of 
0.2 to 0.7 determined by Wolanski et al. (1992) for flow in 
southern Japan mangrove systems. Based on earlier stud
ies, Wolanski et al. (1980) had earlier suggested that n is of 
the order of 0.2-0.4 in mangrove swamps. Table 1 shows 
the parameters and results for calculation of the Manning 
coefficient for section A -A ', with depth and velocity char
acteristics as depicted in Figure 14. It is to be noted in 
Table 1 that the value of n is greatest at shallow water 
depth and lower velocities. Again, this is comparable to 
the findings of Wolanski et al. (1992).

T A B L E  1. S u m m a ry  o f  h y d ra u l ic  p a r a m e te r s  f o r  cross--se c tio n  A - A ' a t  S ta t io n  A 4  (see F ig u re  5 ).

O b s e rv a t io n  a
A v e ra g e  w a te r  

d e p th  (cm )
H y d r a u l ic  s lo p e , 

S (m /m )
A v e ra g e  

v e lo c ity  (c m /s) F lo w  (m 3/s )
M a n n in g ’s 

c o e ff ic ie n t, n

1 11.9 0 .000117 0.6 0.034 0 .415
2 13.4 0.000110 0.6 0 .037 0.445
3 14.3 0.000102 1.3 0.085 0.206
4 14.6 0.000098 1.1 0.069 0.261
5 16.4 0.000086 1.3 0 .097 0.210
6 20.3 0 .000055 1.6 0.145 0.159

a Each observation with the associated calculations is based on 30 measurements across cross-section A-A' as detailed in Figure 14.
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A dye flow study was accomplished during a high tide 
period on 5 June 1993. Single slugs of Rhodamine fluo
rescent dye, which produced a distinctive red color, were 
placed at three locations (monitor stations D l, A6, and 
A 10; see Figure 5) along the main channel early in the 
morning. Large visual targets were placed at the monitor 
stations in the mangrove swamp to enable referencing the 
dye positions during movement.

The movement of dye was documented by aerial pho
tography from an aircraft flown in a fixed flight pattern, 
and at a fixed altitude of 150 m (500 ft.), Runs were made 
at 0.5 h intervals. Figure 15 is a series of drawings made 
from 11 of these runs, depicting the leading edge of the dye 
with time. The 7 h period of measurement relative to the 
position of the tide at the exterior lagoon is depicted on 
the inset tide plot of Figure 15. Figure 16 is a high oblique 
photograph of West Island taken from an altitude of about 
600 m (2,000 feet) showing the position of the dye at 9:10 
a m , shortly after high tide. The aircraft run pattern starts 
over m onitor station TG 2 and progresses east, turning

south to proceed over the large pond at the south end of 
the island. The series of photographs have been converted 
to an animated visual program by George L. Venable of 
the Smithsonian Institution (URL http://www.uri.edu/cve/ 
dye.mov) that clearly shows the oscillation of the water 
of the mangrove swamp water as the dye at station D l, 
some 70 m from the lagoon, first went to the east, then re
versed to finally discharge into the lagoon. The dye flow at 
station A6 also oscillated, then merged with the outgoing 
dye from station A10 approximately 120 m south of A6, 
toward the pond. Interestingly, the dye placed at A10, at 
the north margin of the pond, also moved into the pond 
and then flowed in a circulatory pattern. This pattern may 
be caused by new lagoon water overflowing the rim of 
the pond to the east because the tide during the period of 
observation was a relatively high spring tide. Finally the 
dye from D l discharges into the lagoon, and the merged 
A6/A10 dye moves north. Previous water level studies with 
measured levels of fluorescent dye indicated that this dye 
persists at continuing reduced levels in the central locations

Run í1 S

SM-ÉU-rü'
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; U W m :
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4
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FIGURE 15. Sequential plots of dye flow patterns over a 7 h period from high tide through low tide, during 
dye flow test on 5 June 1993. The plot in the lower right-hand corner shows the relative time position of runs 
with tide levels at station TG2.

http://www.uri.edu/cve/


4 8 6  • S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

FIGURE 16. A eria l p h o to g ra p h  o f  W e s t Is lan d  lo o k in g  to  th e  n o r th w e s t  fro m  a n  a lti tu d e  o f  6 0 0  m  d u r in g  th e  

5  Ju n e  1 9 9 3  dye  f lo w  tes t, c o r re sp o n d in g  a p p ro x im a te ly  to  th e  tim e  o f  ru n  4  o f  F ig u re  1 5 . T h e  dye  is ev id en t 

as th e  re d  c o n f ig u ra tio n  in th e  so u th  p o n d .

for several tidal cycles before finally being flushed and dis
sipated into the lagoon.

DISCU SSIO N

An intimate knowledge of the topography of the flow 
and flood area is essential to an understanding of the eco
system of a semiclosed mangrove hydrosystem such as 
West Island. The interior water system of West Island is 
primarily tide-induced flow, with modifications caused by 
precipitation and seasonal climatic change. Hence, it is 
also very im portant that the climatic factors be considered 
in conjunction with the hydrographic characteristics.

The tidally induced hydrodynamics of the water flow 
in tidal channels and ponds of an overwashed mangrove 
island, in conjunction with the topography, greatly affect 
the ecosystem and vitality of the resident mangrove sys
tems. Analysis of the temporal and spatial characteristics

of a 21.5 ha island hydrological flow system shows that 
where flooding and current flow becomes more vigorous, 
the growth of the red mangrove is enhanced. It was found, 
during the 18-year period of this study, that hydrological 
changes such as increased tidal flow, from anthropogenic 
as well as natural causes, enhanced the growth of the red 
mangrove. On the other hand, observations of relict tree 
remains indicate that historically the interior of the island 
experienced a transition in mangrove species from black 
mangrove to dwarf red mangrove, possibly because of 
higher water levels and with poor flushing in the island 
interior. This concept is in concurrence with findings of 
Knight et al. (2008) in studies of patterns of tidal flooding 
within a mangrove forest in Southeast Queensland, Aus
tralia, that “mangrove basin types represent a succession 
in mangrove forest development that corresponds with in
creasing water depth and tree m aturation over tim e.”

Detailed mapping of the topography of the intertidal 
interior region of the island reveals poorly defined flow
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channels that vary greatly in depth and width. Within this 
system anomalous deep sections exist, further contribut
ing to the complexity of flow. The root structure of the 
mangroves and the irregular bottom result in a frictional 
resistance to the flow, quantified by M anning’s n as being 
as much as 10 times greater than that of conventional ter
restrial stream channels. In studies in mangrove swamps 
on Iriomote Island, Japan, Kobashi and Mazda (2005) 
stress the importance of the hydraulic resistance of m an
grove vegetation in determining the flow patterns, espe
cially in reducing the velocity component perpendicular 
to the main channel. Accordingly, the interaction of the 
mangrove itself is a determinate factor in stream flow and 
the resulting flushing action, im portant to the vitality of 
the mangrove. It appears to be particularly relevant to the 
transport of nutrients and other physicochemical condi
tions im portant to the growth of the mangrove. The driv
ing force for the flow within the mangrove hydrosystem is 
the ever-changing hydraulic gradient induced by the tide. 
Accordingly, the flow moves, at varying velocities, in and 
out of the interior mangrove swamp with the tide. As a 
result the seawater entering the mangroves not only fol
lows a constantly changing path, but is regularly reversed 
in direction, and consequently it takes at least several tidal 
cycles for flushing of the island interior. There are indica
tions that the central part of West Island is flooding more 
over a span of years, causing commensurate changes in 
the mangrove types capable of surviving in the changed 
regime, a process described by Knight et al. (2008). In 
other areas the geomorphology of the land is changing 
consequent to sediment transport, detrius deposition, and 
subsidence from peat compaction. In this regard Bryce et 
al. (2003), in studies of a small mangrove creek system 
near Townsville, Australia, evaluated the role of hydro
dynamics in the sediment transport process. Im portantly 
they observed that sediment transport appears to be a 
seasonal phenom enon, with net flux going either land
ward or seaward, but they conclude that the net sedi
ment transport for the overall system may be close to 
long-term equilibrium. They do state that mangrove 
swamp areas (in the tidal overflow regions) are most 
likely to be places of sediment accumulation; if so, the 
more shallow areas of West Island, when flooded at high 
tide, may experience accum ulation from redistribution 
of sediment within the system as well as from direct leaf 
drop and in situ detritus accumulation.

The data showed that the annual pattern of precipita
tion and temperature greatly affects temperature and sa
linity in the poorly flushed interior pond. On an annual 
basis there was a net discharge of water from island to the

exterior lagoon because of precipitation. However, when 
the monthly climatic factors are considered it is apparent 
that during the “dry period” of February to M ay there is a 
net loss of freshwater in the island water budget, with high 
evaporation creating high-temperature hypersaline water 
in the interior. When the island is in the rainy season, July 
through December, the reverse is true, with the interior 
water becoming cooler and fresher from the rains (see 
Figure 12). In the extreme case, as described by Wolanski 
et al. (1992) for tropical mangrove systems on the coast 
of northern Australia, “The balance between rainfall and 
evaporation, in conjunction with tidal variations, is the 
key factor in determining if the upper levels of the swamp 
are (tidally flushed) swamp or (hypersaline) tidal flat.” A 
further im portant implication for the shallow pond in the 
south part of West Island is, as stated by Wolanski et al. 
(1992), “rainfall significantly affects porewater salinity 
and it is likely that it also affects nutrient levels within 
the swamp substrate, particularly in areas where regular 
flooding by the tides does not occur.” On West Island, 
during the “dry period” of February through May, évapo
transpiration is approximately three times that of precipi
tation. However, during the “wet period” of June through 
December, conditions are reversed with évapotranspira
tion being approximately one-half that of precipitation 
(see Figure 11). Thus, the net effect on the poorly flushed 
interior areas of the West Island mangrove system is that 
of greatly increased salinity during the “dry season” and 
short periods of nearly fresh water from rain storms in the 
wet season (see Figure 12).

The effects of hum an intrusion into the natural eco
system are illustrated by Figure 17, an aerial photograph 
showing the survey lines newly cut in 1993. At that time 
the strongest flow from the coastal seawater was some 
25 m south of the west-east running survey cut, as identi
fied by the darker, more vigorous vegetation. By 2003 the 
main flow had moved north to the survey cut itself as the 
cutting as well as foot traffic in the cut had deepened that 
area. During the course of the investigations, it was ob
served that the previous dwarf red mangrove trees along
side these survey lines initiated signs of vigorous growth 
as a result of the increased flushing, as illustrated by the 
photograph in Figure 18.

Although previous studies have shown that for the 
past 8,000 years the mangrove growth has managed to 
keep up with rising sea level because of peat accretion, the 
future may be in doubt because of anticipated greatly in
creasing sea-level rise rates (Mckee et ah, 2007). The abil
ity of the island to adjust to rising sea level has im portant 
implications for a future that will include sea levels rising
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West

FIGURE 17. A eria l p h o to g ra p h  ta k e n  in  1 9 9 3  ( lo o k in g  so u th )  sh o w in g  su rv ey  lines th a t  w e re  n ew ly  c u t  in 

1 9 9 3 . T h e  o rig in a l p r in c ip a l t id a l f lo w  p a th  is ev id en t as th e  d a rk e r  g reen  v e g e ta tio n  a p p ro x im a te ly  3 0  m  

s o u th  o f  th e  1 9 9 3  e a s t-w e s t  su rv ey  line.

at a rate much greater than that experienced over the past 
8,000 years when mangroves first appeared and flourished 
on Twin Cays. As McKee et al. (2007) have stated, “Rates 
of subsurface plus subsurface (root) accretion in fringe, 
transition and interior zones at Twin Cay were 10.4, 6.3, 
and 2.0 mm/year. Fringe mangroves have kept up and could 
accommodate eustatic sea level rise of 4 mm/year if current 
rates of accretion were maintained. If eustatic rates exceed 5 
mm/year then these mangrove islands would not be likely to 
persist, assuming all other conditions remain unchanged.” 

The islands of Twin Cays, with a history of compre
hensive ecological research, remain an im portant location 
for measuring and evaluating changes in the mangrove 
and associated ecosystems because they occur in a world 
of dramatic coastal change. M uch analytical work re
mains to link the dynamic hydrology of the mangrove is
land to the physiological parameters essential to mangrove 
growth. The research site of Twin Cays, with three decades 
of baseline data and research, is a very important asset for 
better understanding the ecosystem of the mangrove. It is 
very im portant that this work continue and build on the 
substantial foundation of information that now exists.

C O N C LU SIO N S

Overwashed mangrove islands are extremely complex 
ecosystems. They are essentially self-dependent, and the vi
tality of the resident mangrove species is primarily a result 
of the tide that produces the essential hydrological func
tions of flushing and nutrient transport. The topography, 
the geomorphology, and even the existence of a mangrove 
island are products of the island vegetation itself. This in
teraction affecting the island configuration is constantly 
changing as the mangrove forest with its multiple species 
adjusts to higher sea levels and the resultant changes in 
hydrological flow and flooding parameters.

The interior of the island is subject to extremes of tem
perature (20°-40°C) and salinity (5-45 ppt) with limited 
flushing that may adversely affect the vitality and existence 
of the mangrove, as well as the natural selection of man
grove species. A comparison of the hydrological parameters 
and flow regimes in the regions of vigorously growing red 
mangrove with that of dwarf red mangrove strongly suggests 
that enhanced communication with external lagoon water is 
best for the vitality of the red mangrove on Twin Cays.
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FIGURE 18. P h o to g ra p h  o f  re d  m a n g ro v e  b ra n c h  ta k e n  in  2 0 0 3  

n e a r  m o n ito r in g  s ta tio n  D 1 (see F ig u re  5) sh o w in g  p ro g ress iv e  in 

c rease  o f  g ro w th  b e tw e e n  se q u en tia l g ro w th  rin g s  a f te r  su rvey  lines 

w e re  c u t  a p p ro x im a te ly  1 0  y e a rs  p rev io u sly . N o te  th a t  th e  ta p e  is 

m a rk e d  d ec im ally  in feet.

The flow within the island is strongly influenced by 
the substantial frictional resistance of the mangrove root 
system. This dense root system serves to greatly attenuate 
the tidal amplitude as it progresses into the island, creat
ing a reduced hydraulic gradient for water movement. The 
resultant reduced flow creates a poorly flushed island inte
rior with poor mangrove growth.

Extensive land clearing, especially along the coastal 
margins, has long-term continuing effects of mangrove 
loss from which the island may never recover (Macintyre 
et ah, 2009). In contrast, limited incursions such as the ob
served survey line cutting may shift, but enhance, channel 
flow, promoting more vigorous red mangrove growth. In 
extensive field research (Feller et ah, 2003), it was found 
that the patterns of nutrient availability within and among 
mangrove ecosystems are complex. Feller et al. (1999) 
showed the dramatic effects of nutrient enrichment on 
mangrove growth as well the changes in nutrient limita
tions that can take place within relatively short distances 
in swamp ecosystems. At least in the case of the nutrient- 
poor (P-limitation) condition of the sparse red mangrove 
in the interior of the island, the cause of nutrient limitation 
seems to be poor flushing, which limits the refreshing of

the system with phosphorus-rich lagoon water from tidal 
flooding.

