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Executive Summary

HARMFUL ALGAL BLOOMS WERE RESPONSIBLE FOR LARGE FISH KILLS IN
AQUACULTURE FACILITIES IN THE EAST CHINA SEA IN SUMMER 2005 .

PHoTO:J. Li.

utrient enrichment ofboth land and water
is a result of increased human population
growth and many associated activities for
food and energy production, and discharge
of associated sewage and waste. The end result of
nutrient loading to inland and coastal waters is often
an increase in algal biomass, frequently dominated
by one or more species or species groups; this process
is eutrophication. An important consequence of
eutrophication is the increased prevalence of harmful
algal blooms (HABs) that develop high biomass, cause
fish kills, intoxicate seafood, result in oxygen depletion,
and alter trophic interactions. Nutrient enrichment
can stimulate HABs not only directly by stimulation
of growth and biomass, but indirectly in subtle, but
nevertheless significant, ways through alterations in
food web and ecosystem dynamics. The interactions
of'these alterations on HAB proliferation are only

beginning to be understood.

World-wide, strong relationships have been observed between
increases in nutrient loading and proliferations of specific types
of HABs. In some locales, HABs have increased in response to
alterations in the type of nutrient, not only major nutrient forms
such as nitrogen and phosphorus, but changes in the chemical form
ofthese nutrients. Organic, notjust inorganic, nutrient loading

is increasing world-wide and has been correlated with many
blooms ofboth dinoflagellates and cyanobacteria. Advancements
in our understanding ofthe physiology ofthese organisms has
yielded important insights as to why these algal classes respond so
favourably to these nutrients.



Increased nutrient loading from human
activities is considered to be one of the reasons
that HABs have been expanding in frequency,
duration, and harmful properties world-wide.

Although we have good quantitative estimates of many sources
and forms ofnutrient loads, the transformation processes ofthese
nutrients and how they are affected by landscape changes, food
web alterations, and climatic variations are not well understood.
It is imperative to learn how present trends in nutrient loading
relate to algal blooms in general, as well as how they promote the
development ofparticular species. The key to this knowledge is
an understanding ofthe ecology and oceanography of HABs at
regional and global scales.

The Global Ecology and Oceanography of Harm ful Algal Blooms
(GEOHAB) Programme is an international network of scientists
and projects, under the auspices ofthe Scientific Committee

on Oceanic Research (SCOR) and the Intergovernmental
Oceanographic Commission (IOC) ofUNESCO. It has as its
fundamental goal an improved understanding of HAB population
dynamics through the integration ofbiological, chemical, and
physical studies and application of advanced observational tools
and modelling. This report focuses on one ofthe overarching
questions of GEOHAB: To whatextent does increased
eutrophication influence the occurrence of HABs and their
harmful effects?

This document also serves as an initial road map for the
development ofa Core Research Project within the GEOHAB
framework on HABs in Eutrophic Systems. The overall strategy
of GEOHAB is to apply the comparative approach, to undertake
research that is interdisciplinary and international in scope to
encompass the global issues of HAB events, and to benefit from
the skill and experience ofinvestigators world-wide. The research
questions and priorities identified herein were developed through
community interaction at an Open Science Meeting held in
Baltimore Maryland, USA, in March 2005.

This document outlines the justification, the priorities for study,
and some ofthe new approaches that may be brought to bear in
studying the relationships between HABs and eutrophication. The
key questions identified here include:

SHELLFISH AND FINFISH MORTALITY bue To HABS rResuLTs IN LARGE
ECONOMIC LOSSES AS WELL AS LOSS OF PRODUCT FOR CONSUMPTION.

PHOTOS LEFT TO RIGHT: NRC OF CANADA, AND P. G LIBERT.

. Are there clusters or specific types of HAB species that are
indicative of global nutrient increases?

. To what extent do residence time and other physical processes
impact the relationship between nutrient loading and HAB
proliferation?

. How do feedbacks and interactions between nutrients and
the planktonic, microbial food webs impact HABs and their
detrimental effects?

. Do anthropogenic alterations ofthe food web, including
overfishing and aquaculture activities, synergistically interact
with nutrients to favour HABs?

B How do anthropogenic changes in land use, agricultural
use of fertiliser, NOx emissions from vehicles, and global
changes in land cover affect the delivery of nutrients to coastal
waters and the resulting incidence of HABs? How do the
stoichiometry and quality ofthese nutrient sources regulate
the biological responses favouring HABs?

. Do climate change and climate variability have impacts on
ecosystems that augment the impacts of eutrophication in the
formation of HABs?

Research on these major priority areas in eutrophication
and its associated effects on HABs is welcome within
the GEOHAB framework. The understanding of

this important issue, and ultimately the management
ofnutrient loads and improved prediction and
management of HABs, will require attention from the

global community of scientists.



1. Introduction

Nocriruc4 bloom. Hood Canal, Washington, USA, summer2005.

Photo: W. Palsson, WDFW .
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Science M eeting on HABSand
Eutrophication, 7-10 M arch
2005.

T EOHAB, the Global Ecology and
Oceanography of Harmful Algal Blooms
Programme, sponsored by the Scientific

M Committee on Oceanic Research (SCOR)

and the Intergovernmental Oceanographic

Commission (IOC) of UNESCO, is an international
programme to foster and promote co-operative
research directed toward improving the prediction of
harmful algal bloom (HAB) events. GEOHAB has
recognized the impacts of HABs throughout all waters
of'the world, but has emphasized events in marine
and brackish waters because of the global significance
of'these problems and the need for collaborative,

international studies to address them.

HABs have been associated with fish and shellfish kills, human
health impacts, and ecosystem damage throughout the world.
Concurrent with escalating influences of human activities on
coastal ecosystems, the environmental and economic impacts of
HABs and consequent challenges for coastal zone management
have increased in recent years. The relationship between HABs
and the increasing nutrient enrichment of many ofthe world’s
coastal and estuarine environments is ofparticular concern.
Increasing nutrient loading to coastal and enclosed or estuarine
environments is a result of agricultural, aquacultural, animal
operations, and industrial and sewage effluents. The relationship
between nutrient (both inorganic and organic) loading and
alteration in nutrient supply ratios and many HABs is now
recognized, but much remains to be understood.



GEOHAB is an international programme
directed toward improving the prediction of
harmful algal bloom events.

This report is based on the GEOHAB Open Science Meeting on
HABs and Eutrophication and held from 7-10 March 2005 in
Baltimore, Maryland, USA. The programme and participants

lists are found in Appendices I and II. This meeting, the third in

a series of Open Science Meetings, brought together international
experts to review the state of knowledge with respect to our
understanding ofthe role of eutrophication in the proliferation

of HABs world-wide and take the initial steps toward designing
research on comparative systems and species to address this critical
global issue.

HABs in Eutrophic Systems is designed as one ofthe Core
Research Projects in the GEOHAB Science and Implementation
Plans (www.geohab.info). The research described herein provides a
guide for this Core Research Project. It will serve as a nucleus for
continued planning and will be augmented as research is funded,
results are obtained, and new questions are formulated. This
document also serves as an invitation to individuals who could not
participate in the GEOHAB Open Science Meeting on HABs and
Eutrophication.

The members ofthe Organising Committee for the GEOHAB
Open Science Meeting on HABs and Eutrophication wish to thank the
individuals who participated in this meeting, as it is those people
who contributed so substantially to the ideas presented herein.
Special thanks are also given to John Cullen for his contributions
to GEOHAB during its early stages, and to members ofthe

past and present GEOHAB Scientific Steering Committee
(SSC, Appendix IIT). The contributors to this report wish to
thank all those who contributed illustrations and who carefully
reviewed drafts ofthis report, especially Raphael Kudela, Dennis
McGillicuddy, Bob Howarth, Greg Doucette, Alan Lewitus, Sue
Banahan, and Rob Magnien. The Organising Committee also
thanks Ed Urban, Elizabeth Gross and Phyllis Steiner, SCOR;
Judy Kleindinst, Woods Hole Oceanographic Institution; Jane

HARMFUL ALGAL BLOOMS OCCUR IN ALL COLORS, REFLECTING THE
MULTITUDE OF SPECIES RESPONSIBLE FOR THESE EVENTS WORLD-WIDE (LEFT
TO RIGHT: LA JOLLA, CA USA; CAMBRIDGE, M D USA; SOUTH A FRICA)

PHOTOS (LEFT TO RIGHT): P. FRANKS, P. G LIBERT, AND G. PITCHER.

Hawkey, Darlene Windsor and Ji Li, University of Maryland
Center for Environmental Science; and Kevin Sellner and Dan
Gustafson, Chesapeake Research Consortium, for assistance with
meeting preparation. The GEOHAB SSC and the Conference
Organising Committees are grateful for the financial support for
the conference provided by the National Oceanic and Atmospheric
Administration-National Ocean Service, the US National Science
Foundation-Division of Ocean Sciences, University of Maryland
Center for Environmental Science, US National Office for Marine
Biotoxins and Harm ful Algal Blooms, Maryland Department
ofNatural Resources, Chesapeake Research Consortium, YSI
Environmental, and Gallaudet University.


http://www.geohab.info

2. Development ofthe GEOHAB
Programme and Its Study of HABs
in Eutrophic Systems

f # he Global Ecology and Oceanography
G E 0 H A B GE#HAB 1 of Harmful Algal Blooms (GEOHAB)

GI«Uli f¢ 1 «U OiJUU [H"| d \

s 1ij. 0 E Programme was initiated under the

—

auspices of the Scientific Committee
on Oceanic Research (SCOR) ofthe International
Council for Science (ICSU) and the Intergovernmental
Oceanographic Commission (I0C) of UNESCO.

Implementation
Plan The first GEOHAB planning meeting was held in Havreholm,
-k A) v B Denmark in 1998, and a Scientific Steering Committee (SSC)
was formed in 1999. In 2001, the GEOHAB Science Plan
(GEOHAB 2001) was published, outlining the mission, goals, and
GEOHAB SCIENCE PLAN, GEOHAB IMPLEMENTATION PLAN, scientific objectives ofthe programme. In 2003, the GEOHAB
published 2001 published 2003 . Implementation Plan (GEOHAB 2003) was published, representing
an invitation for the community to collaborate on the objectives of
GEOHAB.

Science FIit

The Mission and Scientific Goal of GEOHAB

The mission of GEOHAB is to foster international co-
operative research on HABs in ecosystem types sharing
common features, comparing the key species involved,
and the oceanographic processes that influence their together investigators from different disciplines and countries
population dynamics. to exchange technologies, concepts and findings. This takes the

GEOHARB is an international programme to co-ordinate and
build upon related national, regional, and international efforts in
HAB research. The GEOHAB Programme assists in bringing

form ofworkshops and meetings, as in the case ofthe Baltimore

L . . _ ti HAB d Eutrophicati ific t f
The scientific goal of GEOHAB isto improve prediction of meeting on $ anc Lutropiication, or more Spectlic teams o

HABs by determining the ecological and oceanographic collaborating scientists. GEOHAB is not a funding programme

mechanisms underlying their population dynamics per se, but instead will facilitate those activities that require
integrating biological, chemical, and physical studies cooperation among nations and among scientists working in
supported by enhanced observational and modelling comparative ecosystems.

systems.

The central feature ofthe GEOHAB Programme implementation
is Core Research, ofwhich HABs in Eutrophic Systems is one
priority area. Core Research is comparative, interdisciplinary,
international and directly addresses the overall goals of
GEOHARB as outlined in the Science Plan. As stated in the



The overall strategy of GEOHAB is to apply the
comparative approach.

Implementation Plan, Core Research comprises oceanographic field
studies conducted in, and application of models to, comparable
ecosystems, supported by identification ofrelevant organisms, and
measurements of physical, chemical, and biological processes that
control their population dynamics.

The overall strategy of GEOHAB is to apply the comparative
approach. The comparative method assembles the separate
realisations needed for scientific inference by recognising naturally-
occurring patterns, and temporal and spatial variations in existing
conditions and phenomena (Anderson et al. 2005a, GEOHAB
2005). Understanding the responses ofharmful algae to the
increasing nutrient load of comparative ecosystems ofthe world’s
coastal zones will assist in prediction of future patterns as well.

Development ofa Core Research Projectin GEOHARB is
based upon the premise that a comprehensive understanding
ofthe population dynamics of HABs requires the integration
ofoceanographic studies with the application of models of
comparable ecosystem types. Such comparisons will assist in a:

B definition of common characteristics, including the
groupings ofharmful species from similar habitat types and
identification of functional groups;

. determination ofthe primary physiological, genetic or
behavioural processes that regulate cellular growth and
toxicity;

. identification ofthe important physical and chemical
influences over appropriate temporal and spatial scales; and

. development and validation oftechnologies for detailed and
extensive monitoring; establishment ofreal-time observation
platforms.

HARMFUL ALGAL BLOOMS AFFECT BOTH NEARSHORE AND OFFSHORE WATERS
(LEFT TO RIGHT: SWEDEN; HONSHU, JAPAN; BALTIC SEA). PHOTOS: G.

A NEER, Y. FUKUYO, AND K. KONONEN.
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The GEOHAB Science Plan

The GEOHAB Science P/anoutlines five Programme Elements
that serve as aguide to establish the research priorities.
These elements and their overarching questions include:

Biodiversity and Biogeography. What are the factors
that determine the changing distributions of HAB
species, their genetic variability, and the biodiversity of
associated communities?

Nutrients and Eutrophication. Towhat extent does
increased eutrophication influence the occurrence of
HABs and their harmful effects?

Adaptive Strategies. What are the unique adaptations
of HAB species and how do they help to explain their
proliferations or harmful effects?

Comparative Ecosystems. Towhat extent do HAB
species, their population dynamics, and community
interactions respond similarly under comparable
ecosystems?

Observation, Modelling, and Prediction. How can
we improve the detection and prediction of HABs by
developing capabilities in observation and modelling?



The GEOHAB Programme
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The integration of findings from the individual Programme
Elements described in the GEOHAB Science Plan is required
TO ACHIEVE NOT ONLY AN UNDERSTANDING OF HAB ORGANISMS AND
ASSOCIATED EVENTS, BUT ALSO TO DEVELOP PREDICTIVE CAPABILITIES.
source: GEOHAB 2001.

Core research on HABs in Eutrophic Systems directly addresses
Programme Element 2, Nutrients and Eutrophication, ofthe
Science Plan. As outlined therein, the overall objective ofthe
Nutrients and Eutrophication Programme Element is to determine
the significance ofeutrophication and nutrient transformation
pathways to HAB population dynamics.

The identified specific objectives ofthe Nutrients and
Eutrophication Programme Element of GEOHAB include:

. determine the composition and relative importance to HABs
of different nutrient inputs associated with human activities
and natural processes;

B determine the physiological responses of HAB and non-HAB
species to specific nutrient inputs;

. determine the effects of varying nutrient inputs on the
harmful properties of HABs; and

determine the role of nutrient cycling processes in HAB
development.

Smaller in scope, but nonetheless equally important to the success
of GEOHAB, are Targeted Research Studies. Targeted Research
Studies address individual objectives outlined in the Science

Plan (GEOHAB 2001). Development of specific models, or
comparative laboratory investigations ofparticular HAB species or
species groups, may be investigations that fall under the realm of
Targeted Research Studies.

This document outlines the justification, the priorities for study,
and the approaches to be taken, in studying the relationship
between HABs and eutrophication. Research on HABs in
Eutrophic Systems will require the multi-dimensional approaches
ofa Core Research Project, combined with focused or targeted
research, which may address specific needs related to individual
species, systems, or model development. In the following sections,
a general synopsis ofthe current state ofunderstanding with
respect to the role of eutrophication in HABs is provided, followed
by an identification ofthe major research priorities, and finally a
roadmap for addressing these research needs. Research on these
major priority areas in eutrophication and its associated effects on
HABs is welcome within the GEOHAB framework (GEOHAB
2003).






3. General Understanding of HABs
and Eutrophication: A Synopsis

Massive blooms of the dinoflagellate PROROCENTRUM MINIMUM

DEVELOP ANNUALLY IN THE CHESAPEAKE BAY, USA. pHoTO: P. GLIBERT.

Nutrient Ch.inges Algal Responses Pole nile Ilmpacts
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N UTRIENT CHANGES, ALGAL RESPONSES, AND ECOSYSTEM IMPACTS ARE
LINKED AT MANY LEVELS. source: GEOHAB 2001.

f IM Jm uch has been written in recent years
f1 g E concerning the relationship between
y m HABs and eutrophication (e.g.,

Smayda 1990, Hallegraeff 1993,
Riegman 1995, Richardson and jorgensen 1996,
Anderson et al. 2002, Glibert et al. 2005), but much
uncertainty remains with respect to the process of
eutrophication and how it impacts the propensity for
specific blooms. Although it may seem reasonable to
assume a causal relationship between human activities
and an expansion of HAB events, the underlying
mechanisms are not well known. It is imperative to
learn how present trends in pollution and nutrient
loading relate to algal blooms in general, as well as
how they may promote the development of particular
species. The key to this knowledge is an understanding
ofthe ecology and oceanography of HABs at both
regional and global scales. Highlights of current general
understanding are provided herein. This is not intended
to be a comprehensive review, but rather a synopsis of
where progress has been made and where significant
questions still remain. By highlighting the critical
issues, the justification for the Core Research Project on

HABs in Eutrophic Systems will become apparent.



"Eutrophication is the process ofincreased
organic enrichmentofan ecosystem, generally
through increased nutrientinputs”

Eutrophication and Its Global Effects

“Eutrophication” has been defined in various ways (e.g., Nixon
1995, Richardson and Jorgensen 1996). Central to all definitions
is the concept that the enrichment of water by nutrients causes an
accelerated growth ofalgae and higher forms ofplant life, which
leads to an undesirable disturbance in the balance of organisms
present in the water and to the quality ofthe water concerned. The
result of eutrophication is often an increase in total algal biomass,
frequently dominated by one or more species or groups. Such
blooms may have deleterious effects including overgrowth and
shading ofseaweeds and sea grasses, oxygen depletion ofthe water
from algal respiration or decay of algal biomass, suffocation of fish,
direct toxic effects on fish and shellfish, suffocation of fish from
stimulation of gili mucus production, and mechanical interference
with filter feeding by fish and bivalve mollusks. Deleterious

effects on the benthos may also be considerable. O f additional
concern with the development ofhigh-biomass algal blooms is the
poor transfer ofenergy to higher trophic levels, as many bloom
species are not efficiently grazed, resulting in decreased transfer
ofcarbon and other nutrients to fish stocks when they replace
desirable algal species. For example, some HAB species secrete
allelopathic substances that inhibit co-occurring species (Pratt
1966, Gentien and Arzul 1990), and suppression of grazing occurs
above a threshold concentration ofthe HAB species (Tracey 1988).
Recently, it has also been shown that an increase in the production
of allelochemicals occurs when some HAB species are subjected to
unbalanced nitrogen or phosphorus conditions, which in turn are
directly caused by eutrophication (Granéli and Johansson 2003,
Fistarol et al. 2005a).