A further concern is that of the effect of rising sea 
level on the ability of the mangrove to survive. The hydro
dynamics of the mangrove system greatly influences the 
mangrove ecosystem both by transport of nutrients and 
sediment and by the direct ability of the geomorphology of 
the island to develop to keep pace with rising sea level as it 
has in the past (McKee et ah, 2007). At the least it appears 
that differential growth of mangroves will occur as flood
ing occurs and the hydrodynamics of the system changes.
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Ecological Characteristics 
of Batis maritima in Florida and Belize

Dennis F. Whigham, Michael C. Whigham, 
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and Ryan S. King

A B S T R A C T . Batis maritima, a lo w -g ro w in g  p e r e n n ia l  sp e c ie s  w i th  w o o d y  s te m s  a n d  
su c c u le n t  leav es , o c c u rs  in  m a n g ro v e s  a n d , to  a le s se r  d e g re e , in  s a l t  m a r s h e s  in  th e  
N e o t r o p ic s .  I t s p re a d s  b y  c lo n a l  g r o w th ,  o c c u rs  in  a w id e  r a n g e  o f  h a b i ta t s ,  a n d  a t  t im e s  
fo rm s  m o n o ty p ic  s ta n d s .  S ites  t h a t  a re  p e r m a n e n t ly  f lo o d e d  o r  a re  f lo o d e d  r e g u la r ly  b y  
tid e s  a n d  s a l t  p a n s  a re  th e  o n ly  m a n g ro v e  h a b i ta t s  in  w h ic h  B. maritima d o e s  n o t  o c c u r  
o r  o c c u rs  a s  a f e w  s c a t te re d  p la n ts .  O n  m a n g r o v e -d o m in a te d  is la n d s  in  B e lize , th e  c o v e r 
ag e  a n d  h e ig h t  o f  B. maritima w e re  h ig h e s t  in  o p e n  h a b i ta t s ,  in c lu d in g  s ite s  d is tu r b e d  b y  
h u m a n  a c tiv itie s . In  a m a n g r o v e -d o m in a te d  m o s q u i to  im p o u n d m e n t  in  F lo r id a ,  B. mari
tima o c c u r r e d  in  a ll h a b i ta t s  s a m p le d  a n d , s im ila r  to  o b s e rv a t io n s  in  B e lize , c o v e ra g e  a n d  
h e ig h t  w e re  g r e a te s t  in  th e  m o s t  o p e n  h a b i ta t s .  T h e  a b u n d a n c e  a n d , a t  t im e s , d o m in a n c e  
o f  B. maritima su g g e s ts  t h a t  it  m a y  p la y  a n  im p o r ta n t  r o le  in  th e  d y n a m ic s  o f  m a n g ro v e  
e c o s y s te m s , e s p e c ia lly  in  th e  r e c r u i tm e n t  a n d  e s ta b l is h m e n t  o f  m a n g ro v e  se e d lin g s . M a n 
g ro v e  se e d lin g s  a n d  s a p lin g s  w e re  p r e s e n t  in  m o s t  o f  th e  p lo ts  t h a t  w e re  sa m p le d  in  B elize 
a n d  F lo r id a ,  b u t  th e r e  w a s  n o  r e la t io n s h ip  b e tw e e n  th e  p e r c e n t  c o v e r  o f  B. maritima a n d  
th e  d e n s ity  o f  se e d lin g s  a n d  sa p lin g s .
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Batis, the only genus in the family Bataceae, has two species. Batis maritima 
L. occurs in the Neotropics in coastal salt marshes and mangroves from Georgia 
and Brazil on the Atlantic coast and California to Peru on the Pacific Coast of 
N orth and South America. The species is widely distributed in the Caribbean 
basin. The second species, Batis agrillicola P. Royan, is endemic to coastal areas 
of northern Australia.

Batis maritima, a low-growing C3 perennial species with woody stems and 
succulent leaves, is associated with saline soils and has been described as a spe
cies that responds to disturbance in mangroves and salt marshes (Rey et al., 
1990; Pennings and Richards, 1998; Pennings and Callaway, 2000). An im
portant ecophysiological characteristic of B. maritima is the ability to adjust 
photosynthetic rates to increasing soil salinity by making adjustments to leaf sap 
osmolalities (Lüttge et al., 1989). The ability to propagate clonally (Pennings 
and Callaway, 2000) is another characteristic that enables it to respond rapidly 
to altered environmental conditions.

mailto:whighamd@si.edu
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Despite its widespread distribution, there have been 
relatively few ecological studies of B. maritima. In Georgia 
salt marshes, Pennings and Richards (1998) found a posi
tive relationship between the presence of wrack (accumu
lated litter) and the abundance of B. maritima. Pennings 
and Callaway (2000) found that clonal integration was an 
im portant factor in the ability of the species to colonize 
bare salt pans. The responses of B. maritima to altered 
hydrological conditions appear to vary with differing en
vironmental settings. In hypersaline coastal wetlands in 
Texas, B. maritima cover expanded following inundation 
with freshwater (Alexander and Dunton, 2002). Con
versely, the opposite occurred in Baja California (México) 
where its cover increased following the construction of a 
dike that eliminated tidal flooding and increased soil sa
linity (Ibarra-Obando and Poumian-Tapia, 1991). Batis 
maritima cover was also dynamic in mangroves in Florida 
that were impounded for mosquito control. The cover of 
all herbaceous halophytic species, including B. maritima, 
decreased following the construction of dikes and the sub
sequent impoundment and flooding of mangroves in the 
Indian River (Rey et al., 1990). Several years later, when 
tidal exchange between the impoundment and estuary 
was restored, B. maritima recolonized areas that were no 
longer flooded continuously. Another im portant ecologi
cal feature of B. maritima is its inability to tolerate pro
longed periods of shade in mangrove-dominated wetlands 
(López-Portillo and Ezcurra, 1989). Along Florida’s Gulf 
Coast, M ilbrandt and Tinsley (2006) observed a greater 
number of black mangrove (Avicennia germinans (L.) 
Stearn) seedlings in existing B. maritima patches compared 
to surrounding mudflats. They hypothesized that this im
proved seedling success was the result of a slight increase 
in elevation provided by the B. maritima root system. In 
contrast, McKee et al. (2007) found that on offshore is
lands in Belize B. maritima did not appear to have an ef
fect on recruitment of red mangrove (Rhizophora mangle 
L.) seedlings.

Other than the experimental research on coastal salt 
marshes (Pennings and Richards, 1998; Pennings and Cal
laway, 2000), little is known about the ecological role of 
B. maritima in coastal wetlands, especially in mangroves 
where it most frequently occurs. Is it a fugitive species 
that only persists because it is capable of responding to 
changing environmental conditions? Alternatively, is it an 
im portant species in mangroves because of its impact on 
patterns of nutrient cycling or its ability to influence the 
establishment of mangrove trees (i.e., R. mangle, A. germi
nans, Laguncularia racemosa (L.) Gaertn. f. [white m an
grove], Conocarpus erectus L. [buttonwood])? Although

B. maritima is a common component of mangrove forests 
throughout the Neotropics, there is limited knowledge on 
distribution patterns within the intertidal landscape or on 
the ecological roles of this species across a range of m an
grove habitats.

Our objective was to describe the distribution of B. 
maritima in Florida and Belize as part of our overall goal 
to determine its ecological role in mangrove ecosystems. 
Here we describe our initial efforts to characterize the 
ecology of B. maritima at two of the Smithsonian’s long
term research sites (Figure 1) that also represent the range 
of conditions (subtropical and tropical) where this species 
associates with mangroves. For Florida (subtropical), we 
focus on B. maritima in four habitats in a mangrove- 
dominated impoundment along the Indian River Lagoon 
(IRL) that has a history of intervention for purposes of 
mosquito control (Rey et al., 1990). For Belize (tropical), 
we focus on B. maritima in disturbed and undisturbed 
sites on offshore mangrove islands. For both sites, we also 
present data on the relationships between percent cover of 
B. maritima and the density of mangrove seedlings.

STUDY SITES

B elize

Twin Cays is the focus of our B. maritima studies 
in Belize. Twin Cays (91.5 ha) is an archipelago of peat- 
based mangrove islands (Figure 1) located near the crest 
of the barrier reef of central Belize. These islands are lo
cated approximately 17 km east of the mainland, and the 
only source of freshwater is precipitation. Vegetation on 
Twin Cays is dominated by the mangroves R. mangle, A. 
germinans, and L. racemosa. The forest structure is het
erogeneous and characterized by gradients in hydrology 
and tree height that include a seaward fringe of R. mangle 
around the periphery of the islands, along tidal creeks, and 
in perennially flooded ponds (Feller et ah, 1999). Avicen
nia germinans and L. racemosa primarily occur in habitats 
that are not water covered at low tide. Vegetation patterns 
on Twin Cays are complex, and the dynamics have been 
the focus of many studies (Feller, 1995; Feller and McKee, 
1999; Rodriguez and Feller, 2004; Lovelock et ah, 2006a). 
However, none of the previous research has focused on 
the distribution or ecology of B. maritima even though it 
occurs in almost all habitats except those that do not expe
rience prolonged flooding (D. Whigham, personal obser
vation). Hum an activities have altered parts of Twin Cays 
(Rodriguez and Feller, 2004; McKee et ah, 2007), and 
the primary anthropogenic activity has been the clearing
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F IG U R E  1. Approximate locations of SLC24 and Twin Cays (inset map) and IKONOS images of the two study sites. For SLC 24, the white line 
that is seen around the impoundment is a dike. Dark areas within the impoundment are dredged from adjacent subtidal habitats. Darker areas 
on the two large islands are internal tidally influenced ponds that are most often shallowly water covered.
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of mangroves with or without the addition of sediments 
dredged from nearby subtidal habitats. In this study, we 
compared the distribution of B. maritima in disturbed and 
undisturbed mangrove habitats at Twin Cays (described in 
further detail below).

F l o r id a

An impounded, mangrove-dominated wetland (SLC 
24) in St. Lucie County in the IRL is the focus of the 
Florida studies (see Figure 1). SLC 24 has been managed 
in a variety of ways since it was diked in 1970. Rey et 
al. (1990) describe management activities and patterns 
of vegetation change in SLC 24 between 1970 and 1987. 
SLC 24 was hydrologically isolated from the IRL by a dike 
(Figure 1) until 1985 when a culvert was installed to re
move excess water deposited during two tropical storms. 
Once water levels were lowered, the culvert was sealed, 
and the impoundment remained isolated until 1987 when 
the culvert was reopened and other culverts were installed. 
The cover of all vegetation decreased from 75% to near 
30% following construction of the diked impoundment 
in 1970. Over subsequent years, the cover of herbaceous 
halophytes, including B. maritima, changed in response to 
variations in the timing and duration of flooding and the 
establishment and growth of mangroves. Rey et al. (1990) 
concluded that a steady decline in the cover of herbaceous 
halophytes after 1984 was primarily caused by shading 
as the canopies of mangroves developed. Vegetation pat
terns are also complex in the numerous impoundments 
that have been established in the IRL, and they have been 
the focus of several studies focused primarily on nutrient 
limitation within mangroves (Feller et ah, 2003; Lovelock 
and Feller, 2003; Lovelock et ah, 2006b). We sampled B. 
maritima in three mangrove-dominated habitats and areas 
associated with salt pans where dwarf A. germinans (sensu 
Feller et ah, 2003) occurs as scattered individuals or in 
patches with almost continuous cover. Details of sampling 
locations and methods are given below.

M ETHODS

B elize

We sampled B. maritima in two disturbed sites and six 
undisturbed sites on Twin Cays. One disturbed site is a 2 
ha area on West Island that was cleared of mangroves and 
burned in 1991 and covered with material dredged from 
the adjacent subtidal area in 1995 (Rodriguez and Feller, 
2004; McKee et ah, 2007). The other disturbed site was 
clear cut in 2004, but no dredged material was added. In

both disturbed sites, we sampled B. maritima in 10 ran
domly located plots (each 1 X  1 m) in which we made 
visual estimates of its cover, measured its height at five 
randomly chosen locations in each plot, and identified 
and counted all mangrove seedlings and saplings. Seed
lings of A. germinans and L. racemosa had cotyledons 
present. Seedlings of R. mangle were individual, with no 
more than one pair of true leaves. Saplings were defined 
as individuals less than 50 cm in height with no cotyle
dons present, or with more than one pair of true leaves in 
the case of R. mangle.

For our undisturbed sites at Twin Cays, we sampled 
B. maritima in three forested habitat types (Fringe, Transi
tion, Interior), which were located at different distances 
from the ecotone between the mangrove forest and open 
water. Fringe habitats, which were dominated by trees 4 to 
5 m tali, were at the outer boundary between mangroves 
and open water, either along ponds located in the interior 
of Twin Cays or along the ocean. Avicennia germinans was 
the dominant tree in the three Fringe habitats adjacent to 
interior ponds. Rhizophora mangle was the dominant tree 
in the three Fringe habitats adjacent to the ocean. Transi
tion and Interior habitats were all dominated by A. ger
minans. Transition habitats were located approximately 
15 m further into the mangrove forest from the Fringe 
habitats, and Interior habitats were located approximately 
an additional 15 m beyond the Transition habitats. We 
sampled 5 randomly located plots (same procedures as de
scribed above) in each of the 90 plots (5 plots X  3 habitat 
types X  6 sites) in undisturbed mangrove.

F l o r id a

We sampled B. maritima in SLC 24 in four habitat 
types (Fringe = R. mangle, Dense = A. germinans, Sparse 
= A. germinans, Dwarf = A. germinans). The Fringe habi
tats, dominated by R. mangle 4 to 6 m tali with scattered
A. germinans, were located at the boundary between m an
groves and open water. The two habitats dominated by 
taller (3-6 m) A. germinans (Dense, Sparse) differed in the 
size and spatial configuration of the dominant trees. The 
Dense A. germinans habitat had trees that were mostly 4 
to 6 m tali and formed a continuous canopy dominated 
by A. germinans. The Sparse A. germinans habitat was 
also dominated by A. germinans but the trees were usually 
shorter (3-5 m) and were more widely spaced, resulting 
in a more open canopy. The Dwarf A. germinans habitat 
was always adjacent to salt pans that were mostly unveg
etated or only had a few scattered dwarf trees (usually less 
than 1 m tali). We sampled B. maritima in one randomly 
located plot in each of the replicate sites for each habitat
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type. In each 1 X  1 m plot, we made the same set of mea
surements as described above for Belize.

D a ta  A n a l y sis

Because of the different sampling regimes, we made 
separate statistical comparisons for the Belize and Florida 
data sets. Based on initial screening of the data (Proc Uni
variate; SAS Institute, 1990), we determined that none of 
the data were normally distributed either in their original 
form or any of the possible transformations. We used the 
nonparametric PROC NPAR1WAY (SAS Institute, 1990) 
to make comparisons of B. maritima data (percent cover, 
height) and the number of mangrove seedlings + saplings 
for the different habitat types at both locations.