Eutrophication of both inland and coastal waters is a result of
human population growth and the production of food (agriculture,
animal operations, and aquaculture) and energy, and is considered
one ofthe largest pollution problems globally (Howarth et al.
2002a, 2005). Population growth and increased food production
result in major changes to the landscape, in turn increasing sewage
discharges and runoff from farmed and populated lands. In
addition to population growth, eutrophication arises from the large
increases in the use of chemical fertilisers that began in the 1950s

Nixon 1995

i 1110
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M ODEL-PREDICTED EXPORT OF DISSOLVED INORGANIC NITROGEN FROM
WATERSHEDS TO COASTAL SYSTEMS (KG N KM'2 WATERSHED'1 YEAR'1.

SOURCE: SEITZINGER AND KROZE 1998.

and which are projected to continue to escalate in the coming
decades (Smil 2001, Galloway et al. 2004, Glibert et al. 2006).
Both nitrogen and phosphorus are ofconcern in eutrophication
(NRC 2000, Howarth and Marino 2006), but nitrogen has
received far more attention because it often limits primary
production in estuaries and coastal waters, and because the global
application of nitrogen from synthetic fertilisers is far greater
than that ofphosphorus (Wassman and O1li 2005). Furthermore,
for many regions where phosphorus limitation has developed, it
may be the result of excess nitrogen loading. Phosphorus loading,
however, is often cited as the major cause of HABs in freshwaters
(Oliver and Ganf2000) where nitrogen-fixers often dominate.

Nutrients can stimulate or enhance the impact oftoxic or harmful
species in several ways (Anderson et al. 2002). At the simplest
level, harmful phytoplankton may increase in abundance due to
nutrient enrichment, but remain in the same relative fraction of
the total phytoplankton biomass. Even though non-HAB species
are stimulated proportionately, a modest increase in the abundance
ofa HAB species can cause it to become noticeable because of

its toxic or harmful effects. A more frequent response to nutrient
enrichment occurs when a species or group of species begins to
dominate under the altered nutrient regime. In deeper freshwater,
estuarine, and coastal marine systems, phytoplankton dominate the
algal flora. In contrast, macroalgae and benthic microalgae often
dominate many shallow lakes and poorly flushed estuaries, lagoons,
and upper embayments, as well as coral reefs and rocky intertidal/
subtidal habitats (Harlin 1993). In surface waters across the entire
salinity gradient, there are many examples of overgrowth and high-
biomass blooms by phytoplankton, benthic microalgae (especially
epiphytes), and macroalgae. In many cases, the responding
dominant species are not toxic and, in fact, are beneficial to coastal
productivity until they exceed the assimilative capacity ofthe
system, after which hypoxia and other adverse effects occur. When
that threshold is reached, seemingly harmless species can have
negative impacts.



A Synopsis

ABOVE: Large blooms of KARENI4 BREVISoccurred in Florida, USA during 2005, resulting in large fish kills. Photos: C. Heil.

BELOW: Large blooms of KARENIA MIKIMOTOIoccurred in East China Sea in summer 2005, resulting in kills of both wild and farmed fish.

Photos: J. Li.

Increases in high-biomass phytoplankton blooms have been
reported from the South China Sea (Qi et al. 1993), the Black
Sea (Bodeanu and Ruta 1998), Hong Kong (Lam and Ho 1989),
and many other locations, typically in parallel with the nutrient
enrichment of coastal waters. In Chesapeake Bay, USA, high
phytoplankton biomass is typically observed in the spring,
associated with high riverine nutrient inputs (Glibert et al. 1995,
Malone et al. 1996). These large spring blooms eventually settle
to the bottom, where heterotrophic bacteria process a major
fraction ofthe organic material. This can result in depletion of
oxygen as temperatures warm (Malone et al. 1986, Shiah and
Ducklow 1994), leading to hypoxia and mortalities ofbenthic
organisms (e.g., Boynton et al. 1982, Malone et al. 1983, Fisher
et al. 1988, 1992, Glibert et al. 1995). As another example, spring
eutrophication from the nitrogen loading ofthe Mississippi and
Atchafalaya rivers to the GulfofMexico has resulted in enhanced
phytoplankton production and the development ofhypoxia in the

GulfofMexico, a so-called “dead zone” that has altered benthic
food web dynamics and fish habitat substantially (Turner and
Rabalais 1994, Craig and Crowder 2005).

Although eutrophication is occurring globally, nutrient export is
not evenly distributed (Seitzinger et al. 2002a, 2005a, Howarth

et al. 2005, Glibert et al. 2006). Inorganic nitrogen export to
coastal waters is estimated to be highest from European and Asian
lands, although significant discharge also occurs from the United
States and other parts ofthe world (Seitzinger and Kroeze 1998).
Furthermore, the rate of nutrient export to coastal waters has
increased dramatically in recent years in some parts ofthe world.
For example, China, which used less than 5 million metric tonnes
of nitrogen fertiliser annually in the 1970s, now uses more than 20
million metric tonnes per year, representing 25% of global nitrogen
fertiliser consumption (Glibert et al. 2005), leading to significantly
increased nitrogen pollution ofiits coastal waters.



others N. America

Latin America

CONTRIBUTION BY GLOBAL REGION TO THE CONSUMPTION OF THE WORLD'S

ANNUAL CURRENT USE OF 85 MILLION TONNES OF NITROGEN. DATA FROM

THE INTERNATIONAL FERTILIZER INDUSTRY. SOURCE: G LIBERT ETAL.2005.

Projections of percent change in nitrogen fertiliser use for the
three decades from 1990 to 2020 for some countries. Plotted
from data provided in Cofala et al. 2001.
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W HERE PEOPLE LIVE ON THE PLANET EARTH, 2003 . SOURCE: NATIONAL

RESOURCES CONSERVATION SERVICE, USDA.

The world’s human population is expected to continue to increase
by 1-2% per year (Cohen 2003), and eutrophication and its
effects, including HABs, hypoxia, fish kills, and loss ofhabitat

are expected to increase in many parts ofthe world. M ost ofthese
increases are expected to occur in areas that are already affected by

HABs.
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FROM (ABOVE) SEWAGE DISCHARGE (PHOTO: A. KANA), TO IMPACTS OF
ATMOSPHERIC EMISSIONS, TO INTENSIVE AQUACULTURE DEVELOPMENT
(PHOTO: P. G LIBERT) AND ANIMAL PRODUCTION FACILITIES, TO (BELOW)
RUNOFF FROM APPLIED FERTILISER AND MANURES (PHOTO: WWW.
KUHNKNIGHT.COM), THE ANTHROPOGENIC SOURCES OF NUTRIENTS ARE

MANY.

Global Use of Fertilisers

The change in global consumption of nitrogen and
phosphorus synthetic fertilisers over the past several decades
(from International Fertilizer Industry 2005). Projections
through 2010 are based on an annual increase of 3% (Glibert
and Burkholder 2006).
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Sources of Nutrient Inputs

A broad range ofanthropogenic activities result in significant
alteration of nutrient cycling of coastal environments. Fertiliser
application on land remains a major contributor to nonpoint
nutrient pollution, and this source is still increasing at an
alarming rate in many geographic regions (Vitousek et al. 1997).
Groundwater has also been identified as an important source of
nutrients to receiving surface waters. Human population growth
and agricultural practices have increased nutrient loadings to
groundwater, and this has the potential to affect algal growth in
adjacent rivers, lakes, estuaries, and coastal zones. On local to
global scales, one ofthe most rapidly increasing sources of nutrients
to both fresh waters and the coastal zone is the atmosphere.
Atmospheric inputs are important not only because oftheir
magnitude, but because the mix of atmospheric nutrients - like
other nutrient sources - can stimulate some phytoplankton species
disproportionately over others. Atmospheric deposition of nitrogen
comes from both fossil fuel combustion and from volatilization
from agriculture and its magnitude is likely to be underestimated
in many cases, since gaseous dry nitrogen deposition is seldom
measured (Galloway et al. 2004, Howarth et al. 2002a, 2005)
Blooms in the Yellow Sea of China, which have escalated in
frequency over the past several decades, have been related to
atmospheric deposition in addition to direct nutrient runoff(Zhang
1994). It is estimated that a typical rain event over the Yellow Sea
may supply sufficient nitrogen, phosphorus, and silicon to account
for 50-100% ofthe primary production ofa HAB event (Zhang
1994). Aquaculture ponds and cage culture systems represent
another source of nutrients, provided as feed or fertiliser and by
the biological transformations occurring in these high-biomass
systems. It has been suggested that these enriched systems may
promote the growth ofharmful species not previously detected in
the source water (Anderson 1989, Hallegraeff1993).



SEWAGE PLUME MAP AS INDICATED BY 819N SIGNATURES OF MACROALGAE
DEPLOYED FOR 4 DAYS IN MARCH, 1998 . DISTINCT SEWAGE PLUME (HIGH
a1 vALUES) WAS EVIDENT AT THE MOUTH OF THE BRISBANE RIVER,

A USTRALIA. SOURCE: D ENNISON AND A BAL 1999.

Strong positive relationships have been reported between
increasing human population and the intensity of HAB outbreaks
(Lam and Ho 1989, Trainer et al. 2003). For example, in Tolo
Harbour, Hong Kong, human population within the watershed
grew 6-fold between 1976 and 1986, during which the number
ofred tide events increased 8-fold (Lam and Ho 1989). In Puget
Sound of Washington State, USA, where consistent shellfish
monitoring has been carried out for decades, a strong positive
relationship between the frequency ofone algal toxin, paralytic
shellfish toxin (PST), and the growth in human population has
recently been reported (Trainer et al. 2003).

However, the impacts of differing anthropogenic activities are not
necessarily the same. For example, nutrient delivery associated with
sewage may bear little similarity in quantity or composition to that
associated with inputs from agriculture, aquaculture, or dredging
operations. In turn, nutrients from these sources may also differ

in quantity and composition from those associated with natural
delivery mechanisms such as groundwater flow and atmospheric
deposition, recognising that these sources may also be affected by
human activities. The challenge that remains is understanding the
conditions under which specific nutrient forms, or specific nutrient
sources, may impart an advantage to certain HAB species and thus
lead to their proliferation.

Moreover, impacts ofupwelling, storms, monsoons, and/or
tsunamis may also be sources of nutrient delivery that have to

be distinguished from those above. Therefore, it is of critical
importance to distinguish the impacts ofvarious activities on

HAB development, and how these impacts may differ from natural
mechanisms based on which nutrients are delivered to the coastal
zone.

A Synopsis

Manure Nitrogen Leeching Vulnerability Index

A NIMAL MANURES ARE A COMMONLY APPLIED FERTILISER. THIS MAP

SHOWS THOSE WATERSHEDS MOST SUSCEPTIBLE TO LEACHING OF MANURE
NITROGEN TO COASTAL AND ESTUARINE WATERS. MANURES ARE ONE SOURCE
OF NUTRIENTS THAT HAVE INCREASED SUBSTANTIALLY IN RECENT YEARS.

SOURCE: US D EPARTMENT OF A GRICULTURE.

Increasing HAB Occurrences

Increasing HAB occurrences in the Tolo Harbour, Hong
Kong, concomitant with the increase in human population
in the region. Redrawn by Granéli from Lam and Ho 1989.

The relationship between population growth (in millions)
and the average decadal maximum paralytic shellfish toxin
in Puget Sound, Washington State, USA. Replotted from
Trainer et al. 2003.
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HIGH-BIOMASS BLOOM IN TOLO HARBOUR, HONG KONG, RESULTING

IN DISCOLORED WATER, HYPOXIA, AND TOXICITY OF FISH AND SHELLFISH.

PHOoTO: M. DICKMAN.

Foams of Phaeocystis may be caused by the exudation
of protein-rich foams by the algae. Photo by V. Rousseau,
courtesy of the EUROFIAB Science Initiative, 1999.

The change in N:P ratio is related to Phaeocystis blooms in
Dutch coastal waters. From Anderson et al. 2002, based on
Riegman 1995.
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The Importance of Nutrient Quality

Many factors afFect phytoplankton species composition and bloom
development, and among these is the composition ofthe nutrient
pool - the forms ofthe nutrients supplied, as well as the relative
abundance ofthe major nutrient elements. Efforts to understand
the relationships between nutrient loading and algal blooms have
largely focused on total nutrient loads and altered nutrient ratios
that result from selected nutrient addition or removal. Alterations
in the composition of nutrient loads have been correlated with
shifts from diatom-dominated to flagellate-dominated algal
assemblages (Smayda 1990). For example, the number ofred tide
events in Chinese coastal waters increased sharply from 1970

to 1993, due in large part to altered nitrogen-to-phosphorus
ratios from increasing use of synthetic fertilisers and increasing
atmospheric emissions and deposition ofpollutants.

Perhaps the clearest demonstration ofthe effect of altered nutrient
supply ratios involves the stimulation ofnon-diatom species
following increases in the availability of nitrogen or phosphorus
relative to silicate. A prominent example ofthe importance of
nutrient supply ratios in determining phytoplankton species
composition is seen with the foam-producing prymnesiophyte
Phaeocystispouchetii. A 23-year time series offthe German

coast ofthe Baltic Sea documents the general enrichment of
these coastal waters with nitrogen and phosphate, and a 4-fold
increase in the N:Si and P:Siratios (Radach et al. 1990). This
was accompanied by a decrease in the diatom community and an
increase in the occurrence of Phaeocystis blooms. A similar time
series of alterations in the N:Siratio has also been documented
for Narragansett Bay, USA, in which a decreased ratio ofdiatoms
to flagellates, and increased abundance of HAB species such as
Heterosigma akashiwo, corresponded with an increase in the N:Si
ratio due to excess nitrogen loading from the early to late 1980s
(Smayda and Borkman, in press).



Many freshwater systems, and freshwater end members of estuarine
systems as well, have seen a shift in phytoplankton species
composition towards bloom-forming cyanobacteria, including toxic
species such as Microcystis aeruginosa, as phosphorus loads have
increased in these systems (Oliver and Ganf2000). In tributaries of
Chesapeake Bay, USA, blooms of M. aeruginosa in 2003 and 2004
were up to 4 times higher than a decade earlier (P. Tango, unpub.
data).

Although phytoplankton have long been known to use organic
nutrients in addition to inorganic nutrients (Flynn and Butler 1986,
Antia et al. 1991), increasingly it has become recognised that they
do so under natural conditions. Some species use organic nutrients
for their sole nutritional requirements, others to supplement their
use ofinorganic nutrients, while still others may use organic
compounds for their carbon demands as well (e.g., Granéli et al.
1997, 1999, Stoecker 1999). An increased understanding ofthe
bioavailability of anthropogenically derived organic compounds
has also developed in recent years. The chemical composition of
dissolved organic matter exported from agricultural watersheds is
not known, but up to 50% ofthis material can be taken up directly
or indirectly by estuarine plankton communities (Seitzinger et al.
2002b). The chemical composition, bioavailability, and effects of
dissolved organic matter on coastal plankton communities vary
depending on its source, the plankton community composition,
and the season (Bronk2002). Organic nutrients have been shown
to be important in the development of blooms ofvarious HAB
species, in particular cyanobacteria and dinoflagellates (e.g., Paerl
1988, Glibert et al. 2001) and the importance ofthis phenomenon
is beginning to be documented around the world (e.g., Granéli
etal. 1985,1999, Berman 1997, 2001, Berg et al. 2003). A

recent study found that in Florida Bay and on the southwest
Florida continental shelf, the cyanobacterial fraction ofthe algal
community was positively correlated with the fraction of nitrogen
taken up as urea, and negatively correlated with the fraction of
nitrogen taken up from the inorganic source, nitrate (Glibert et

al. 2004). Other studies have shown that some cyanobacteria

A Synopsis

M IcrRoCYSTIS bloom on the lower St. Johns River, Florida, 2005.

Photo: B. Yates, www.cypix.net.

The relationship between the percent contribution of urea
to total N uptake by the algal community and the fraction
ofthat community that was cyanobacteria for Florida

Bay (panel A) and for the southwest Florida continental
shelf (panel B), and the relationships between percent
contribution of NOyto total uptake (panels Cand D) for the
same sites. From Glibert and Heil (2005).
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grow faster on urea than on other nitrogen sources (Berman and
Chava 1999, Mulholland et al. 1999). World-wide use ofurea has
increased in recent decades, such that urea now represents >50% of
all global nitrogen fertiliser use (Glibert et al. 2006).


http://www.cypix.net

A Synopsis

It may be that as eutrophication progresses through its various stages, changes in life-form

conditions occur which determine which life-form type ofphytoplankter willpredominated
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Prorocentrum minimum blooms in the tributaries of
Chesapeake Bay, USA, have been related to nutrient input.
The extent to which this bloom depends on different forms
of nitrogen is highly dependent on temperature (Fan et al.
2003). Photo: P. Glibert.

Nitrate

Ammonium

Temperatu

Ted Smayda (2005) p. 96

Complexity of Responses of HABs to
Nutrients

The complexity ofthe relationship between HABs and
eutrophication is beginning to be appreciated (Smayda 1989,
Anderson et al. 2002, Glibert and Burkholder 2006). The
ecosystem response to nutrient enrichment, or eutrophication,

is a continual process rather than a static condition or a trophic
state (Cloern 2001, Smayda 2005). Nutrient availability must be
matched with the preferences ofthe cells and their physiological
conditions, and with the physical and trophic structure ofthe
water column at the time ofnutrient delivery. A recent conceptual
framework of HAB dinoflagellates has been developed. This

is based on distinctive morphological and habitat preferences,
ranging from invasive species that dominate in habitats with
enriched nutrient loading to those that thrive in more oligotrophic,
stratified systems (Smayda and Reynolds 2001). Large blooms

of Prorocentrum minimum, found in many regions affected by
anthropogenic nutrient inputs, are an example ofa species that
thrives in habitats with enriched nutrient loading (Heil et al.
2005). In contrast, Karenia brevis and K. mikimotoi bloom in open
coastal waters, aggregate in fronts, and are transported by coastal
currents (Dahl and Tangen 1993, Walsh et al. 2001).

Nutritional mechanisms are complex. In addition to direct

uptake by autotrophs, other pathways of nutrient acquisition must
be recognized. Indeed, some species, such as the ichthyotoxic
dinoflagellate Pfiesteriapiscicida are not autotrophs at all, and
instead, rely virtually exclusively on grazing for their nutrition. In
the case of Pfiesteria, nutrition is provided through a combination
of consumption ofbacteria and other small algae, as well as bits of
epidermal tissue of fish (Burkholder and Glasgow 1997, Lewitus et
al. 1999). Such modes of nutrition complicate our ability to model
and predict biomass development based solely on nutrient loadings.
Several cyanobacterial species (e.g., Trichodesmium, Anabaena,
Nodularia, Aphanizomenon) are also capable of fixing nitrogen and
may therefore form massive blooms in circumstances where the
growth ofother phytoplankton is limited by nitrogen.