RESULTS

B elize

Percent cover of B. maritima differed (Figure 2a) 
significantly (d f  = 4, chi-square for Kruskal-Wallis test 
= 27.9272, P <  0.0001) among the sites on Twin Cays. 
M ean percent cover ranged from 50% to 53% for the two 
disturbed sites and the undisturbed Fringe habitat. Percent 
cover decreased from the Fringe to the Transition ([mean 
±  1 SE] =  35.5% ± 4.7%) and Interior (16.9% ± 2.9%) 
undisturbed sites. The average height of B. maritima also 
differed significantly between sites (Figure 2b; d f  = 4, chi- 
square for Kruskal-Wallis test = 29.0273, P <  0.0001). 
Heights were similar at the two disturbed sites (24.4 ± 2.3 
cm = clear-cut + fill; 26.4 ± 1.0 cm = clear-cut). At the 
undisturbed sites, height was greatest at the Fringe habitat 
(61.7 ± 18.5 cm) and decreased toward the interior of the 
mangrove forest (40.4 ± 2.2 = Transition; 34.7 ± 2.0 = 
Interior).

The number of mangrove saplings + seedlings also 
differed across sites (Figure 2c), and there were significant 
differences for all three species and for the total of all spe
cies {df = 4, chi-square for Kruskal-Wallis test = 38.9958, 
P <  0.0001; 12.5551, P >  0.0137; 11.3187, P <  0.0232; 
15.5953, P <  0.0036 for R. mangle, A. germinans, L. rac
emosa, and total mangroves, respectively).

The total number of mangrove saplings + seedlings 
was higher at the clear-cut and filled site (24.6 ± 13.8 m~2) 
compared to the clear-cut site (2.5 ± 0.8 m~2) and undis
turbed mangrove habitats (mean for all three undisturbed 
sites was 7.3 ± 1.2 m~2). Avicennia germinans saplings + 
seedlings at the clear-cut and filled site were less than 1 m~2 
(Figure 2c). Rhizophora mangle was the most abundant 
species at the Fringe habitat, whereas A. germinans was
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the most abundant species at the Transition and Interior 
habitats.

F l o r id a

Percent cover (d f = 3, chi-square for Kruskal-W allis 
test = 38.9252, P <  0.0001) and height (d f = 3, chi- 
square for Kruskal-Wallis test = 33.0923, P <  0.0001) 
of B. maritima differed between the four habitat types in 
SLC 24 (Figure 3a). There was no B. maritima in the plots 
that were sampled in the Fringe R. mangle habitat, and 
the cover (2.8% ± 1.2%) was very low in the Dense A. 
germinans habitat. Percent cover was 42.9 ± 8.1 and 27.8 
± 4.6 in the Sparse and Dwarf A. germinans habitats, re
spectively. Height differences (Figure 3b) among the four 
habitats had the same pattern with the tallest plants occur
ring in the Sparse A. germinans habitat (48.9 ± 4.5) and 
shortest in the Dense A. germinans habitat (13.1 ± 5.4). 
The total number of saplings + seedlings and the means 
for each mangrove species also differed significantly (Fig
ure 3c) among the four habitat types (d f = 3, chi-square 
for Kruskal-Wallis test = 11.5483, P <  0.0091; 12.7678, 
P <  0.0052; 16.4377, P <  0.0009; 13.4660, P <  0.0037 
for R. mangle, A. germinans, L. racemosa, and total m an
groves, respectively).
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The objective of this initial investigation of Batis mari
tima was to quantify aspects of its distribution in a va
riety of habitats in mangroves at long-term Smithsonian 
study sites in Belize and Florida. The impetus for the re
search was the observation that B. maritima is widespread 
in mangroves and, in some habitats, its high abundance 
and cover suggest that it potentially plays an important 
role in these systems. There have, however, been few stud
ies that shed light on its possible ecological importance in 
mangroves. Studies in salt marshes near its northern limit 
found that it was not a dominant species and did not com
pete well with other marsh plants (Zedler, 1977). There is 
some suggestion that B. maritima may be a fugitive species 
because it is common in disturbed sites (Milbrandt and 
Tinsley, 2006). Pennings and Richards (1998), for exam
ple, found that stands of B. maritima were associated with 
areas that were disturbed by wracks of litter in a Georgia 
salt marsh.

Batis maritima has been described as a species that 
does not do well in shaded conditions or under conditions 
of continuous flooding (Rey et al., 1990; Alexander and 
Dunton, 2002). However, Keer and Zedler (2002) found
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fo u r  h a b ita ts  in  m o s q u ito  im p o u n d m e n t SC L  2 4  in th e  In d ia n  R iv er 

L a g o o n , F lo rid a . V a lu es  a re  m e a n s  ±  1 SE.
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that it can tolerate prolonged flooding, and it does well in 
waterlogged conditions when light is not limiting (Zedler, 
1980). It also responds positively to increasing salinity 
(Ibarra-Obando and Poumian-Tapia, 1991) but is elimi
nated under hypersaline conditions (Zedler et ah, 1986; 
Dunton et al., 2001).

The only long-term study of B. maritima in chang
ing environmental conditions occurred in one of our 
study sites, SCL 24 in Florida. Rey et al. (1990) exam
ined a sequence of aerial photographs taken over a period 
of time when hydrological conditions varied from years 
when there was continuously flooding, to years when the 
impoundment was drained, and to years when there was 
partial tidal exchange with the IRL. Vegetation almost 
completely disappeared when the impoundment was con
tinuously flooded. Once the impoundment was opened to 
limited tidal exchange, herbaceous halophytes increased in 
abundance and cover and B. maritima eventually became 
the dominant species. Over time, mangroves recruited and 
eventually dominated the vegetation in most parts of the 
impoundment. As the abundance and size of mangroves 
increased, B. maritima declined along with other herba
ceous halophytes in response to increased shading by m an
groves (Rey et al., 1990).

Results of our surveys support several of the earlier 
studies and suggest that light levels, regular tidal flood
ing, and soil salinity are three im portant factors that de
termine where B. maritima occurs and how abundant it is. 
There have been at least two studies (Pennings and Rich
ards, 1998; M ilbrandt and Tinsley, 2006) suggesting that 
B. maritima is a fugitive species that colonizes high-light 
disturbed sites. In Belize, the highest percent cover was at 
the two disturbed sites and the Fringe habitat in the undis
turbed mangroves (see Figure 2a). Even though the mean 
cover of B. maritima in the undisturbed sites on Twin Cays 
was lower (34.3% ± 3.1.9%) than the disturbed sites, the 
highest B. maritima cover (80.3% ± 2.6%) of any of the 
habitats sampled was in the three Fringe habitats that 
were associated with interior ponds. Edge habitats asso
ciated with interior ponds are mostly in full sun and are 
exposed to tidal flooding, but the flooding is rarely more 
than a few centimeters deep (D. Whigham, personal obser
vations). The substrates are almost always waterlogged, 
and the sediments are soft, mostly composed of floe that 
accumulates on the downwind side of the interior ponds. 
The highest B. maritima cover in SLC 24 in Florida also 
occurred at sites that had no overhead mangrove canopy 
or only a discontinuous canopy.

The mean cover of B. maritima was least in the shaded 
habitats in Florida and Belize, supporting the suggestions 
of López-Portillo and Ezcurra (1989) that low light levels

can limit its abundance and distribution. The absence of 
B. maritima in the sample plots at the Fringe habitat asso
ciated with SLC 24 and the lower cover in the Fringe habi
tats closest to the ocean on Twin Cays (20.9% ± 2.9%) 
also support the suggestions that regular inundation by 
tidal flooding has a negative effect on the species (Alexan
der and Dunton, 2002).

The mean height of the B. maritima canopy also var
ied among habitats, and the patterns are most likely the re
sult of variations in light and salinity (Zedler et ah, 1986; 
Dunton et al., 2001). In SLC 24, mean height decreased 
from the more open Dwarf and Sparse A. germinans habi
tats to the shadier Dense A. germinans habitat (Figure 3b). 
At the undisturbed sites in Belize, mean height decreased 
from the Fringe to the Interior, most likely in response to 
decreasing light. The height of the plants was greatest in 
the Fringe habitat associated with the Edge sites that were 
closest to the Interior ponds. M ean height at the Fringe 
habitats associated with the ponds was 85.4 ± 27.1 cm 
compared to 40.4 ± 2.2 at the more shaded Fringe habitats 
closest to the ocean. Taller average height associated with 
the Edge habitats may be the result of higher phosphorus 
concentrations in the sediments. In a separate fertilization 
experiment, we found that B. maritima responded signifi
cantly to the addition of phosphorus at all the undisturbed 
sites on Twin Cays, but the smallest response was at the 
Edge habitat associated with interior ponds, suggesting 
that phosphorus was more available in those sediments 
(D. Whigham, unpublished data). Compared to the Fringe 
habitats on Twin Cays and the Sparse A. germinans habitat 
in the SLC 24, mean height decreased toward the sites with 
no mangrove canopy (Dwarf A. germinans habitat in SLC 
24 and the two disturbed sites at Twin Cays). Lower mean 
height at the open sites is likely the result of increased salin
ity as the Dwarf A. germinans site in SLC 24 is hypersaline 
(i.e., soil salinity as high as 100%o; D. Whigham unpub
lished data). In addition, soil salinity at the clear-cut and 
filled site on Twin Cays, while variable during an annual 
cycle, can be more than 60%o (McKee et ah, 2007).

Mangrove seedlings are widely dispersed, and their oc
currence varies spatially in response to light levels and their 
ability to withstand flooding, salinity, and attacks from 
herbivores (Ellison and Farnsworth, 1993; Olusegun and 
Creese, 1997). If B. maritima facilitates the establishment 
of mangrove seedlings, we would expect a positive rela
tionship between percent cover and the number of seed
lings + saplings for one or more of the mangrove species. 
M ilbrandt and Tinsley (2006) found that the presence of 
B. maritima had a positive effect on the survival of A. ger
minans seedlings. McKee et al. (2007), however, found that
B. maritima had no effect on the recruitment and survival
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of mangrove seedlings, even though mangrove seedlings 
benefited by the presence of other herbaceous species (i.e., 
Disticblis spicata, Sesuvium portulacastrum) at clear-cut 
and filled sites sampled in this study. Although there were 
habitat differences in the number of seedlings + saplings, 
the presence of seedlings + saplings in 88% of the plots 
sampled in Belize and 55%  of the plots in Florida indi
cated that mangrove establishment may have been facili
tated by B. maritima. We found no relationship, however, 
between the amount of B. maritima cover and the density 
of seedlings + saplings for any of the mangrove species 
(Figure 4). The potential for B. maritima to influence the 
distribution and growth of mangroves trees and other 
mangrove plants and animals remains unknown. But, 
given the abundance of the species across a range of habi-
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tats, the potential seems high, especially in areas where it 
is the dominant species.

In summary, B. maritima was widespread in most 
mangrove habitats at both our study locations, and there 
were significant interhabitat differences in all the variables 
measured. Mangrove seedlings and saplings were com
mon in areas occupied by B. maritima, but we found no 
evidence that the establishment of mangroves benefited 
by increasing cover of this common halophytic species. 
The ubiquitous distribution of B. maritima at all the sites 
sampled, however, indicates that its role in mangrove eco
systems deserves further consideration.
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Sponge Community Dynamics 
on Caribbean Mangrove Roots: 
Significance of Species Idiosyncrasies

Janie L. W u lf f

A B S T R A C T . D e s c r ip t io n s  o f  th e  r ic h  s p o n g e  f a u n a s  in h a b i t in g  m a n g ro v e  r o o t s  a t  v a r io u s  
C a r ib b e a n  s ite s  a re  u n a n im o u s  in  p o in t in g  o u t  th e  h e te ro g e n e i ty  o f  sp e c ie s  d is t r ib u t io n  
a n d  a b u n d a n c e  p a t t e r n s  a t  a ll  sc a le s , f ro m  d if fe r e n t  p o r t io n s  o f  a s in g le  r o o t  to  g e o g ra p h ic  
s u b re g io n s . A b io tic  f a c to r s  h a v e  o f te n  b e e n  im p lic a te d  b y  c o r r e la t io n ,  b u t  e c o lo g ic a l  in 
t e r a c t io n s ,  a n d  th e  life h is to ry  a n d  m o r p h o lo g ic a l  c h a ra c te r is t ic s  o f  th e  s p o n g e  sp e c ie s , 
m a y  a ls o  p la y  k e y  ro le s . P u b lish e d  s tu d ie s  v a ry  w id e ly  in  m e th o d s  u se d , h a m p e r in g  d ir e c t  
c o m p a r is o n s  o f  r e su lts ,  a n d  r a is in g  th e  p o s s ib i l i ty  t h a t  c o n c lu s io n s  m ig h t  b e  in f lu e n c e d  
b y  m e th o d s .  I h a v e  b e e n  e x p lo r in g  th e  p ro c e s s e s  u n d e r ly in g  d is t r ib u t io n  a n d  a b u n d a n c e  
p a t te r n s  b y  a p p ly in g  id e n tic a l  m e th o d s  to  s tu d y in g  c o m m u n ity  c o m p o s it io n  a n d  d y n a m 
ics a t  tw o  s ite s  in  B elize (T w in  C a y s) a n d  o n e  s ite  in  P a n a m a  (B o cas  d e l T o ro ) . E s ta b lis h e d  
c o m m u n it ie s  o n  r o o t s  h a v e  b e e n  fu lly  c e n s u se d , b y  v o lu m e  a n d  n u m b e r s  o f  in d iv id u a ls ,  
y e a r ly  f o r  th r e e  y e a r s  (i.e ., f o u r  c e n su se s ) . C o m m u n i ty  c o m p o s it io n ,  w h e n  e v a lu a te d  in 
te rm s  o f  to ta l  v o lu m e  o f  c o m p o n e n t  sp e c ie s , is v e ry  s im ila r  a t  th e s e  th r e e  s ite s , a l th o u g h  
a b io t ic  f a c to r s  d if fe r  a n d  g e o g ra p h ic  d is ta n c e s  b e tw e e n  s ite s  r a n g e  f ro m  3 3 0  m  to  1 ,2 0 0  
k m . T h e  n in e  sp e c ie s  fo u n d  o n  c e n s u se d  r o o t s  a t  a ll th r e e  s ite s  c o n s t i tu te d  a to t a l  o f  8 9 % , 
8 4 % , a n d  7 3 % , re sp e c tiv e ly , o f  th e  to t a l  s p o n g e  v o lu m e  a t  th e s e  s ite s . In  g e n e ra l ,  sp ec ies  
e x h ib i te d  s im ila r  p a t te r n s  o f  g r o w th ,  size d e c re a s e , a n d  m o r ta l i ty  a t  a ll s ite s  w h e re  th e y  
w e re  fo u n d ,  su g g e s tin g  t h a t  th e s e  a re  sp e c ie s-lev e l c h a ra c te r is t ic s .  N u m b e r s  o f  in d iv id u 
a ls  a n d  v o lu m e  p ro v id e  v e ry  d if fe r e n t  a s s e s sm e n ts  o f  th e  re la t iv e  im p o r ta n c e  o f  d if fe re n t  
sp e c ie s  in  th e s e  c o m m u n it ie s .  C o m m u n i ty  c h a n g e  o v e r  t im e  a p p e a r e d  to  b e  s u b s ta n t ia l ,  
w h e n  m e a s u re d  in  te rm s  o f  sh if ts  in  to t a l  n u m b e r s  o f  in d iv id u a ls  o r  to t a l  s p o n g e  v o lu m e . 
H o w e v e r , ta k in g  in to  a c c o u n t  d y n a m ic s  o f  in d iv id u a l  sp e c ie s  p ro v id e s  a v e ry  d if fe re n t  
v iew , a s  m o s t  la rg e  c h a n g e s  in  n u m b e r s  o r  v o lu m e  w e re  n o t  c o m m u n i ty  w id e  b u t  te n d e d  
to  re f le c t life h is to r y  c h a ra c te r is t ic s  ty p ic a l  o f  e a r ly  su c c e ss io n a l  s ta g e  sp e c ie s  o r  id io s y n 
c r a t ic  r e s p o n s e s  o f  o n e  o r  a f e w  sp e c ie s  to  p a r t i c u la r  e n v i r o n m e n ta l  c i r c u m s ta n c e s .

INTRODUCTION

Janie L. Wulff, Department o f Biological Sci
ence, Florida State University, Tallahassee, Florida 
32306-4295, USA (widff@bio.fsu.edu). Manuscript 
received 29 August 2008; accepted 20 April 2009.

Organisms that live in habitats consisting of discrete patches within an unin
habitable matrix have fascinated biologists who are simultaneously attracted to 
community ecology and to life history evolution. A rich set of conceptual frame
works has developed to explain the dynamics of community assembly and de
velopment within each patch in the context of interconnections among patches. 
Theories of, for example, island biogeography (MacArthur and Wilson, 1967), 
multiple stable points (Sutherland, 1974), competitive networks (Jackson and
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Buss, 1975), the intermediate disturbance hypothesis (e.g., 
Connell, 1978), and meta-communities (e.g., M ouquet 
and Loreau, 2002) have helped us understand community 
dynamics in patchy habitats ranging from oceanic islands 
and tropical mountaintops to badger mounds, holes in 
mussel beds, and ponds.

Prop roots of Caribbean red mangrove (Rhizophora 
mangle) trees are easily accessible, experimentally trac
table, and extraordinarily colorful examples of inherently 
patchy communities. The sessile inhabitants that cover the 
root surfaces colonize in the form of water-borne propa- 
gules, and most of them are thereafter confined to the root 
on which they landed. Although post-recruitment interac
tions with neighbors and consumers may have relatively 
deterministic outcomes, a stochastic element, contributed 
by the uncertainty that any particular species will land on 
a particular root, is ever present. Throughout the wider 
Caribbean region sponges are prominent members of the 
prop root communities, and their abundance and diver
sity of species, color, and forms have inspired time-series 
monitoring and experimental manipulations as well as 
comparative faunal studies (e.g., Sutherland, 1980; Elli
son and Farnsworth, 1992; Bingham and Young, 1995; 
Rützler, 1995; Farnsworth and Ellison, 1996; Rützler and 
Feller, 1996; Rützler et al., 2000; Diaz et al., 2004; Diaz, 
2005; Wulff, 2000, 2004, 2005; Engel and Pawlik, 2005). 
Specific conclusions relating to how dynamic these sponge 
communities are, and what processes drive the dynamics 
and influence distribution and abundance patterns, have 
differed widely among studies, but a consistent theme is 
that the resulting distribution and abundance patterns are 
highly heterogeneous on scales ranging from within indi
vidual roots to between geographic subregions.

Sutherland (1980) complemented repeated m onitor
ing of natural communities on prop roots with a study 
of community development on flat settlement panels sus
pended among the roots in Venezuela. He concluded that 
these sponge-dominated communities are relatively stable 
over time, and that high diversity could be maintained 
by a trade-off between competitive ability and coloniza
tion efficiency, combined with the continued addition of 
fresh roots that provide refuges for inferior competitors. 
Farnsworth and Ellison (1996) surveyed prop root com
munities of mangroves in a variety of abiotic settings in 
Belize, focusing on spatial scales of distribution patterns. 
They were able to identify scales of heterogeneity that in
cluded backs versus fronts of individual roots, leeward 
versus windward shores, and coastal versus island man- 
gal. At the 11 sites where they sampled twice, their data 
corroborated Sutherland’s (1980) conclusions that com

munity change is minimal. Bingham and Young (1995) 
concluded very differently, from their work in the Florida 
Keys, that dynamics of sponges on mangrove roots can 
be extreme, influenced by perturbations from physical 
disturbance, predators, and asexual recruitment. They at
tributed differences in community dynamics between sites 
in the Florida Keys and Venezuela to differences in sea
sonality (subtropical versus tropical) and abiotic stressors, 
and suggested that the differences between their study and 
Sutherland’s (1980) study could be explained by equilib
rium versus non-equilibrium situations, with the Venezu
elan mangrove communities primarily structured by com
petitive interactions.

Disentangling the effects of biogeography and differ
ent suites of abiotic factors by making direct comparisons 
among studies is hampered by the wide variety of ap
proaches that have been applied. Published studies differ 
with respect to units of study, time course and frequency 
of monitoring, and metrics for evaluating abundance. To 
control for technique, I used identical methods to evaluate 
sponge community composition and dynamics for three 
years on mangrove prop roots at three sites in Belize and 
Panama. Following the fates of individual sponges was a 
priority, because my chief interest was in how the m orpho
logical and life history strategies of the different sponge 
species constrain or enhance their ability to coexist on the 
prop roots. Rather than focusing on community-level met
rics, such as species diversity or primary space occupancy, 
I recorded survival and changes in volume of the same in
dividuals over time and attempted to identify the causes of 
size decrease, fragmentation, or mortality. Two sites near 
each other in Belize differed in abiotic conditions, and a site 
in Panama provided a geographic comparison. My goals 
included (1) assessing the similarity of species composition 
among sites differing in abiotic factors and geographic dis
tance, (2) comparing community dynamics among sites, 
with respect to both numbers of individuals and volume, 
and (3 ) exploring the possibility that each mangrove sponge 
species adheres to a characteristic approach for maintain
ing its representation in this community, regardless of the 
specific abiotic context and other species present.

M ETHODS

Three sites characterized by well-developed mangrove 
prop root epiphytic communities were chosen for yearly 
censuses. The three sites were chosen primarily because 
experiments had been established at each several years be
fore, and so regular visits were already required for moni-
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toring. Top priorities in initial site choice had been easy 
access and sufficient sponge individuals for experimental 
manipulations; species composition was secondary. The 
two Belize sites, both at Twin Cays, near the Smithson
ian Institution’s Carrie Bow Cay research station (map 
and further site descriptions in Rützler et al., 2004; Diaz 
et al., 2004), allow comparison of a main channel versus 
a tidal creek near each other (330 m). The Panama site, 
directly across the channel from the Smithsonian Tropi
cal Research Institute marine laboratory on Isla Colon in 
Bocas del Toro (map coordinates and description of the 
overall area are found in Diaz, 2005), adds a geographic 
comparison (1,200 km distant) between two main chan
nel sites. The submerged portions of the prop roots (i.e., 
the portion on which sponges could grow) were from 24 
to 143 cm long, with the majority between 40 and 80 cm 
in length.

At each site, mangrove roots or root clusters were 
chosen that appeared to be healthy (i.e., no signs of rot 
or incipient breakage) and on which it was possible to 
identify and measure all sponges on all sides of each root. 
Root clusters were added to the initial census at each 
site until species accumulation curves had leveled off for 
sponges, and at least 163 sponge individuals (the num 
ber of sponges in the first census at the first site) were in
cluded: a total of 10 clusters, 1 to 5 roots each (24 roots 
initially) at Hidden Creek; 13 clusters, 1 to 4 roots each 
(37 roots initially), at Sponge Haven; and 15 clusters, 1 to 
3 roots each (42 roots initially), at the Bocas del Toro site. 
Roots were labeled with small plastic tags, coded by color 
and shape, on narrow ( 1 mm) beaded nylon cable ties. Full 
censuses were made at approximately 1 year intervals, for 
a total of 3 years (i.e., four censuses at each site, except for 
Bocas del Toro, where the 2nd year census was skipped), 
beginning in M arch 2004 at both Belize sites and in June 
2003 at the Panama site. At each census, every root or 
root cluster was drawn and root lengths measured. Every 
sponge was drawn to scale, in place on the root draw
ings, and sufficient dimensions measured to accurately 
estimate volume by conglomerations of appropriate geo
metric solids. In this way, every sponge could be followed 
for survival, growth, decrease in size, and fragmentation. 
New recruits were added to the root maps as they were 
discovered (recruitment data will be reported in a sepa
rate publication), and notes were made on interactions be
tween neighboring sponges and other sessile organisms, as 
well as damage caused by physical disturbance, predation, 
and disease. Some roots at each site were lost by breakage 
during the 3 years. To be able to interpret the time-series 
data clearly, only roots for which at least some portion

persisted throughout the study were included in the time- 
series data analysis, and the only roots added to the study 
were those that branched directly off subtidal portions of 
the originally censused roots.

RESULTS

S p e c ie s  C o m p o s i t i o n  a n d  R elative  A b u n d a n c e , 

by V o l u m e  a n d  N u m b e r  o f  In d iv id u a l s

A total of 21 sponge species were represented by at 
least 0.1% of the total sponge volume on censused roots at 
one or more sites (Table 1). These species represent the de- 
mosponge orders Poecilosclerida (8 species), Haplosclerida 
(6 species), Halichondrida (4 species), and Dictyoceratida 
(3 species), in a variety of colors, and with growth forms 
ranging from thinly encrusting to irregularly branching to 
clusters of volcanoes (Figure 1). O f these most abundant 
21 species, 9 were found on censused roots at all three 
sites, and another 6 were found on censused roots at two 
of the three sites (Figure 2). M any of the sponge species 
are relatively rare, and so were present at a site but not on 
a censused root. Adding three cases in which species were 
found at a second or third site on roots directly adjacent to 
at least one censused root increases the number of species 
shared by all three sites to 10, with an additional 7 spe
cies shared by two of the three sites. Geographic distance 
was not a strong predictor of the percent of species shared. 
Sponge Haven and Hidden Creek, only 330 m apart, shared 
74% (14/19) of their most common species, and Sponge 
Haven and Bocas del Toro, 1,200 km apart, shared 60% 
(12/20) of their most common species (comparisons not 
significantly different by the G test: 0.1 <  P <  0.5). The 
Hidden Creek and Bocas sites, geographically distant from 
each other and also differing in abiotic factors, shared 55% 
(11/20) of their most common species (comparison with 
the proportion of species shared by Hidden Creek-Sponge 
Haven by the G test: 0.05 <  P <  0.1).

Census data from all years at each site were added 
together for an average relative representation of species, 
with respect to both volume and number of individu
als (Figure 3). At all three sites the most abundant spe
cies by volume, Tedania ignis, accounted for about half 
(49%—57%) of the total sponge volume. The nine species 
found on censused roots at all three sites contributed a 
total of 89%, 84%, and 73% of the total volume at, re
spectively, Hidden Creek (HC), Sponge Haven (SH), and 
Bocas del Toro (BT). Similarity of species representation 
at these sites is also borne out by M orisita’s index of com
munity similarity (using volume as abundance measure),
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T A B L E  1. S p o n g e  sp e c ie s  o n  c e n s u se d  r o o t s  a t  H id d e n  C re e k  a n d  S p o n g e  H a v e n ,  b o th  a t  T w in  C a y s , B elize ; a n d  a t  Is la  C o lo n ,  B o c as 

d e l T o ro , P a n a m a . A  to t a l  o f  2 1  s p o n g e  sp e c ie s  w e re  r e p re s e n te d  b y  a t  le a s t  0 .1 %  o f  th e  to t a l  s p o n g e  v o lu m e  o n  c e n s u s e d  r o o ts  a t  o n e  

o r  m o r e  s ite s . S p ec ie s  t h a t  r a n k  in  th e  to p  h a l f  o f  th e  sp e c ie s  o n  c e n s u se d  r o o ts  a t  a s ite , w i th  r e s p e c t  to  v o lu m e , a re  in d ic a te d  b y  “ X X ” , 

a n d  th o s e  t h a t  r a n k  in  th e  b o t to m  h a l f  a re  in d ic a te d  b y  “ X ” . S p ec ie s  t h a t  o c c u r r e d  o n  c e n s u se d  r o o t s  a t  o n e  s ite  b u t  w e re  o n ly  se en  o n  

a r o o t  o r  r o o t s  d ire c tly  a d ja c e n t  to  a t  le a s t  o n e  c e n s u se d  r o o t  a t  a n o th e r  s ite  a re  in d ic a te d  b y  “ x ” . A  d a s h  ( -)  in d ic a te s  sp e c ie s  w a s  n o t  

f o u n d  a t  a s ite .

S p o n g e  t a x o n

L o c a t io n

H id d e n  C re e k  S p o n g e  H a v e n B o c a s  d e l T o ro

O rder D ictyoceratida
Dysidea etheria de Laubenfels, 1936 X X X
Spongia tubulifera L am arck , 1814, an d  S. obscura H y a tt, 1877 X X X X X X

O rder H alichondrida
Amorphinopsis sp. X X - -
Halichondria magniconulosa H echtel, 1965 X X X X X X
Halichondria sp. - XX -
Scopalina ruetzleri (W iedenm ayer, 1977) X X -

O rder H aplosclerida
Chalinula molitba (de Laubenfels, 1949) X X - X
Haliclona curacaoensis (van Soest, 1980) X X -
Haliclona implexiformis (H echtel, 1965) X X X X
Haliclona manglaris A lcolado, 1984 X X X
Haliclona sp. a X X -
Haliclona sp. b - - X X

O rder Poecilosclerida
Biemna caribea Pulitzer-Finali, 1986 X X X X
Clathria campecheae H ooper, 1996 X X -
Clathria schoenus (de Laubenfels, 1936) - - X X
Clathria venosa (A lcolado, 1984) X X X
Lissodendoryx isodictyalis (Carter, 1882) X X X X X
Mycale microsigmatosa A rnd t, 1927 - XX X X
Tedania ignis (D uchassaing an d  M ichelo tti, 1864) X X X X X X
Tedania klausi W ulff, 2006 - XX X X

with similarities of H C -SH  = 0.977, SH-BT = 0.971, and 
HC-BT = 0.957. These index values are strongly influ
enced by the similar dominance of T. ignis at all three sites, 
but other species were also consistently either relatively 
abundant or rare at all sites. When sponge species at each 
site are divided into those that rank in the top half by vol
ume versus those that rank in the bottom half, pairwise 
comparisons between sites (see data in Table 1) yield 23 
site pairs in which a species was ranked in either the top 
half or bottom half at both sites and only 7 pairs in which 
a species was ranked in the top half at one site and in the 
bottom half at the other site (significantly different from 
an even distribution by the G test at P < 0.005).