Thus, while there have been many advances in our understanding
of nutrient uptake pathways by various species, these pathways and
preferences are complex. It is increasingly recognized that certain
species or groups of species have nutritional requirements and
preferences, and therefore may be favoured when the environment
is altered in such a way as to increase the relative availability ofthe
preferred source.

In addition to species-specific responses and nutrient uptake
requirements, the geographic range and biomass of algae are
affected by physical controls and the behaviour ofthe harmful
algal species. Long-distance transport of organisms (e.g., Franks
and Anderson 1992), accumulation ofbiomass in response to
water flows, buoyancy regulation, and swimming behaviour
(Kamykowski 1995), and maintenance of suitable environmental
conditions (including temperature, salinity, stratification,
irradiance, and nutrient supply; W hitledge 1993) are critical to
understanding the ecosystem response to nutrient loads.

O fadditional consideration are the trophic interactions controlling
the growth and accumulation of algal biomass. Changes in food
web structure attributable to over-fishing, habitat degradation,
invasive species, and other factors also interact with nutrient
loading to increase susceptibility of a system to HABs. When
algae are released from predation due to alterations in the grazing
community, they may proliferate in eutrophic environments due

to the abundance of nutrients (Merrell and Stoecker 1998, Stibor
et al. 2004, Vadstein et al. 2004). Changes in food web structure
affect grazing pressure through trophic cascading (Gismervik et al.
1996, Park and Marshall 2000, Turner et al. 2001); thus, changes
at any level ofthe cascade may ultimately impact the grazing on the
algae.

One area that is especially poorly understood is the extent to
which, and the mechanisms whereby, nutrient enrichment may
lead to the development of HAB species that are toxin producers.
Although eutrophication may be associated with increasing
numbers ofhigh-biomass blooms or other HAB events, the specific
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M ANY BLOOM-FORMING FLAGELLATES HAVE PHAGOTROPHIC CAPABILITIES
- THE ABILITY TO ENGULF AND INGEST PARTICULATE MATERIAL FOR
NUTRITIONAL PURPOSES, SUCH AS THIS PFIESTERIA CELL FEEDING ON A
CRYPTOMONAD CELL. PHOTO: M . PaRROW.

relationships leading to increased frequency oftoxin producers,
and the increased production oftoxin within these organisms

are often poorly characterized. As many toxins are considered

to be secondary metabolites, their production will depend on

the physiological condition ofthe cells (Flynn and Flynn 1995,
Granéli et al. 1998, Granéli and Flynn 2006). Differences in toxin
production may therefore be related to changes in growth rate or
the growth conditions ofan organism. For Pseudo-nitzschia, for
example, more domoic acid is produced under silica or phosphorus
limitation than under nitrogen limitation, likely due to the fact that
domoic acid is a nitrogen-rich molecule (Bates et al. 1989, 1991).
Furthermore, when adapted to its nitrogen source, Pseudo-nitzschia
appears to produce more domoic acid when grown on urea than on
other nitrogen sources (Armstrong and Kudela 2003). Growth on
urea is also known to change the toxin content and composition
in the genus Alexandrium (Dyhrman and Anderson 2003). These
studies underscore the importance of nutrient source as well as
physiological condition in toxin production by HAB species.

Another area that is starting to gain attention is how some

HAB species increase production not only oftoxins but also
ofallelochemicals, particularly under conditions of nitrogen or
phosphorus deficiency. These allelochemicals enable such species to
utilize the “scarse” nutrient resources by inhibiting and/or killing
their competitors (other algae) and even their grazers (Granéli
and Johansson 2003a, Tillmann 2003, Fistarol et al. 2005). In
such situations, the effects ofthese allelochemicals are enhanced
even further, as the other algae are debilitated by nutrient
depletion (Fistarol et al. 2005). Monospecific blooms are often
found for such species with the capability ofproducing potent
allelochemicals, as in the case of Prymnesiumparvum (Granéli and
Johansson 2003b, Granéli and Hansen 2006).
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As a further, more fundamental complication, different strains
within the same species often respond to nutrients differently. A
common misunderstanding is that the characteristics of one strain,
maintained for years under highly artificial laboratory conditions,
are representative of all strains ofthat species in the natural
environment. This assumption overlooks the fact that for nearly

all algal species studied, different strains within the same species
generally have shown marked differences in fundamental traits
such as growth characteristics, toxicity, bloom-forming behaviour
and responses to nutrients and other environmental conditions
(Cembella et al. 1987, Wood and Leatham 1992, Anderson et

al. 1994, Burkholder et al. 2001, 2005, Burkholder and Glibert
2006). In the case ofthe cyanobacterium Microcystis aeruginosa,
high levels ofnitrogen and phosphorus were found to favour the
growth oftoxic strains over non-toxic strains (Vezie et al. 2002).
There is much yet to be understood with respect to the response
ofindividual species to nutrient loading, and how changes in both
quantity and quality of nutrient loading, in conjunction with the
physical and trophodynamic state ofthe receiving waters, may
lead to HABs. It is therefore important to study the growth and
behaviour characteristics of strains ofa particular species from a
number of globally-distributed locations and to do so under natural
nutrient concentrations and to collect data adequate for the support
of modelling (Flynn 2005b).
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AUTONOMOUS INSTRUMENTATION IS PERMITTING ACQUISITION OF A RANGE
OF DATA, INCLUDING NUTRIENT CONCENTRATIONS, BEFORE , DURING,

AND AFTER BLOOMS, ADVANCING OUR UNDERSTANDING OF THE DYNAMIC
RELATIONSHIPS BETWEEN NUTRIENTS AND HA B OUTBREAKS. PHOTOS LEFT

TO RIGHT: W. BOICOURT AND M. TRICE.

Advancing the Study of HABs and
Eutrophication Through New Techniques

The potential for advances in understanding ofthe impacts of
nutrient pollution on, and relating eutrophication to, HABs and
their proliferation is large. New and better tools are providing
methodologies for addressing questions related to the complexities
ofthe nutrient pool, the time and space scales on which nutrients
are delivered, and algal nutrition. Only a few tools are illustrated
here.

A classic dilemma in assessing whether, and, to what extent,
nutrients are stimulatory to a given HAB is that the reporting

and sampling ofbloom events typically occurs after the HAB has
developed. By that time, many nutrients are consumed, leading to
the potentially erroneous conclusion that nutrients are unavailable
and therefore unimportant. Traditional approaches for collecting
information on nutrient distributions, such as weekly or bimonthly
sampling, are also inadequate to detect the short-lived nutrient
pulses that often follow meteorological events. Development of

in situ nutrient monitors has provided a means to begin resolving
the all-important antecedent conditions and to provide sufficient
resolution ofthe temporal scale of bloom events. Use ofthese types
ofin situ instruments in conjunction with other remote methods
for resolving additional environmental characteristics (Babin et al.
2005) may yield the resolution necessary to define the ephemeral
changes in nutrients that can be significant to phytoplankton cells.

The HAB research field has led the oceanographic community
in species detection. Advances in molecular approaches are also
allowing, for some species, the resolution ofthe response of an
individual population within a mixed species assemblage. For
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Enzyme labeled fluorescence (ELF)

example, major advances in marine microbial genomics, such

as the sequencing of Thalassiosirapseudonunni! (Armbrust et al.
2004, Doney et al. 2004) are providing insight into the genetic
capacity of selected algal models. In recognition ofits significance,
the Joint Genomic Institute (http://www.jgi.doe.gov) is now
sequencing the Aureococcus anophagefferens genome (~32Mb). The
availability ofthis first full HAB genome will allow researchers

an unprecedented ability to assess physiological potential in this
species, and to examine the genome for clues as to how this model
organism uses nutrients and what makes it so successful in certain
coastal systems. These genomic advances are driving technology
development, and as the cost of sequencing becomes affordable,
there are an increasing number of studies that are examining
transcriptional processes in key organisms (Lidie et al. 2005).
Tools such as quantitative polymerase chain reaction (PCR) and
microarray chip technology are becoming available, and these
approaches will increasingly allow scientists to assay (at the level of
gene transcription) how different HAB species respond to changes
in their exogenous nutrient environment. Additional advances

in protein detection and characterisation will help to further
define how HAB species respond to eutrophication. For instance,
we can now track the phosphorus physiology of Prorocentrum
minimum using antibody probes for a phosphorus-regulated protein
(Dyhrman and Palenik 2001). The HAB science community is
now poised to bring the full potential ofthese exciting advances to
the study of HABs and eutrophication.

Furthermore, flow cytometry, a methodology for rapidly
measuring intrinsic or applied (stained) optical characteristics of
individual cells, has been used to study the occurrence, abundance,
physiology, and diversity of aquatic microorganisms for the past
two decades. This technology has been increasingly applied to

the study of HAB species, for example, to generally enumerate
and specifically identify harmful algal cells in cultures (Shumway
and Cucci 1987, Vrieling et al. 1997) and natural samples (Costas
and Lopez-Rodas 1996, Becker et al. 2002). This tool also has
recently advanced our understanding of HABs and their relation
to nutrients and for tracking changes in the complex structure
ofaquatic microbial communities (including viruses, pathogenic

LEFT: PERCENTAGE ANTIBODY LABELED. RIGHT: CELL-SPECIFIC
DETECTION OF ENZYME ACTIVITY: ENZYME LABELED FLUORESCENCE (ELF)
DETECTS ALKALINE PHOSPHATASE ACTIVITY IN A FIELD SAMPLE FROM THE

O REGON COAST. SOURCE AND PHOTOS: S. DYHRMAN.

bacteria, and harmful algae) as related to seasonal cycles, nutrients,
or bloom age (e.g., Li and Dickie 2001, Jacquet et al. 2002). Such
studies, including recent in situ flow cytometric investigations
ofphytoplankton assemblages, are providing valuable insights
about biological factors (e.g., infection, competition, grazing) that
influence the occurrence and distribution of HABs. Recently, the
cell-sorting capacity of some flow cytometres has been applied,

as well, to assess modes ofnutrition by HAB species (Parrow and
Burkholder 2003).

Knowledge is also advancing about the chemical composition
ofthe nutrient environment in which HABs may thrive. The
chemical composition ofthe dissolved organic nitrogen pool has
long been recognised to be complex, consisting of a mixture of
multiple compounds (Bronk 2002). Electrospray ionisation mass
spectrometry is a tool now allowing greater characterisation than
has been possible in the past. In contrast to past methodologies

for studying the organic matter pool - which were mostly limited
to bulk analysis oftotal carbon or nitrogen, analyses of a few
individual compounds (e.g. urea, amino acids, specific proteins), or
compound classes that account for a small percent oftotal dissolved
organic matter (e.g., total carbohydrates, total proteins; Bronk
2002) - electrospray ionisation mass spectrometry allows for the
examination ofa large suite ofindividual compounds in natural
mixes of dissolved organic matter. This technique also provides
molecular weight information ofionisable compounds (in the form
ofa mass-to-charge ratio, m/z, which equals molecular weight for
singly charged compounds), and a measure of concentration as ion
abundance (Seitzinger et al. 2005b). As more researchers use this
type ofinstrument, compound libraries will be developed, allowing
characterisation ofindividual compounds, and comparison among
patterns in use of specific compounds in comparable ecosystems
and by comparable species in different environments.
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A subtle, butpervasive, achievement o fbiological oceanography is that modelling has

become a mainstream activity, itpermeates so much ofour work that graduate students in

the discipline assume it is integral to biological oceanography. Modelling was at one time an

esoteric craftpracticed by a giftedfew,; now it is the norm. Todays biological oceanography

graduate student is more likely to have a model than a microscope.”

Richard T. Barber and Anna K. Hilting (2000), p. 19

Modelling HABs and Eutrophication

Fundamental research on HABs must be guided by and validated
with observations ofphytoplankton dynamics in nature. To
determine why HABs occur, it is necessary to describe the
temporal and spatial developments ofthe target species in specific
ecosystems. This requires observation and modelling ofthe
physical-chemical-biological interactions that support the specific
life strategies of HAB species in relation to other members ofthe
plankton community. Consequently, measurements ofphysical
and chemical properties and processes, along with quantitative
detection and characterisation ofthe plankton, must be made
within a spatial and temporal framework that is appropriate for
characterising bloom dynamics. It is also critically important to
parametrise the environmental conditions leading up to a bloom
event, and notjust those associated with the terminal phases ofa
bloom and its subsequent decline.

Effective interaction between observationalists and modellers

is essential (Flynn 2005b). It is typical that within models, the
more complex the description is ofthe physical environment, the
less complex the description is ofthe biology. Similarly, the more
complex the biology, the less complex is the model ofthe physics.
An example of model hierarchy illustrates this.

Zero-dimensional models are useful for describing complex
biological interactions, but with reduced physics. These models
can provide test-beds to develop and check parametrisations of
chemical-biological processes such as nutrient uptake, growth,
grazing or production oftoxins. They are appropriate for detailed
descriptions ofprocesses within the cell (e.g., interaction ofthe
internal nutrient pools and regulation oftoxin production; Flynn
1998). For advanced HAB models, processes such as these can
be incorporated into dynamic models of nutrient assimilation,
photosynthesis and pigment synthesis as they influence growth
kinetics or toxin production (e.g., John and Flynn 2002, Flynn
2005b). Such formulations are necessary to link nutrient
assimilation and growth processes with variable nutrient quotas,
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cell pigments, and bio-optical signatures ofphytoplankton
(Schofield et al. 1999).

Further complexity can be provided through one-dimensional
water column models that allow the inclusion of additional
processes, such as mixing, sinking and buoyancy, nutrient uptake,
and benthic-pelagic coupling in a vertically structured environment
(light, salinity, temperature, nutrients). Simulations can be related
directly to experiments in mesocosms and to observations in the
field, if advection is not too important. Moreover, water column
models can be run with very high vertical resolution to study
processes in thin layers (Donaghay and Osborn 1997). Extension
to two-dimensional models is useful for examining the physical-
chemical-biological interactions that influence the distributions
and population dynamics ofphytoplankton, for example, in coastal
fronts (Franks 1997). W ith the recognition that light and nutrient
history play a major role in cell growth and metabolism (e.g.,
Flynn 2002), the use of Lagrangian ensemble approaches (W oods
and Barkmann 1993, Anderson et al. 2005) may be necessary to
unravel the population dynamics of HABs in nature.

Three-dimensional, physical-chemical-biological coupled models
are required to simulate the population dynamics of HABs
comprehensively in an oceanographic context. Given the scales of
biological and physical variability in response to the local forcing
and far-field effects, three-dimensional models must have the
flexibility to allow different resolutions. Owing to their modular
model structure, three-dimensional circulation models can be
used for problems with different complexity ofthe corresponding
biological processes. Examples of a simplified biological approach
include the study ofdrifting cells that spread in response to
wind-driven circulation or populations that accumulate at

fronts. More complex models with physiological components,
including dynamics of growth, chemical composition, and nutrient
assimilation allow, in principle, comprehensive explorations of

the physical, chemical, and biological interactions that determine
population dynamics. These models can study the roles of sinking,
buoyancy, advection, shear flows, and small-scale turbulence. So, in
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METABOLISM INFLUENCED DINOFLAGELLATE DIEL VERTICAL MIGRATION

addition to accounting for the physiology of algal growth and toxin
production, we need to determine the rules that govern behaviour
(e.g., vertical migration and variable sinking rates) and the links
between behaviour and physiology (Cullen and MacIntyre 1998,
Kamykowski et al. 1999).

Indeed, many models could be argued as having serious flaws in
their biological structure (Flynn 2005a, b). W hile experimental
research tends to highlight differences among systems, modelers
tend to try to identify unifying themes. W hile simplicity is the
goal for all modelling efforts, the extent and means by which
this is achieved is controversial. Many physical and biological
oceanographers claim that model components are oversimplified.
The main problem is that while physics is an exact science,
biology is not; we simply know too little about the functioning
of HAB ecosystems. As a consequence, biological models often
rely on outdated biological knowledge. Some important biological
processes are often not considered at all, for example, use of
dissolved organic matter (DOM), allelopathy, mixotrophy, and
prey selectivity related to nutrient status.

Effective interactions between observationalists and modellers
will depend on easy interactive access for the non-specialist to
modelling tools, including the component models. In turn, the
interaction of observations and modelling also requires effective
means for visualisation and development ofinteractive capabilities.
Predictions of HAB-specific coupled models will be improved by
well designed monitoring and use of data assimilation techniques

to integrate real-time and near-real time data into a running model.

Data assimilation can thus provide better now-cast predictions of
conditions during process studies. These predictions are useful for
adaptive sampling, and they address a principal goal of GEOHAB,
the early warning and prediction of HABs.
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THE COMPLEXITIES OF MODELLING POPULATION DYNAMICS ARE ILLUSTRATED
HERE FOR A SPECIES THAT UNDERGOES VERTICAL MIGRATION. THE
FUNCTIONS (CIRCLED LETTERS) THAT MUST BE PARAMETRISED IN THIS MODEL
INCLUDE ENVIRONMENTAL FORCING, PHYSIOLOGICAL RATE PROCESSES,
BIOCHEMICAL POOL CONCENTRATIONS, CELL DIVISION, AND BEHAVIOUR.

SOURCE: GEOHAB 2001, MODIFIED FROM KAMYKOWSKI ETAL. 1999.

W hile much progress has been made, there are a number of
critical issues with respect to collection of data that impede our
progress to model HAB occurrence. These include (1) the range
ofdata types, (2) the frequency of measurement, and (3) the

units of measurement. W hile the importance ofthe first two are
widely recognized in experimental studies, the third is not. The
consequence of failings in any ofthese three areas is that most
experimental studies (laboratory and field) are oflittle or no use

in the development of models (Flynn 2005b). In the same way
that experiments should be designed at the outset to yield data
amenable to statistical analysis, so they should also generate data
suitable for the support of modelling efforts. To highlight one
particular problem in this regard, the routine measurement of
HAB abundance using chlorophyll in vivo fluorescence gives data
ofpoor value to modellers, as the chlorophylkcarbon (Chl:C) ratio
changes with nutrient status and irradiance (including self shading
as the bloom develops), and the ratio between the fluorescence
signal and chlorophyll also varies with nutrient status (Kruskopf
and Flynn 2006). Further, the use ofchlorophyll as a biomass
indicator for organisms with a high mixotrophic ability is arguably
illogical. For example, the dynamics of Pfiesteriapiscicida could
not be modelled as a function ofchlorophyll as it does not contain
chlorophyll, other than that which it has eaten. Indeed, for many
physiological processes, expressing the relationship as a function of
chlorophyll versus carbon yields vastly different relationships.