At each site species were present on censused roots 
that were represented by volumes of less than 0.1% of 
the total. Among these species were Scopalina ruetzleri 
(Wiedenmayer, 1977) at Hidden Creek, Clathrina coriacea

(Montagu, 1818 ) at Hidden Creek and Sponge Haven, and 
Mycale magnirhaphidifera (van Soest, 1984) at Sponge 
Haven; and Hyrtios violaceus (Duchassaing and Miche
lotti, 1864), Haliclona vansoesti (de Weerdt, de Kluijver, 
and Gomez, 1999), Haliclona caerulea (Hechtel, 1965), 
and Tethya actinia (de Laubenfels, 1950), all at Bocas del 
Toro, as well as several as yet unidentified species.

In general, number of individuals and total volume 
provide very different views of the relative importance 
of the species in these communities (see Figure 3). This 
discrepancy is strikingly illustrated by the high represen
tation by numbers of individuals of Haliclona manglaris 
(15.2%, 27.9% , and 50.1% at HC, SH, and BT, respec
tively), which also consistently contributed minimal vol
ume (0.06%, 0.08% , and 0.37% ). By contrast, Tedania 
ignis, which contributed half the volume at each site, con
tributed only 8.4% to 20.4% of the individuals.



FIGURE 1. P h o to g ra p h s  o f  so m e  o f  th e  m o s t  c o m m o n  sp o n g e  species in h a b itin g  m a n g ro v e  p ro p  ro o ts  a t  H id d e n  C re e k  a n d  S p o n g e  H a v e n , 

T w in  C ays, Belize, a n d  a c ro ss  th e  c h a n n e l f ro m  th e  S T R I B ocas del T o ro  M a rin e  S ta tio n , Isla C o lo n , P a n a m a . T o p  ro w , f ro m  left to  r ig h t: 

Clathria venosa, Haliclona curacaoensis, Haliclona manglaris ( tu rq u o ise ) a n d  Haliclona sp . b  (pu rp le ), Dysidea etheria (e th ere a l b lue). S econd  

ro w : Chalinula molitba, Mycale microsigmatosa, Biemna caribea, Tedania ignis ( th ree  in d iv id u a ls). T h ird  ro w : Lissodetidoryx isodictyalis, 
Tedania klausi, Haliclona sp . a . B o tto m  ro w , f ro m  left: Halichondria magniconulosa, Haliclona implexiformis (p u rp le ). A u th o rs  o f  species a re  

g iven  in  T a b le  1.
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Sponge species on 
mangrove prop roots

Sponge

Bocas 
del Toro

FIGURE 2. D ia g ra m  sh o w in g  sp o n g e  species sh a re d  a m o n g  tw o  sites 

in  Belize (H id d e n  C re e k  a n d  S ponge H a v e n )  a n d  o n e  site in  P a n a m a  

(B ocas del T o ro ) . O n ly  th e  21  species th a t  ea c h  c o n s titu te d  a t  leas t 

0 .1  %  o f  th e  to ta l  sp o n g e  v o lu m e  o n  cen su sed  ro o ts  a t  a  m in im u m  o f  

o n e  o f  th e  th re e  sites a re  in c lu d ed .

Mean density of numbers of sponge individuals per 
unit length of subtidal prop root was similar for all three 
sites (15, 11, and 15 individuals per meter length of root 
for Hidden Creek, Sponge Haven, and Bocas del Toro, re
spectively). Reflecting a relative preponderance of small 
individuals at the Bocas del Toro site, sponge density mea
sured as volume per unit length of subtidal prop root was 
only 5.7 cm3/cm at Bocas, compared with 20.8 cm3/cm 
at Hidden Creek and 15.7 cm3/cm at Sponge Haven. Al
though variation in root diameter renders root length im
precise as a measure of substratum area monitored, length 
was deemed a better measure than number of roots be
cause of the sixfold variation in root lengths (i.e., from 24 
to 143 cm).

S p o n g e  C o m m u n it y  D y n a m ic s  C o m par ed  W it h in  a n d  

B etween  S ites, by V o l u m e  a n d  N um ber  o f  In d iv id u a l s

During the three years of monitoring, the largest dif
ference between the highest and lowest total sponge vol
ume was 12%, 35% , and 27%  at, respectively, Hidden 
Creek, Sponge Haven, and Bocas del Toro; and the larg
est difference between the highest and lowest number of 
sponge individuals was 50% , 34% , and 39% , respectively 
(Figure 4). Based on these total abundance values, com

munity-wide change appears to be substantial. However, 
comparison over time of abundance of individual species, 
with respect to both volume and numbers of sponge in
dividuals, sheds light on the components of change and 
provides a very different picture. In many cases, large 
overall changes in total volume or numbers in the course 
of a particular year reflect changes in just one or a few 
species. For example, the drop in total sponge volume be
tween 2005 and 2006 at Sponge Haven (see Figure 4) was 
mostly caused by losses from Halichondria sp., Halichon
dria magniconulosa (almost to the point of elimination),
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FIGURE 3 . S ponge species assem b lag e  c o m p o s itio n , w ith  re sp ec t to  

to ta l  v o lu m e  c o n tr ib u te d  by  ea c h  species, a n d  w ith  re sp ec t to  th e  t o 

ta l  n u m b e r  o f  in d iv id u a ls  o f  e ach  species, o n  m a n g ro v e  p ro p  ro o ts  a t  

th re e  C a rib b e a n  sites. T h ese  av erag e  re la tiv e  a b u n d a n c e s  w ere  ca lc u 

la te d  b y  a d d in g  to g e th e r  th e  v o lu m e  o r  n u m b e rs  o f  in d iv id u a ls  fo r  all 

f o u r  y ea rly  census d a te s  (th ree  d a te s  in  th e  case  o f  B ocas del T o ro ) . 

See T a b le  1 fo r  co m p le te  spe lling  o f  species n am es .
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FIGURE 4. C o m m u n ity  d y n am ics  fo r  sp o n g e s o n  m a n g ro v e  p ro p  ro o ts  a t  th re e  C a rib b e a n  sites. R e la tiv e  a b u n d a n c e  o f  th e  species is re p re se n te d  

b y  b o th  to ta l  v o lu m e  a n d  to ta l  n u m b e rs  o f  in d iv id u a ls . See T a b le  1 fo r  co m p le te  spe lling  o f  species n am es .
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and T. ignis. For the second and third species these losses 
primarily consisted of size decreases and fragmentations 
of sponges that were subsequently able to regenerate; and 
thus for both of these species, abrupt and dramatic changes 
in volume between the second and third censuses are not 
reflected in tandem changes in numbers of individuals 
(e.g., H. magniconulosa was represented by 12 individuals 
of total volume 5,518 cm3 in 2005, 14 individuals of total 
volume 187 cm3 in 2006, and 9 individuals of total vol
ume 225 cm3 in 2007). Large differences in maximum size 
achieved by sponges of different species further promote 
asynchronous changes in overall volume and numbers of 
individuals. For example, during this same year in which 
total sponge volume at Sponge Haven decreased by 35%, 
the number of individual sponges there increased by 13%, 
largely the result of a doubling of the number of Haliclona 
manglaris individuals. Yet each H. manglaris individual is 
so small that, even in the aggregate, they scarcely register 
in the overall volume tally (0.2% for the June 2006 cen
sus; see Figure 4).

Similarly, progressive loss of individuals of Biemna 
caribea and Haliclona curacaoensis at Hidden Creek re
sulted in decreases in total numbers of individuals by more 
than half in the course of three years (Figure 5). If these 
species are removed from the “Hidden Creek census -  In
dividuals” graph in Figure 4 (along with the very small 
bodied H. manglaris), the community can be seen to oth
erwise remain very similar throughout the three years with 
respect to relative representation of the component species 
by numbers of individuals. During this same time period, 
the total volume of all sponges at this site remained very 
similar, although there were large volume changes for indi
vidual species (see Figure 4). The Sponge Haven data show 
the same pattern of progressive loss of H. curacaoensis 
(see Figure 5) and also B. caribea, although the latter spe
cies was not as abundant to begin with at this site.

N ot all changes in abundance of particular species 
were abrupt or negative. Volume of Spongia spp. steadily 
increased at all sites (see Figure 5), with little increase in 
numbers, reflecting high survival of the individuals that 
were present at the first census. Illustrating a third pattern 
of dynamics, the volume of T. ignis fluctuated at all three 
sites, but at the end of the three years the total volume of 
this species at each site was similar to what it was at the 
start of the study (Figure 5).

Portions of many roots were lost during the three 
years of the study, but new roots sprouting from subtidal 
portions of censused roots nearly balanced the losses dur
ing some time periods. Thus the total length of prop roots
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included in the census was very similar for the first three 
censuses at Hidden Creek, and for the first two censuses 
at Bocas del Toro and Sponge Haven, and then, after a 
decrease, also for the final two censuses at Sponge Haven. 
Total length (in cm) for the four censuses at Hidden Creek 
was 968, 896, 995, and 562; for Sponge Haven, 1,847, 
1,787, 1,162, and 1,179; and for Bocas del Toro, 1,483, 
1,583, and (after two years) 1,203. Substratum available 
was not necessarily related to sponge abundance with 
respect to either numbers of individuals or total volume 
(compare abundance measures reported in Figure 4 with 
total root lengths censused); for example, sponge volume 
and total root length were inversely associated over the 
three years at the Bocas del Toro site.

Variation a m o n g  S p o n g e  S pecies 
in Individual Persistence

Because individual sponges were mapped and mea
sured, their fates from one census to the next could be 
recorded as (a) increased in size, (b) fragmented, (c) de
creased in size, or (d) disappeared. To characterize each 
species at each site independently of environmental cir
cumstances during a particular time interval, data from all 
1 year intervals between censuses (and one 2 year interval 
in the case of the Bocas del Toro site) were added together 
in Figure 6. Three patterns emerge from these graphs. First, 
fragmentation and size decrease are im portant aspects of 
persistence for many of these species. The only species rep
resented entirely by individuals that increased in size or 
vanished (i.e., none decreased in size or fragmented) be
tween censuses were Spongia spp. and Amorphinopsis sp. 
Second, at each site variation among species in the degree 
to which individuals persisted was clear. Yearly rates of 
loss ranged from 0% (e.g., Spongia spp.) to 100% (e.g., 
Chalinula molitba). Third, many species exhibited the 
same characteristics at each site where they occurred. For 
example, a set of species characterized by at least 40% of 
the individuals increasing in size from one yearly census to 
the next were evident at each site: Tedania ignis, Haliclona 
implexiformis, Spongia spp., Lissodendoryx isodictyalis, 
and Halichondria magniconulosa. The only exceptions 
were Haliclona implexiformis in Bocas del Toro and Hali
chondria magniconulosa at Sponge Haven. The reason for 
the H. implexiformis difference at the Bocas site was not 
obvious, but individuals of this species were always very 
small there. At Sponge Haven, both H. magniconulosa 
and T. ignis suffered high rates of size decrease and frag
mentation between the second and third censuses. These
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mented” and “decreased” can be fuzzy, as it depends on whether or 
not fragments generated survive until the time of observation. See 
Table 1 for complete spelling of species names.
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departures from their usual pattern (i.e., most individuals 
increasing in size during a year) coincided with the un
usual and fleeting presence of a couple of French angelfish 
just before the third census. French angelfish have been 
demonstrated to readily consume these two species (Wulff, 
2005) and Halichondria sp. (in preparation), which also 
decreased in volume during the same time interval. Spe
cies that only occurred at two sites also exhibited similar 
characteristics with respect to persistence at both sites. For 
example, no Chalinula molitba individuals increased in size 
from year to year at either Hidden Creek or Bocas del Toro, 
and Haliclona curacaoensis, H. manglaris, and Biemna ca
ribea had consistently low survival at each site. In contrast, 
Tedania klausi survived well at Sponge Haven, but suffered 
an extreme decline on censused roots at the Bocas del Toro 
site, coinciding with observed high losses of only this spe
cies throughout the site to disease (Wulff, 2006).

DISCUSSION

C om m unity  C o m po sitio n

These three sites that differ in abiotic factors and in 
geographic distance from each other have very similar 
species compositions, not only with respect to species 
present but also with respect to their relative abundance. 
The 9 species that are shared by all three sites constituted 
89%, 84%, and 73% of the total sponge volume at, re
spectively, Hidden Creek, Sponge Haven, and Bocas del 
Toro. The ubiquity and consistent local dominance of the 
fire sponge Tedania ignis contributes heavily to similar
ity among these sites. Previous studies also concur that T. 
ignis is a signature species for this ecosystem throughout 
the wider Caribbean region, and it was the sole species, 
of 23, that was recorded in all eight prop root faunal sur
veys compiled by Wulff (2000) and in four of five of the 
studies compared by Diaz et al. (2004). N ot only does it 
occur at most sites, it tends to be among the most abun
dant species by any metric. At five sites in Belize (includ
ing Hidden Creek and Sponge Haven), Diaz et al. (2004) 
recorded T. ignis as present on 11% to 34% of the roots, 
in the top 3 species ranked by frequency of occurrence. 
By measuring area covered from photographs, Bingham 
and Young (1995) estimated that 16.7% of the root area 
at their Florida Keys site was covered by T. ignis. Using 
line transects, along which the length of root covered by 
each sponge was measured, Sutherland (1980) estimated 
5% -12%  coverage by T. ignis in Bahia de Buche, Venezu
ela. Evaluating abundance by volume boosts the propor
tional representation of this species because of its massive

growth form, and thus in this study T. ignis constituted 
from 49%  to 57% of the total sponge volume on censused 
roots. This species not only holds a large proportion of 
the primary substratum space, but it also participates in a 
mutualism with the mangroves, enhancing the persistence 
and health of the entire ecosystem by protecting the roots 
from attacks by boring isopods (Ellison and Farnsworth, 
1990; Ellison et ah, 1996).

Tedania ignis is not the only species that is both nearly 
ubiquitous and locally abundant, although it stands out as 
the most extreme. Consistently Lissodendoryx isodictya
lis, Halichondria magniconulosa, Spongia spp., Haliclona 
implexiformis, Haliclona manglaris, and Dysidea etheria 
appear on faunal lists and, where authors indicate relative 
abundance, by whatever metric, they rank highly (Wulff, 
2000; Diaz et ah, 2004).

Although the three sites in this study are similar with 
respect to these widespread typical mangrove root sponge 
species, there are two types of differences among the sites: 
(1) a few species that are abundant at one site but do not 
occur elsewhere (e.g., Amorphinopsis sp. at Hidden Creek), 
and (2) many rare species that appear to differ among sites. 
The virtual lack of overlap of these rarer species on spe
cies lists from different sites does not necessarily indicate 
constrained distribution but may simply reflect their rare
ness. Diaz et al. (2004) discuss this sampling issue with 
the highly diverse Caribbean mangrove root sponge fauna 
and illustrate it well with their data. Diaz et al. (2004) 
also point out the great degree to which community com
position can vary along a particular mangrove fringe. The 
three sites in the present study are known to share addi
tional sponge species if entire contiguous stretches of m an
grove are included (Rützler et al., 2000). For example, at 
Sponge Haven, Clathria schoenus is not found near the 
censused roots but appears on roots at this site that are 
further toward the mouth of the main channel.