The problem ofparametrising HAB biomass is also not resolved
by identification ofindividual species. To describe and model
population dynamics, distributions ofthe target organisms
must be determined at the species level; other members ofthe
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A SCHEMATIC DIAGRAM OF A NITROGEN-BASED MODEL OF MIXED-LAYER
PLANKTON AND NITROGEN CYCLING SHOWING THE FLOW OF NITROGEN
AMONG COMPARTMENTS. SOURCE: D. KELLER, R. HOOD, AND THE
INTEGRATION AND A PPLICATION NETWORK, UNIVERSITY OF M ARYLAND

CENTER FOR ENVIRONMENTAL SCIENCE, WWW .IAN.UMCES.EDU.

community should be identified and quantified as taxonomic or
functional groups. This analysis is traditionally done through visual
microscopic examination, a slow and tedious process that is poorly
suited for research on the dynamics of HABs. Simply, resources
are often inadequate to obtain and analyse enough samples to
describe adequately the distributions of species in space and time.
Also, some species are extremely difficult (e.g., within the genus
Alexandrium) or impossible (e.g., Pseudo-nitzschia) to distinguish
with light microscopy alone. These constraints also hamper efforts
for routine monitoring. Automated methods are needed and several
approaches are being pursued, including antibody probes (Shapiro
et al. 1989, Anderson et al. 2005b), nucleotide probes (Scholin

et al. 1999, Anderson et al. 2005b), and other assay mechanisms
such as quantitative PCR (e.g., Coyne et al. 2006) that can be
adapted for use in semi-automated bulk-sample analysis or single-
cell analysis using flow cytometry, depending on the approach.

In the meantime, bio-optical oceanographers continue efforts

to extract information on species composition of phytoplankton
from measurements of ocean colour and other optical properties
of surface waters (Stuart et al. 1998, Ciotti et al. 1999, Schofield
et al. 1999, Kirkpatrick et al. 2000). Even where it is possible to
monitor specific algal groups, however, it must be recognised that
presence alone does not confer the potential for a toxic or noxious
bloom event. To describe and understand ecological controls on the
activities and effects of HABs in nature, physiological status and
toxicity ofthe algae must be determined along with identification
and quantification. Fortunately, labelling and detection methods
similar to those for identifying species can be used to assess
biochemical or physiological properties such as the presence ofa
toxin (Lawrence and Cembella 1999), enzyme activity (Gonzalez-
Gil et al. 1998), and photosynthetic capability (Olson et al. 1996).
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Chemical Leeching
& Bacterial Processes

Inherently, all models involve some form of simplification because
it is not feasible to include every organism or every species - and
the interactions among them - explicitly. Many models aggregate
the biological components and abstract them into functional
groups or compartments. Such functional groups may represent,
for example, the main roles ofproduction (e.g., phytoplankton),
consumption (e.g., Zooplankton, fish) and decomposition (e.g.,
bacteria). Functional group models are commonly used to simulate
phytoplankton and nutrient cycling, but are frequently extended to
include Zooplankton, detritus, and the microbial loop. There is an
optimal balance between model detail and performance (Fulton et
al. 2003). Too much complexity leads to uncertainty (particularly
in paramétré definition) and problems in interpretation ofthe
models’ dynamics and predictions; too little complexity and the
models cannot reproduce realistic behaviour. However, a meta-
analysis of data for process-oriented planktonic ecosystem models
(based on 153 studies published between 1990 and 2002) indicates
that increasing complexity does not improve the fit with data
(Arhonditsis and Brett 2004, Anderson 2005). Ultimately, the
selection of model complexity should be driven by questions being
asked ofthe system under study, but limitations on the complexity
may arise from the data available. Much ofthe research supporting
our phenomenological understanding of HAB species physiology is
inadequate for the parametrisation of models. Research is required
to seek a more rational determination of model complexity to
address the problems under consideration (Moll and Radach 2003).
This must also be considered when submodels are lifted from one
modelling system and applied to a new modelling system - the
original caveats in the design and use may well be ignored.

In the context of HABs, the development ofplanktonic models
with a stronger physiological basis are required if we are to obtain
more accurate simulations. The key stages in defining the structure
of an ecological model are to concentrate the degree ofresolution
or representation to the main target species and to make increasing
simplifications or decrease the resolution both up and down from
the target level (de Young et al. 2004).


http://www.ian.umces.edu

0.1
at
&
° 0,06 diatoms
G
£ 0,04
£

1 10 100 1000

Irradiance (pmd photons nr2sec1)

G ENERAL TREND IN THE VARIATIONS IN THE CHLOROPHYLLA: C RATIO FOR
PROKARYOTES AND FOR DIATOMS AS A FUNCTION OF THE IRRADIANCE AT
WHICH THEY WERE GROWN. REVISED AND REDRAWN FROM M AcINTYRE AND
CULLEN 2005.

To model HABs, we need to consider representing the target
species explicitly, possibly including the key stages ofits life
history and its links to the environment. For the HABs that are
mixotrophs, such an approach may be more difficult, as the HAB
may serve as both primary producer and consumer. Modelling
mixotrophy is probably one ofthe most challenging activities in
plankton modelling.

An important aspect of modelling data is that it allows an

expert user to infer from it aspects ofthe system that the model

is not able to simulate directly. In the same way that a weather
forecaster interprets information about pressure and moisture
fields from a numerical weather prediction model to infer what

the weather will be, a marine environmental forecaster may be

able to take information from a numerical ecosystem prediction
model to predict aspects ofthe ecosystem not directly simulated.
For example, we know that HAB events often coincide with
distorted nitrate:phosphate ratios and low turbulence, and that
toxin production often occurs when the phytoplankton are nutrient
stressed. Currently, we cannot make species-specific simulations
of HABs but we can simulate these indicators. In principle, we can
combine information from hydrodynamic and ecosystem models to
provide probability-based risk maps of HAB occurrence.

A generic modelling system may facilitate comparative studies,
by providing a consistent modelling framework that can be
applied in all regions. This framework needs to be modular to
allow simulations of differing complexity according to the task at
hand. Crucial to this is a consistent model evaluation procedure
on a number oflevels (temporal, spatial, and functional) and the
generation oferror statistics. Our current lack ofphysiologically
robust species-specific HAB models implies that forecasting ofa
species-specific HAB event is probably not consistently achievable
in the shortterm. Although modelling has evolved enormously

A Synopsis

The Rhomboidal Modelling Approach
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SCHEMATIC ILLUSTRATING THE RELATIONSHIP BETWEEN TROPHIC LEVEL
AND FUNCTIONAL COMPLEXITY. THE RHOMBOID ILLUSTRATES THE REGION
OF PRIMARY FOCUS FOR HAB MODELS. REVISED FROM DE YOUNG ET AL.
2004.
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Systems

Process
Studies

Modelling is intricately linked with observation and
experimentation, and both models and predictive systems
will be improved as new analytical approaches aid
experimental research, and new monitoring systems yield
data on time and space scales appropriate for the processes
of interest.

as a discipline and as an integrated activity throughout all of
oceanography and ecology (e.g., Barber and Hilting 2000), if our
understanding ofevents surrounding the development of HABs is
to bejudged by our ability to simulate their occurrence, then there
is much work to be done. The development ofa new generation
ofphysiologically robust HAB models will require better synergy
among modellers, observational approaches, and experimentalists.
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Toward a Consensus on Eutrophication
and HAB Proliferation

In developing the recommendations and priorities for study in the
area of HABs and eutrophication, it is recognized that there are
fundamental processes, trends, principles, and relationships that
are broadly accepted. GEOHAB will build on these, and will use
these in guiding the development of Core Research.

Several recent documents are highlighted here to illustrate

the community consensus on the role of eutrophication in

HAB proliferation. Each ofthese efforts highlighted here was
developed with community involvement. W hile it is impossible
to encapsulate all ofthe debate and discussion that occurred in
developing these consensus documents, nor to fully represent
all such documents emerging around the world, these examples
illustrate the breadth ofissues on which there is broad agreement.
These documents also consistently underscore the fact that an
ecosystem approach will be required to fully understand the
relationships between HABs and eutrophication.

W ith the role ofeutrophication in the development of many HABs
now well recognised and affirmed by various scientific and policy
groups, the specific questions for further advancement can now be
posed, and Core Research can be developed.

In 1999, the US National Center for
Coastal Ocean Science completed an

In M m mjiivT)

assessment of estuarine eutrophication
(Bricker et al. 1999). This assessment,
which will be updated in 2006, was
based on results of a survey conducted
over the years 1992-1997 on nutrient
inputs, population projections, and
land uses. It included more than 138
estuaries, representing more than 90%
ofthe estuarine surface area ofthe
United States. Among the key findings
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THE "D EAD ZONE" (RED AREA) OF THE G ULF OF M EXICO. SOURCE: N.

RABALAIS, LUMCON.

Gulfof Mexico, USA

Hypoxia in the Gulf of Mexico, USA, isthe result of nitrogen
loading from the Mississippi River which drains significant
agricultural lands. This nitrogen leads to large algal blooms,
which, in turn, sink to the bottom and decay. The hypoxic
zone in this region in the late 1990s was twice the extent that
it was in the late 1980s. One HAB species, Pseudo-nitzschia,
has been found to be increasing in this region in direct
proportion to the increasing nitrogen loads in the Gulf of
Mississippi.