Sponge species composition differences among sites 
characterized by very different abiotic circumstances have 
been well documented, and some sites are sufficiently ex
treme in abiotic factors that sponges are scarcely present 
(Farnsworth and Ellison, 1996) or succumbed to unfavor
able conditions while being studied (Pawlik et ah, 2007). 
At least some of the differences in species composition 
between Hidden Creek and Sponge Haven, only 330 m 
apart, have already been ascribed to less hospitable abiotic 
factors in the narrow, tidal Hidden Creek. Transplants of 
5 species that are conspicuous at Sponge Haven thrived 
initially in Hidden Creek, but nearly all (61/63) died over 
the course of one year (Wulff, 2004), possibly implicating 
episodically wide fluctuations in temperature and salinity.
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The similarity between the three sites in this study is espe
cially interesting, considering that they were chosen for ac
cessibility and overall sponge abundance, rather than for 
species composition, and that they have demonstrated dif
ferences in abiotic factors and span a geographic distance 
of 1,200 km.

M ethods for  Studying  S po n g es  o n  M angrove 
Prop Ro o t s  C an  Influence Evaluations 
o f  C om m unity  S imilarity between S ites 

a nd  C om m unity  Stability over T ime

M ethods of studying composition and dynamics of 
sponge communities on mangrove roots have varied with 
respect to metrics for evaluating abundance, sampling unit, 
choice of which units to sample, time interval of sampling, 
and materials, size, and shape of recruitment surfaces. 
This variety reflects the many different questions posed by 
researchers, and the difficulty of quantifying sponges; but 
methods may also influence conclusions.

M ethods for evaluating abundance have included 
analysis of photographs for percent cover, line transects 
down roots with distance covered by each species recorded, 
point counts through acetate sheets, and presence/absence 
on each root, as well as the total numbers of individuals 
and volume of each individual. The advantages and dis
advantages of evaluating sponge abundance with respect 
to volume, area covered, or numbers of individuals have 
been previously compared in the context of coral reefs 
(Rützler, 1978; Wulff, 2000, 2001). Choice of metric is 
influenced by expediency in the field, and also by whether 
functional roles, life histories, species diversity, or some 
other aspect of these communities is the central focus of 
a study. One advantage to measuring sponge abundance 
by volume is that growth rates can then be calculated if 
the same sponge individuals are followed over time. As 
well, functional roles related to trophic interactions, such 
as filtering food particles from the water column and pro
vision of food to spongivores, probably scale with volume. 
Unfortunately, sponge volume is time consuming to mea
sure nondestructively in the field, decreasing the number 
of individuals that can be monitored.

Area can be a problematic measure of sponge abun
dance, as the amount of sponge tissue under a particular 
point can range over orders of magnitude. At these three 
sites, for example, sponges on prop roots varied in thick
ness 150 fold, from 0.1 to 15 cm. Evaluating mangrove 
sponge abundance in terms of area is further complicated 
by the prevalence of epizooism, which results in points 
falling simultaneously over more than one sponge species.

At least one functional role of sponges in mangroves may 
be related to substratum area covered: protection of m an
grove roots from boring isopods (Ellison and Farnsworth, 
1990, 1992).

Numbers of individuals are difficult to interpret in the 
contexts of sponge population dynamics and functional 
roles, as numbers can increase either by recruitment or 
fragmentation, and individual size can vary over many 
orders of magnitude. The lack of concordance between 
population dynamics of individual species measured 
in terms of numbers of sponges versus total volume on 
the same roots (see Figure 4) underscores how divergent 
conclusions can be when different metrics are chosen for 
evaluating sponge abundance. Evaluating abundance us
ing two or more metrics at the same site can strengthen 
understanding of processes underlying the dynamics. For 
example, data indicating a small increase in numbers of 
individuals of Halichondria magniconulosa at Sponge H a
ven allowed the coincident large decrease in volume to be 
interpreted as extensive partial mortality and some frag
mentation, rather than heavy losses of individuals.

An abundance measure that lends itself well to bio
diversity surveys in this inherently fragmented habitat is 
presence/absence of a species on each root. Diaz et al. 
(2004) evaluated relative abundance of sponge species at 
Hidden Creek and Sponge Haven by prevalence on roots. 
Specific ranks of the species by prevalence were differ
ent from ranks assigned by volume in this study, but the 
match between the 10 most abundant species with respect 
to percent of prop roots inhabited (Diaz et al. 2004) and 
the 10 most abundant species with respect to volume (this 
study) is 80% at Hidden Creek and 60% at Sponge H a
ven. Resolution of systematic challenges may increase the 
match; for example, a second species of Tedania was only 
formally identified (Wulff, 2006) at Sponge Haven after 
the study by Diaz et al. (2004) was published.

Evaluating abundance by presence/absence can also 
address an im portant community assembly issue: the 
probability that the community on a root will include a 
particular species. Sutherland (1980) pointed out the great 
importance of habitat division into small discrete patches 
by explicitly comparing the course of community develop
ment on prop roots versus on the 20 X 122 cm asbestos 
panels he deployed for evaluating recruitment. The larger 
area of the panels increased the probability that the com
petitively dominant, but inefficiently recruiting, Tedania 
ignis recruited onto every physically separated substratum 
patch. Once settled on a panel, this species was able to 
continue its growth in every direction, and each panel be
came quickly dominated by it. Each root had much less
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surface area, providing a smaller target for settling larvae 
of competitively dominant species. As predicted, if the 
roots are therefore more reliable refuges for competitively 
inferior species, the species composition on the roots was 
far more heterogeneous (Sutherland, 1980).

For ranking species by relative abundance, the great
est discrepancies between abundance measures (i.e., vol
ume, area, number of individuals, and percent of roots) 
emerge when applied to thinly encrusting species, as their 
volume can be trivial even when they cover large areas 
(e.g., see Wulff, 2001, for an explicit comparison in a coral 
reef sponge community). The possibility that encrusting 
species may be relatively ephemeral because they are eas
ily overgrown is supported by a comparison between the 
pattern of recruitment of the thinly encrusting species 
Clathria campecheae onto initially bare polyvinyl chloride 
(PVC) pipes at Hidden Creek (Wulff, 2004) and its abun
dance in the established community on prop roots. This 
species was described from coral reefs and had not been 
reported from mangroves, and yet it distinguished itself by 
occurring on more pipes (7/8) than any other species at 20 
months after they were suspended among the mangrove 
roots. Once the possibility of its occurrence on mangrove 
roots was raised, it was discovered at a very low level on 
prop roots at Hidden Creek and Sponge Haven.

This finding raises the question of how the succes- 
sional stage of communities on censused roots might 
influence the evaluation of similarity of assemblages be
tween sites and over time. Sutherland (1980) labeled 116 
roots that had not yet entered the water, in addition to 
260 roots that had already been colonized below the w a
ter surface. Sponge species that specialize on colonizing 
fresh roots would have therefore been included in his as
sessment of the total fauna. Because I followed roots with 
already established sponge faunas, and only added new 
roots that sprouted from subtidal portions of previously 
included roots (i.e., new roots that could be colonized by 
sponge growth from already censused portions), the earli
est successional stages were not included in my assessment 
of community dynamics. Clathria campecheae, mentioned 
above, was not the only species that was disproportion
ately well represented on PVC pipes deployed for recruit
ment at Hidden Creek 20 months earlier. Haliclona cura
caoensis, Biemna caribea, and Haliclona manglaris were 
also conspicuous with respect to numbers of individuals, 
percent of pipes colonized, and (for H. curacaoensis and 
B. caribea) volume, in this relatively early stage of com
munity development on initially bare pipes (Wulff, 2004: 
fig. 3). The pattern of loss of these species from one census

to the next (see Figures 4-6) is consistent with the possibil
ity that these are early succession species that are progres
sively lost from roots as sponge species that are superior 
competitors accumulate over time. These data support 
Sutherland’s (1980) suggestion that the mangrove root in
habitants illustrate a trade-off between colonization rate 
and ability to persist in the community, and raise the pos
sibility that stability of these communities, if measured as 
change over time, will depend on the successional stage 
on the monitored roots. The earlier in succession the as
semblage on a root is, the more likely that subsequent cen
suses will reveal changes in species composition. Apparent 
instability will be further magnified if percent cover is the 
metric chosen for abundance, as thinly encrusting species 
that are efficient recruiters, but may be eliminated as supe
rior competitors recruit, will initially have very high abun
dances with respect to area covered.

Observational units in previous studies have ranged 
from camera framer-length segments of roots to root clus
ters. Bingham and Young (1995) monitored 21 cm long 
root segments at 1 and 2 month intervals. Their analysis re
vealed how changes in abundance appear at different mon
itoring intervals, providing insight into the complex and 
rapidly changing dynamics of these communities at par
ticular locations on roots. Their spatial position-focused 
analysis is complementary to the individual organism- 
focused analysis in the present study. Because the position 
of sponge individuals can shift along the prop roots as 
they increase and decrease in size, it is possible for them 
to move into a particular root segment without a recruit
ment event and to move out of a root segment while still 
persisting on the root. Thus a sponge assemblage within a 
root segment may appear less stable than the assemblage 
on that entire root. Differences in conclusions of Suther
land and Bingham and Young were attributed by the latter 
authors to greater influence of physical disturbance and 
seasonality on a subtropical site (Florida Keys) relative to 
a tropical site (Venezuela), but it is possible that difference 
in choice of observational unit might have also influenced 
evaluations of stability.

The balance between numbers of individuals moni
tored, frequency of monitoring, and method of evaluating 
abundance must be struck with the ultimate aim in mind. 
Following individual sponges over time and evaluating 
their size with respect to volume were essential to the aims 
of this study, which were to understand the life history 
and morphological strategies employed by each species. 
Inevitably the number of individuals and roots that could 
be followed in such detail suffered, as did the frequency of
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monitoring. Some compensation for these failings is made 
by the detail of the time-series drawings of entire roots. 
Detailed maps of the location of each sponge and com
ments about its shape and size at each census allowed frag
mentation, size decrease, and addition of new recruits to 
be unambiguously distinguished, even when the causes of 
size change were not obvious. It is likely that new sponges 
recruited and vanished, and resident sponges changed in 
size in multiple ways, during the year-long intervals be
tween censuses, and so my data only indicate the net result 
of months of unmonitored dynamics.

S ignificance  o f  Ec o lo g ica l  
C haracteristics o f  S p o n g e  S pecies

Proportions of sponges that increased, decreased, 
fragmented, or disappeared were similar for given species 
among sites, suggesting that these may be species-level 
characteristics. With a few exceptions, the set of species 
that reliably exhibited 40%  to 100% of individuals in
creased between censuses were the same at all three sites 
(Tedania ignis, Haliclona implexiformis, Lissodendoryx 
isodictyalis, Spongia spp., Halichondria magniconulosa), 
and constituted large proportions of the total sponge vol
ume (85%, 82%, and 72% at HC, SH, and BT, respec
tively) at each site. Numbers of individuals of these species 
found on eight initially bare PVC pipes 20 months after 
they were suspended among prop roots at Hidden Creek, 
ranged from 0 (T. ignis, H. implexiformis, and Spongia 
spp.) to 7 (L. isodictyalis) (Wulff, 2004). By contrast, the 
set of species for which only 0% to 30% of the individuals 
increased in size between censuses (i.e., B. caribea, H. cu
racaoensis, H. manglaris, Clathria campecheae) were each 
represented on the recruitment pipes by 11 to 14 individu
als (Wulff, 2006). These patterns hint at the possibility 
of integrated sets of ecological characteristics that help to 
maintain all these species in the mangrove prop root sys
tem. Population dynamics of at least some of the typical 
mangrove root sponge species may be tied to their each be
ing most suited to a particular time period in community 
development.

Overall community change, measured by total biomass, 
species diversity, numbers of individuals, and space occu
pied, can be functionally of great importance on an ecosys
tem level. However, an exclusive focus on these community- 
level metrics can obscure the components of community 
change—that is, changes in the component species—and 
therefore hamper our understanding of underlying pro
cesses. Consideration of the characteristics of individual

species, such as their probability of persisting from year to 
year; their efficiency at recruiting; susceptibility to particu
lar biotic mortality sources such as predators, competitors, 
or pathogens; and the frequency with which they fragment 
or suffer partial mortality, may explain much of the com
munity dynamics. Combining these new data on persistence 
with previously reported recruitment data (Wulff, 2004) in
dicates that some of the heterogeneity in space and time 
among mangrove prop root communities may be the re
sult of the community on each root progressing indepen
dently through a successional sequence that is mediated, 
at least in part, by an inverse relationship between ability 
to hold space on mangrove roots and recruitment into the 
community that was first suggested by Sutherland (1980). 
Adding to these life cycle-mediated patterns the observed 
idiosyncratic responses of particular species at a particular 
site, such as Tedania klausi succumbing to disease at the Bo
cas del Toro site or Halichondria magniconulosa targeted 
for consumption by a pair of French angelfish at Sponge 
Haven, allows community dynamics to be understood as 
the result of a complex set of interactions among individual 
sponges representing species that are characterized by spe
cific physiological tolerances and morphological and life 
history traits.
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thermohaline structure of, 338
upwelling in, 336, 343
w ater characteristics of, 338, 339-340, 340, 341 
See also Gulf of Panama; Panama 

Gulf of Honduras, 287, 380, 389 
Gulf of Mexico, 8 , 105, 125, 129, 131, 238, 314, 469 
Gulf of Panama, 74, 82, 87, 335-336, 342-343 

dry seasonal nutrients in, 341, 342, 342 
NP ratios in, 343 
rainfall patterns in, 337 
thermohaline structure of, 338 
upwelling in, 342-343 
w ater characteristics of, 338-339, 340 
w ater clarity in, 341 
See also Panama 

Gulf Stream, 6-7 , 34, 73, 435

Halammohydra, 143.
Halichondria magniconulosa, 160, 165, 167, 503, 504, 505, 

506, 508-511, 513 
Haliclona, 55, 152, 161, 165, 168, 504, 505, 508 

caerulea, 161, 164, 504
curacaoensis, 159, 161, 162, 164-165, 167, 504, 505, 508, 

510, 512-513
implexiformis, 161, 165, 167, 513, 504, 505, 509, 510, 513 
manglaris, 157, 161, 163-165, 167, 504, 505, 508, 510, 

512-513 
tubifera, 161, 164, 167 
vermeuleni, 157, 161, 162, 164, 165 
See also sponge(s)

Haliclystus, 142
Halimeda, 156, 404, 408, 419, 421, 446, 448 

opuntia, 446, 448 
See also algae: macro- 

Halisarca, 155, 167 
caerulea, 162, 168 
See also sponge(s)

Halocordyle disticha, 232 
Halodule wrightii, 360, 363 
Halophila decipiens, 363, 365. See also seagrass 
Halosbaena, 216
Haplosclerida, 152, 157, 503, 504
H arbor Branch Oceanographic Institute (HBOI), 26, 33, 35 
Hawaii, 60, 260-261, 271, 276, 292, 404-405, 407 
hawksbill turtle, 242 
herbicides, 380 
herbivory

coral reef community and, 35 
positive effects on reefs of, 449
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hermaphroditism, 96, 98, 105, 106, 108 
in shrimps, 96, 106, 108 
simultaneous, 96, 106, 108 

Hexacorallia, 140, 142, 144.
Hippolyte, 106 

inermis, 98 
obliquimanus, 95 
williamsi, 95, 98 
See also shirmps 

Hippopodina, 234 
irregularis, 238 
verrilli, 233, 236, 237 
See also bryozoans 

Hipporina, 253. See also bryozoans 
historical contingency hypothesis, 98 
Honduras, 51, 287 
human disease, 35 
hurricanes

Belize and, 51 
coral m ortality and, 406 
damage from, 380 
effects, 36 
Honduras and, 51 

Hydra, 146
hydrogen sulfide, 59, 66-67, 272, 278 
Hydrolithon

boergesenii, 445 
onkodes, 445 
See also algae: coralline 

Hydrozoa, 143, 145.
Hyrtios proteus, 154, 161, 164, 165, 167, 168. See also 

sponge(s)

imposex
definition of, 189, 194 
distribution of, 190-191, 194 
TBT detection with, 195 

incident irradiance, 360, 362, 382-383, 385, 386, 387-388 
Indian River Lagoon (IRL) 

ecosystems, 38
fiddler crab species of, 459 (see also Uca) 
habitat, 347
hydrogeomorphic characteristics of, 347, 467  
impoundment, 461, 461, 468, 496 
location, 230, 361
mangroves in, 347, 348, 350, 352, 354 (see also mangrove 

forest(s)) 
nutrients in, 352, 353 
PAR in, 365
resorption efficiences, 352
seagrasses in, 234, 236, 360, 361 (see also seagrass) 
sediments, 35
Smithsonian M arine Station at Fort Pierce and 6 , 28, 35 

Indian River Lagoon Species Inventory, 36

Inter-American Tropical Tuna Commission (IATTC), 243 
intermediate disturbance hypothesis, 502 
internal transcribed spacer (ITS), 173-174, 175, 176, 177, 202 
International Biogeographic Information System, 202 
International Taxonomic Information System, 202 
International Union for Conservation of N ature (IUCN), 

87-88, 202, 278, 314 
International Year of the Reef, 7, 62, 74 
interspecific fertilization, 440-441 
inter-tropical convergence zone, 74, 337, 383 
Intracoastal Waterway, 238 
invasive species

Chesapeake Bay and, 19 
marine, 8

Northeastern Pacific and, 292 
Panama Canal and, 293 
recruitment of, 249-250, 253, 256-257 
research challenges and 18 

Iotrochota birotulata, 159. See also sponge(s)
Ipomoea pescaprae, 420 
island biogeography, 501
Isochrysis galbana, 191, 219, 220, 274. See also isopods 
isopods, 53, 101, 220-222, 226, 273, 275, 510-511 
Isthmus of Panama, 2, 7-8 , 30, 78-79, 83-84, 295, 297, 336. 

See also Panama

Jamaica, 7, 54, 83, 152, 159, 275, 315, 405 
Jania, 448
Japan, 142-143, 216, 273, 275, 442, 484, 487 
jellyfish, 145, 370 
Johnson, Seward Sr, 26

keystone fish, 410
KRE (potassium resorption efficiency), 349, 351, 354

lactate dehydrogenase (LDH), 278 
Laguna de Chiriqui, 324
Laguncularia racemosa (white mangrove), 347, 348, 420, 474, 

492. See also mangrove forest(s)
larva(l)

behavior, 445 
brachiolarian, 33 
brachiopod, 33 
coral reefs and, 438 
dispersal of 277, 441, 443 
fish, 67 
rearing, 262
settlement, 53, 408, 438, 443M 47, 450 
ocean acidification and, 446 
oceanic, 33
survival and recruitment, 438 
temperature effects on, 446 

Lasionectes, 27 6 . See also remipedes 
Laurencia papillosa, 446. See also algae
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Lepidophthalmus richardi, 184, 186 
Lichenopora, 235, 237. See also bryozoans 
Lindra thalassiae, 31 
Link, Edwin, 26
Lissoclinum fragile, 234. See also ascidians 
Lissodendoryx, 152

colombiensis, 160, 164
isodictyalis, 152, 160, 165-167, 504, 505, 509, 510, 

513
See also sponge(s)

Lobophora variegata, 446-447. See also algae 
Lyngbya

majuscula, 446 
polychroa, 446 
See also cyanobacteria 

Lysmata
amboinensis, 96, 98, 104 
anchisteus, 101, 104 
ankeri, 98, 104, 106 
argentopunctata, 101, 104 
boggessi, 97, 99, 101, 102, 104, 106 
californica, 96, 98, 104, 105 
chica, 101, 103, 104 
galapaguensis, 97, 99, 101, 102, 104 
grabhami, 96, 98, 104, 106 
kuekenthali, 101, 103, 104 
moorei, 101, 103, 104 
pederseni, 96, 98, 105 
philippinensis, 101, 105 
racemosa, 492, 494-496 
rathbunae, 101, 103, 105 
seticaudata 98, 105 
phylogeny, 107 
trisetacea, 101, 103, 105 
vittata, 101, 103, 105 
wurdemanni, 96, 105, 106, 108 
See also shrimps 

Lytocarpia, 143.

Madracis auretenra, 318. See also coral 
malate dehydrogenase (MDH), 278 
Manania, 142. 
manatee grass, 234, 360 
mangrove crab, 58 
mangrove foresti s)

in Belize, 36, 164-165
black, 36, 474, 347, 348, 420, 424, 492, 494, 495 
channel bottom, 58 
characteristics, 348, 473
clear cutting, 285, 287, 416, 420, 423, 426-427, 477
coastal erosion and, 423, 474
dwarf, 36, 474, 477, 486, 488
ecosystems, 345, 480
epifauna of, 168 (see also epifauna)

flooding and, 487
forests (see mangrove forest(s)) 
growth, 350, 355, 356 
human effects on, 474, 487 
hurricane damage to, 36 
loss of, 287
nutrient conservation and, 351, 354 
in Panama, 36, 156-157
peat, 66-67, 284-287, 348, 355, 416, 419, 421, 423-424, 

425, 477 
Pelican Cays and, 419 
pollution and, 474
prop roots and prop root communities of, 58, 155, 156, 

159, 169, 282, 396, 502, 505, 506, 507, 508,
513

red, 38, 50, 54, 57, 58, 155, 159, 283, 325, 346, 416, 422, 
474, 477, 480, 486-489, 492, 502 

as reef fish nurseries, 345, 415, 426, 474 
resorption efficiences of, 352, 353 
root-algal mats, 424 
saplings, 495, 497M 98, 498 
sea level and, 487, 489 
senesced leaves of, 355 
sensitivity to sediments, 424 
sponge faunas and, 162, 166, 510, 512 
stability, 288 
surveys, 492, 496 
swamp communities, 58 
Twin Cays and, 282, 419, 475 
white, 347, 348, 420, 474, 492 

mangrove oyster, 58 
M anning equation, 483 
M anning roughness coefficient, 483-484, 484 
marine

activities, 87-88 
caves, 269 (see also caves) 
ecology, 35-56
education and outreach, 85-87 
natural products, 32, 35 
turtles (see marine turtle)s))
See also ocean; sea 

M arine Environmental Sciences Program (MESP) 76 
M arine Protected Areas, 410
M arine Science Network (MSN), 1, 2, 4-6 , 8 , 19, 30, 36, 6 6 ,

360
marine turtle(s)

conservation, 242-244 
endangered, 242 
as food source, 242 
outreach and public education, 243 
program in Brazil, 242 
research, 242-244 

marine zooarchaeology, 80, 87 
M arkov chain M onte Carlo (MCMC) methods, 98
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Meandrina meandrites, 447 
Medusozoa, 140, 143-145 
Melinda Forest Station, 477, 481 
Menippe, 182, 183 

nodifrons, 183 
See also crabs 

Merguia, 98, 108 
rizophorae, 98 
See also shrimps 

Merhippolyte, 108. See also shrimps
Mesoamerican Barrier Reef System (MBRS), 2, 6 , 416, 423- 

424, 426
mesozooplankton, 371, 372, 374-375 
metabolism, 59, 189, 270, 277-278 
meta-communities, 502
metamorphosis, 33-34, 211-212, 214-216, 265, 443, 445- 

446, 451
Mexico, 131, 184, 204, 220, 238, 242, 244, 293, 304, 305 
Mictaxius thalassicola, 185. See also crabs 
Mictocaris halope, 274, 275 
Millepora, 50, 51, 238, 314 

complanata, 51, 283 
See also coral 

Mimocaris, 108. See also shrimps 
Mithrax, 182-183. See also crabs 
Mnemiopsis leidyi, 369, 371-372, 372, 374-375 
Mogula manhattensis, 253. See also tunicates 
molecular evolution, 8 , 80, 82, 145, 173 
Monanchora, 60. See also sponge(s)
Montastrea, 80, 266, 318, 440, 441

annularis, 318, 408, 440-441, 448, 451 
faveolata, 266, 439, 441, 443, 444 
franksi, 441
leidyi, 369-374, 375-376 

M ontipora
capitata, 444, 446 
digitata, 440 

Morone americana, 21. See also fish 
Morula, 194 
Mozambique, 469
Munidopsis polymorpha, 270, 275, 277, 279.

See also crabs 
muncids, 189-190, 191, 192, 192, 194 
Mycale

carmigropila, 160, 162, 164 
laevis, 167
magnirhaphidifera, 167, 504
microsigmatosa, 157, 160, 162-163, 164, 165, 167, 168, 

504, 505 
See also sponge(s)

Mycetophyllia aliciae, 447 
M yxobolus, 143.
Myxosporea classification, 144 
Myxozoa, 140, 143, 143, 145.

Naos Island Laboratory, 76, 80
N ational Museum of N atural History (NM NH), 2, 3, 4-6 , 26, 

30, 32, 34, 38, 57, 98, 103, 125, 134, 138 
N ational Zoological Park (NZP), 5 
N ature Conservancy, 87 
Naushonia, 183, 185-186. See also crabs 
nematocyst, 139 
nemerteans, 34 
Neocallichirus

grandimana, 184-185 
maryae, 184-185 
rathbunae, 185 
raymanningi, 185 
See also crabs 

Nephasoma pellucidum, 210-211, 212, 214, 215-216 
net ecosystem exchange (NEE), 397 
Netherlands Antilles, 152, 324, 442 
nitrogen

cycling, 36 
discharge, 18, 2 1  

limitation, 346, 355, 404 
resorption efficiency (NRE), 349, 349, 351 
resorption proficiency of, 349  
sources, 404 
See also nutrient 

NOAA (National Oceanic and Atmospheric Administration), 
302-303

Nolella stipata, 233, 234, 235, 236, 236, 237. See also 
bryozoans

non-governmental organizations (NGOs), 8 6

Nova Scotia, 242
N-resorption efficiency, 349, 351
N-resorption proficiency, 354
Nucella lapillus, 189, 194
nutrient

concentrations, 156 
pollution from, 346, 406, 409 
recycling by crabs, 459 
threshold hypothesis, 405, 407

OBIS, 202 
ocean

acidification, 260, 446
chlorophyll a concentrations, 323 (see also chlorophyll a) 
currents, 6 6 , 248 
primary productivity, 323 
upwelling, 335, 341 
See also marine; sea 

Octocorallia, 140, 142, 144, 147.
Oculina, 6, 38
Online BRS Bilingual Biodiversity Database, 87 
Online Information System on Tropical Eastern Pacific 

Shorefishes, 87 
Ophryotrocha puerulis, 108



N U M B E R  38  • 5 2 5

Oreaster, 6 8 . See also starfish 
ostracods, 272, 273, 274, 275-276 
Ostreopsis, 286, 302, 303. See also dinoflagellates 
Ototyphlonemertes, 34
overfishing, 4, 12, 16, 19, 83, 206, 402, 405-406, 410 
oxygen-deficient waters, 275 
Oxypora lacera, 446, 449 
oyster

fishery, 16 
larvae, 376

Padina, 404
Palmer Long-Term Ecological Research Program, 5
Palythoa, 142
Panama

Bocas del Toro Archipelago of (see Bocas del Toro, 
Panama)

Canal (see Panama Canal) 
coastal communities of, 74 
fishery resources of, 336
geography of, 73, 74-76, 77, 336, 337-338, 361 
Gulf of (see Gulf of Panama) 
history and ecology of, 7 
intertidal community ecology of, 81 
invasions in, 80-81, 295, 298
mangrove forests and, 347 (see also mangrove forest) s) ) 
map of, 77
oceanographic conditions in, 156, 336, 338-343, 339, 

340, 341, 342 
Pacific shelf of, 74
Paleontology Project (see Panama Paleontology Project) 
seagrass in, 365 (see also seagrass) 
shipping history of, 296 (see also Panama Canal) 
Smithsonian Tropical Research Institute in (see

Smithsonian Tropical Research Institute (STRI), 
Panama) 

sponges in, 159, 166, 506 
surface water absorption spectra in, 364, 366 
water quality in, 363 

Panama Canal, 7, 74, 80-81, 83, 8 8 , 190 
barnacles and, 296 
construction of, 294 
expansion, 296
marine invasions and, 291, 297 
shorefishes and, 80 
transiting, 295, 297 
vessel transits, 80, 294 
See also Panama 

Panama Canal Authority, 296-297 
Panama Canal Zone, 74 
Panama Paleontology Project (PPP), 8 , 83-85 
Panulirus, 182
Papua New Guinea, 314, 435 
Parahippolyte, 108. See also shrimps

Parasmittina, 233, 234, 235, 237-238. See also bryozoans
Paraspadella anops, 273
Paraxiopsi spinipleura, 185-186
parrotfish, 34, 407, 408. See also fish
Paspalum distichum, 420
Pasythea tulipifera, 232, 233, 235
peanut worms, 209. See also sipunculans
peat. See mangrove forest) s): peat
Pectinia paeonia, 441
Pelagomacellicephala iliffei, 273, 274. See also polychaete 

worms
pelagosphera, 33-34, 210, 212, 214-216
Pelican Cays, 60, 157, 281, 417
periwinkle, 58
pesticides, 380
Peyssonnelia, 445
Phascolion

cryptum, 33, 215 
strombus, 215 

Phascolosoma, 215-216. See also sipunculans 
phosphorous limitation, 346, 355, 404 
photosynthetically available radiation (PAR), 360, 364-365, 

3 6 5 ,3 6 5
photosynthetically usable radiation (PUR), 364-365, 365  
Phragmatopoma lapidosa, 232. See also worms 
Phragmites australis, 14, 18 
physiological ecology, 80-81
phytoplankton, 62, 286, 323, 325-327, 332, 360, 406 

biomass, 325, 332 
dissolved nutrients and, 340 
growth, 342, 343 
thermocline influence on, 344 
See also plankton; Zooplankton 

plankton
ciliates, 33
larvae, 248, 441-442 
m esozoo-, 371, 372, 374-375 
phyto- (see phytoplankton) 
productivity, 16 
zoo- (see Zooplankton) 

plate tectonics, 276 
Platygyra, 440, 441, 449 

daedalea, 441, 446 
sinensis, 440 

Plaxaura, 142 
Pocillopora

damicornis, 408, 446 
meandrina, 261, 264-265, 264 
See also coral 

Poecilosclerida, 152, 157, 503, 504 
pollution, 474
polychaete worms, 53-54, 210, 234, 249, 253, 255
polychlorinated biphenyls (PCBs), 19, 21
polymerase chain reaction (PCR), 112, 174-175, 177, 220-221



5 2 6  • S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

Polypodium, 142, 145, 147.
Pomatogebia operculata, 185-186 
Pontonia margarita, 95. See also shrimps 
Porifera. See sponge(s)
Porites, 285

astreoides, 283, 317, 318, 439, 446, 451 
compressa, 408 
cylindrica, 447 
damicornis, 408 
divaricata, 283, 314 
furcata, 283, 314 
porites, 283, 407 
See also coral 

potassium resorption efficiency (KRE), 349, 351, 354 
Pourtalesella incrassata, 233, 235  
Processa, 185. See also crabs
Prorocentrum, 286, 302, 303. See also dinoflagellates 
protandric simultaneous hermaphroditism (PSH), 96-98, 

102-106, 108 
protogyny, 96
Pseudopterogorgia bipinnata, 174-176, 174, 175, 176, 177, 

178. See also coral 
public health 307
Puerto Rico, 119, 123, 136, 152, 238, 260-261, 324
Punta Culebra Nature Center (PCNC), 8 6

Punta Galeta Laboratory, 76
pyranometer, 382
Pyura chilensis, 108

radiative transfer modeling, 362 
rainfall, temporal changes in, 330 
Rancheria Island field station, 76, 83 
rDNA, 66 ,140 , 143, 144, 145, 173-174 
reactive oxygen species, 31, 435 
rebreathers, 279 
Red Sea, 1 0 4 -1 0 5 ,4 0 5 ,4 2 9  
red tide, 2, 35, 283, 286
relative dominance model (RDM), 402, 403, 405, 406, 408 
remipedes, 273, 274, 275, 276 
Reunion Island, 405 
Rhabdadenia biflora, 420
Rhizophora mangle, 54, 58, 151, 282, 346-347, 348, 349-350, 

350, 354, 355-356, 416, 420, 422, 422, 424, 426, 
461, 474, 492, 494M 96, 502 

rhodamine fluorescent dye, 480, 485 
Rhode River, Chesapeake Bay, 4, 12-19, 13, 14, 15, 18, 

370-371, 374-376, 392, 396 
Rhynchocinetes typus, 95. See also shrimps 
Rypticus, 67. See also fish

Salicornia virginica, 420. See also saltmarsh
salt marshes, 12, 14, 15, 16, 18, 346, 399, 491-492, 496
San Bias Archipelago, 7, 75

San Bias islands, 76, 78 
sand dollars, 32 
Sarcophyton glaucum, 447 
Sargassum, 404, 408 

polycystum, 446 
See also algae: macro- 

Savignyella lafontii, 232, 233, 235, 236, 237. See also 
bryozoans

scanning electron microscopy, 30, 51, 211 
Schizoporella

floridana, 234, 236, 237 
pungens, 238
unicornis, 232, 233, 234, 235 
See also bryozoans 

Schoenoplectus americanus (formerly Scirpus olneyi), 12, 15, 
392, 396

Scleractinian corals, 437-438. See also coral 
Scopalina ruetzleri, 160, 284, 504. See also sponge(s)
Scripps Institution of Oceanography, 51, 138 
Scrupocellaria

bertholletii, 234, 235, 236, 237 
regularis, 232, 233, 235 
See also bryozoans

sea
grass (see seagrass)
level, 14, 315, 416, 450, 475, 487, 489 
seasonal upwelling in, 335
-surface temperatures (SSTs), 260, 303, 338, 343, 376, 

389
warming, 74 
See also marine; ocean 

seagrass
depth limits, 363, 365  
importance of, 359 
light absorption by, 360 
light requirements of, 360, 366 
temperature, 313 
as water quality indicator, 359 

sea urchin, 78, 406, 449 
Secchi depth, 326, 327, 330-331, 333, 338 

chlorophyll a concentration and, 332 
climatic variables and, 329 
factors affecting, 332 
physical variables and, 330
temporal changes in, 328, 329, 330, 331, 331-332 
See also water clarity 

Secchi disc, 16 
SECORE, 260 
sediment) s)

characteristics of, 466-468 
Gulf of Honduras and, 389 
in mangroves, 474, 497 
nutrient loads, 389
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organic content, 462, 467 
reefs and, 387 

senescence, 350-351, 355 
sequential hermaphroditism, 106 
Sesuvium portulacastrum, 420, 498
Shorefishes of theTropical Eastern Pacific Online Information 

System (SFTEP), 197, 198, 204, 206, 206, 207, 208
shrimps

abundance of, 1 0 1  

geographic distribution of, 104 
hermaphroditism in, 96, 106, 108 
ovigerous, 97
population structure of, 1 0 1  

reproductive organs of, 99 
Siderastrea siderea, 283 
Sinularia flexibilis, 447 
Siphonosoma cumanense, 215
sipunculans, 33-34, 60, 209-211, 214-216. See also worms 
Sipunculus, 215. See also peanut worms 
Smithsonian Contributions to the Marine Sciences, 2 
Smithsonian Environmental Research Center (SERC), 3, 4, 

12, 14, 16-19, 30, 32, 60, 249, 250, 251-252,
370, 371

grand research challenges of, 12-19 
Smithsonian Foundation of Panama, 8 6  

Smithsonian Institution, 2, 5, 8 , 25-26, 44, 79, 125, 138, 
302-303, 307, 474, 476-477, 480 

Smithsonian Institution Field Station (Belize), 381 
Smithsonian Institution Tropical Environmental Sciences 

Program, 76 
Smithsonian M arine Science Network, 3 
Smithsonian M arine Science Symposium, 1, 2 
Smithsonian M arine Station (SMS), 249 

equipment at, 28
at Fort Pierce (SMSFP), 3, 5 -6 , 25, 28, 30-36 
at Link Port, 26
marine biodiversity surrounding, 32 

Smithsonian Tropical Research Institute (STRI), Panama 
bioinformatics office of, 87 
coral reef research at, 74 
educational programs in, 2 , 8  

facilities, 8 , 76, 77 
location, 3, 7, 324 
marine invasion studies and, 80 
Punta Culebra Nature Center of, 8 6  

research vessels, 83 
snails, 108, 193
software, 28, 63, 102, 175, 262, 265, 350 
soil

characteristics of, 422 
elevation, 394, 393, 394, 399 
erosion, 416, 420 
measurement, 418-419

shear strength, 418, 423 
stability, 424 
surfaces, 421 

solar radiation, 330
Sorites dominicensis, 429-430, 431, 432, 434M 35. See also 

sponge) s)
South Water Cay M arine Reserve (SWCMR), 283, 287, 288
Sparisoma viride, 408. See also fish
Spartina

patens, 12, 392, 396 
spartinae, 420 

Spelaeoecia, 276. See also ostracods 
Speleophria, 216 
spermatophore, 97, 101 
spiny lobsters, 182. See also crustaceans 
Spirastrella, 60

mollis, 159, 162-163, 164, 165, 168 
See also sponge(s) 

sponge) s)
abundance of, 164, 164, 167, 502, 503, 506,

508-512 
disease, 67
distribution of, 159, 165, 166, 167 
dredging and, 284 
dynamics, 506, 508-509, 509 
ecological characteristics of, 513 
mangroves and, 50, 151, 164, 504, 505 
methods for studying, 502, 511 
population dynamics of, 508
species composition and relative abundance of, 502-506, 

506, 507, 510-512 
volume, 502-504, 506-513 

Spongia, 154, 157, 161, 163-165, 167-168, 508-510, 513. See 
also sponge)s)

Sri Lanka, 244
staghorn coral, 266, 282, 314-315, 317, 318, 319, 444 
stalactites, 272. See also caves 
stalagmites, 272. See also caves 
starfish, 33, 68

crown of thorns, 407 
statistics. See ANCO VA; ANO VA 
Stephanocoenia intersepta, 319, 439, 447 
Stygiomysis, 274 
stygofauna, 269-270, 273-278 
stygoxenes, 270
Stylaraea punctata, 445. See aiso coral 
Stylophora pistillata, 408, 443, 446. See aiso coral 
surface elevation measurement, 394 
Symbiodinium microadriaticum, 430 
Synnotum  aegyptiacum, 232, 233, 235 
Syringodium, 234, 238 

filiforme, 234, 360 
See aiso seagrass
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TBT, 189, 190 ,194 , 195 
Tedania

ignis, 157, 159, 160, 162-163, 164, 165-166, 167, 
168-169, 503, 504, 505, 508-510, 513 
(see also sponge) s) ) 

klausi, 504, 505, 510, 513 
temperature loggers, 432, 478 
Thais, 194
Thaisella kiosquiformis, 191. See also gastropods 
Thalamoporella floridana, 232-233, 235  
Thalassia, 182, 326

testudinum, 237, 283, 284, 360, 362-365, 431 
See also seagrass 

Thalassianthus, 142, 184.
Themiste

alutacea, 215 
lageniformis, 215 
pyroides, 215  
See also sipunculans 

Thermosbaenacea, 275. See also crustaceans 
Thor, 106. See also shrimps 
Thyroscyphus ramosus, 231, 232 
Thysanocardia nigra, 215. See also sipunculans 
tide

currents, 153, 269, 272, 278, 389
cycle, 269, 477-478, 480
elevation, 388
fluctuation, 482, 484, 488
flushing, 346, 355
phases, 482
range, 416, 477, 481
wetlands, 391
See also sea

tourism, 11, 86-87, 243, 287, 289, 303, 325, 332, 380, 426 
transmission electron microscopy (TEM), 28, 211, 271 
Tnbutyltin (TBT), 189-190, 194-195 
Trichoplax, 63 
Trinidad, 152
Tubastraea coccina, 442. See also coral 
Tulumella, 272, 274. See also shrimps 
tunicates, 108, 253 
Turbinaria, 404 

turbinata, 404 
See also coral 

turtle grass, 182-183, 234, 283, 431 
turtles

harvesting of, 244
hawksbill, 242
marine (see marine turtle) s) )

Twin Cays, Belize 
archipelago, 474 
bleached coral in, 434 
B. maritima studies at, 492, 494 
climate, 477

hydrology 480-486
location, 157, 416, 417, 475, 493
mangroves on, 477
oceanographic conditions, 433, 484
research at, 56, 488
seasonal climatic variations, 481
sponges of, 505
topography, 476, 480
West Island, 418M 19, 474, 476-478, 479, 480, 481, 483, 

485, 486, 487, 494 
two-way analysis of variance, 371, 395. See also ANCOVA;

ANOVA 
Typha, 420
Typhlatya, 272, 276. See also shrimps 
Typhliasina pearsei, 274

Uca, 81 ,459 , 468, 469
abundance and biomass, 462, 463, 464, 465
biomass of, 465minax, 460
burrows, 466, 467, 467
fresh water tolerance of, 467
longisinalis, 469
mordax, 460
pugilator, 460, 466
pugnax, 460
rapax, 460, 462, 465, 466, 468, 469 
sex distribution of, 465, 466 
size distribution of, 466 
speciosa, 460, 462, 465, 466, 468, 469 
spinocarpa, 469
substrate and salinity preferences, 468 
temperature tolerance of, 469 
thayeri, 460, 462, 463, 465, 466, 468, 469 
See also crabs 

Ulva, 444, 446
UNESCO World Heritage List, 283 
United Nations

Convention on the Law of the Sea (UNCLOS), 243 
Educational, Scientific and Cultural Organization 

(UNESCO), 51 
Environmental Programme (UNEP) Regional Seas 

convention, 243 
Food and Agriculture Organization (FAO), 244, 303 

United States
Antarctic Program (USAP), 5 
Army Corps of Engineers, 35 
Convention for M igratory Species, 243 
Environmental Protection Agency, 16, 28, 76 
Geological Survey, 48, 8 6

N ational Oceanic and Atmospheric Administration 
(NOAA), 302-303 

N ational Science Foundation, 45, 182 
University National Oceanographic Laboratory System 

(UNOLS), 7
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Upogebia, 185-186 
acanthura, 186 
corallifora, 186 
missa, 186 
vasquezi, 186 
See also crabs 

Uruguay, 220, 242

Vaughaniella, 404. See also algae: turf 
Venezuela, 83, 118-119, 121, 123, 137-138, 151, 152, 159, 

166, 324, 405, 502, 510, 512 
Virginia Institute of M arine Science (VIMS), 249

water
absorption spectra, 364 
clarity (see water clarity) 
depths and velocities, 484 
mangrove forests and, 485 
temperature and bleaching, 432 

water clarity, 16, 17, 272, 325, 328, 333, 381, 383, 431 
factors affecting, 332, 333 
incident solar radiation and, 388 
measurement, 361 
phytoplankton and, 343 
seagrass and, 359 
significance of, 323 
turbidity and, 387 

watershed nutrient discharge, 4, 16 
Watersipora, 232

subtorquata, 232, 233, 234, 235 
See also bryozoans 

wetlands
coastal, 474, 492 
mangrove, 346 
marginal, 460

restoration 35 
tidal, 391 
tropical, 473 

white mangrove. See mangrove forest(s): white 
wind speed, 330
World Heritage Site, 6, 83, 87, 287, 288 
World Register of M arine Species (WoRMS), 202 
World Trade Organization (WTO), 244 
worms

cnidarian (see cnidarian worms) 
flat-, 80 
nemertine, 44 
peanut, 209
sabellariid, 58, 231-232, 269 
sipuculan, 33-34, 60, 209-211, 214-216 
tube (see worms: sabellariid)

WoRMS (World Register of M arine Species), 202

Xestospongia bocatorensis, 152

Yucatan, 324
Yucatan Peninsula, Mexico, 269, 271, 275, 278-279, 416 

zooarchaeology, 82
Zoobotryon verticillatum, 233, 235, 236, 237. See also 

b ry o zo a n s  

Z o o p la n k to n

egg production, 374-375 
environmental conditions for, 372 
gelatinous, 370-371, 376 
polyps, 375 
zooplanktivorous, 370 

Zootham nium , 67
zooxanthellae, 6, 82, 241, 265, 430, 435, 439, 440, 442, 446
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