Nitrate leading (pM)

The average abundance (%) of the diatom Pseudo-nitzschia
in the sedimentary record as afunction ofthe nitrate loading
in the northern Gulf of Mexico. Redrawn from Turner and
Rabalais 1991 and Parsons et al. 2002.

symptoms of eutrophication are prevalent in US estuaries;

human influence on the expression ofeutrophic conditions is
substantial; and

impairment to estuarine resources, and fisheries in particular,
is high.
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SEDIMENTS AND PHYTOPLANKTON BLOOM, MOUTH OF THE YANGTZE, EAsST LARGE RED TIDES WERE VISIBLE IN THE EAST CHINA SEA, 2005. PHOTO:

CHINA SEA . PHOTO: NASA VISIBLE EARTH, VISIBLEEARTH.NASA.GOV. J. Li.

In March 2002, the International Council for the Exploration
ofthe Sea (ICES) convened a workshop in The Hague, The

The average number of harmful blooms (red line), in addition Netherlands, on the linkage between eutrophication and its effects
to their areal extent and duration along the east coast of
China have escalated in the pasttwo decades coincident with
the increasing use of synthetic fertiliser (blue bars).

China

on phytoplankton. Consensus was reached on the following
points:

. There is evidence that anthropogenic nutrient supply to coastal
waters is leading to altered phytoplankton dynamics.

B While the underlying factors (mechanisms) and ecological
principles (e.g., dose-yield responses) apply universally, the
outcome ofthe collective phytoplankton response to nutrient
loading is often site-specific; functional group responses are
more predictable than species-level responses.

. Useful models (for management purposes) ofthe effects of
1970 1475 1950 1455 1990 1495 2000 nutrification on phytoplankton mass balances and functional
group responses are attainable.
Redrawn from Anderson et al. 2002 and Zhou 2005.

. Many knowledge and technical gaps exists, among which
are the need for field observations to be carried out on time
and space scales that match processes, ecophysiological
data in support of models, and better understanding ofthe
relationships between food web alterations and nutrient
enrichment.
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In January 2003, the US Environmental Protection Agency
sponsored a scientific “roundtable” with the objective of developing
a scientific consensus on the role of eutrophication and HABs.
Approximately 25 scientists from the US were in attendance. Based
on keynote presentations and discussion, the following statements
were unanimously adopted:

. Degraded water quality from increased nutrient pollution
promotes the development and persistence of many HABs and
is one reason for their expansion in the US and the world.

. The composition - notjust the total quantity - ofthe nutrient
pool impacts HABs.

. High-biomass blooms must have exogenous nutrients to be
sustained.

. Both chronic and episodic nutrient delivery promote HAB
development.

. Recently developed tools and techniques are already
improving the detection of some HABs, and emerging
technologies are rapidly advancing toward operational status
for the prediction of HABs and their toxins.

. Experimental studies are critical to further the understanding
ofthe role of nutrients on HAB expression, and will

strengthen prediction and mitigation of HABs.

Management of nutrient inputs to the watershed can lead to
significant reduction in HABs.
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PHYTOPLANKTON BLOOM IN G ULF OF CALIFORNIA. PHoTo: NASA V isisLE
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Gulf of California, USA

Runoff from agricultural regions has recently been associated
with massive blooms in the Gulf of California. These blooms
were found to occur within days of fertiliser applications
(Beman et al. 2005). Total nitrogen loads from these
applications are sufficient to support these massive blooms.
For example, urea concentrations can exceed 40 pMol N L-1
following fertilisation (Glibert et al. 2006).
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Source: International Maize and Wheat Improvement
Center (CIMMYT database).

In 2004, the Study Group to Review Ecological Quality Objectives
for Eutrophication (SGEUT) convened by ICES evaluated the
linkage between eutrophication and HABs in European coastal
waters (Aertebjerg and Smayda2004). The SGEUT report
emphasised the complexity ofthe relationship between HABs and
eutrophication by affirming that HABs are an ecosystem-regulated
response and not the result of simple, linear responses to nutrients,
being also influenced by microbial and grazer communities and
physical oceanographic conditions.



PHYTOPLANKTON BLOOM IN THE BLACK SEA. PHOTO: NASA VISIBLE

EARTH, VISIBLEEARTH.NASA.GOV.

Black Sea

Phytoplankton blooms in the Black Sea in the mid-1990s
increased to levels more than 20-fold higher than were
observed in the 1960s. These increases were especially
apparent during the rapid escalation of nitrogen and
phosphorus loading during the 1980s. Dinoflagellate
abundance increased 4-fold over this period, while diatom
abundance decreased.
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Modified and redrawn from Oguz 2005.

A Synopsis

In October 2004, the 3rd International Nitrogen Conference was
held in Nanjing, China with an aim toward understanding the
“impacts of population growth and economic development on the
nitrogen cycle: consequences and mitigation at local, regional, and
global scales”. The participants ofthe conference affirmed, among
other statements, that:
“..in many parts ofthe world, significant amounts ofreactive
nitrogen are lost to the environments in agricultural and
industrial production and fossil fuel combustion. This has
lead to disturbances in the nitrogen
cycle, and has increased the probability
ofnitrogen-induced problems, such
as pollution of freshwater, terrestrial
and coastal ecosystems, decreasing
biodiversity, and changing climate, and
poses athreat to human health.”

In 2005, the European

Environmental Agency reported that

“Eutrophication...is still one ofthe
major environmental problems across Europe” (Wwww.eea.
eu.int, Report No. 7/2005). Eutrophication affects waters
from inland water bodies such as groundwater, rivers and
lakes, to transitional and coastal waters and ecosystems in
open seas. They further affirmed that:

runoff from agricultural activities is the main source of
nitrogen pollution and nitrogen loads parallel the surplus of
nitrogen applied to large agricultural catchments;

households and industry are the major sources ofphosphorus
pollution; and

discharges from nitrogen and phosphorus are showing

declines based on measured to reduce these inputs, but have
been larger for phosphorus with reduced point sources.
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4. Priorities and Challenges for
Understanding the Relationship Between
HABs and Eutrophication

BALTIC SEA CYANOBACTERIA BLOOM. PHOTO: K. KONONEN.
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; ,  or many years, research on HABs was
E undertaken in response to specific events,

- and conducted in localised areas where
specific problems occurred. Over the past decade,
enormous strides have been made internationally in
linking the global community of scientists to better
understand the factors that lead to specific blooms, their
population dynamics, and their impacts, and to do so in
a comparative framework where research questions are
similar. In some cases, comparative studies have shown
that similar processes are controlling blooms in similar
ways. In other studies, apparently similar species occur
in various parts of the world, but they differ in growth

dynamics or expression of harmful attributes.

O frelevance to the focus on the role ofeutrophication in HAB
proliferation, a comparative approach is highly beneficial in the
ability to compare gradients ofresponses. For example, discharge
from land in Europe and Asia appears to be significantly higher
than in much ofthe rest ofthe world. These higher loads may
potentially hold the key to understanding some ofthe dynamics
of differential HAB occurrences. A specific example is that of

the colonial prymnesiophyte Phaeocystis, which is thought to have
proliferated in the North Sea as aresult ofchanging nutrient loads
and ratios from the major rivers ofthe region have been modified
(Lancelot et al. 1987, 2005). In contrast, however, blooms of
Phaeocystis have only a limited range in the United States, localised
primarily in the GulfofMaine and Cape Cod Bay, and are of
significantly smaller scale and duration (Anderson et al. 2005a).
Does this difference reflect lower nutrient loads or different
nutrient ratios, differences in species or strains of Phaeocystis, or
other ecological factors?
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concludes by outlining several specific, but tractable, challenges
that should also be addressed with high priority.
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Key Questions

Key questions to be addressed in the
understanding the ecology and
oceanography of HABs in eutrophic
systems

QUESTION 1

One ofthe important objectives of comparative studies on HABs
is to understand commonalities that drive plankton community
structure. The concept of “functional groups” provides a basis for
simplification in order to improve our predictive ability relative
to the dynamics ofthe system. The term “functional group” (or
“life form”) is operationally defined to mean “a non-phylogenetic
classification leading to a grouping of organisms that respond in
a similar way to a syndrome ofenvironmental factors” (Gitay and
Noble 1997). The organisms within a functional group share one
or more adaptations to those environmental conditions (Margalef
1978).

Smayda and Reynolds (2001) have provided a conceptual model
for classifying HAB dinoflagellates by functional group. They
identified nine distinct and diverse habitat types in which
dinoflagellates may bloom. Associated with each habitat type are
dinoflagellates life forms that ordinate on a habitat template along
onshore-offshore gradients ofdecreasing nutrients, reduced mixing,
and deepening ofthe euphotic zone. Several ofthese functional
groups are associated with nutrient-rich or eutrophic waters. For
example, dinoflagellate genera, such as Prorocentrum, Phaeocystis,
Heterocapsa, Scrippsiella, Cochlodinium, Heterosigma and others,
have adaptations making them suitable for thriving in nutrient-rich
waters. Increasing evidence suggests that some ofthese species also
may be increasing in their global extent.
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M ARINE PELAGIAL HABITATS AS A FUNCTION OF LIGHT AND NUTRIENT FIELDS
(SMAYDA AND REYNOLDS 2001). THESE HABITATS SELECT FOR HAB
SPECIES, FUNCTIONAL GROUPS, OR LIFE FORMS AND REFLECT THE ABILITIES
OF THE SPECIES TO GROW AS PHYSICS OR BEHAVIOUR ALTER VERTICAL
DISTRIBUTIONS AND GROWTH POTENTIAL IN ALL HYDROGRAPHIC REGIMES.

A similar classification based on functionality has been developed
for freshwater phytoplankton (Reynolds et al. 2002). This
conceptual model is based on tolerances and sensitivities to
arange ofphysical and nutrient conditions. Some nitrogen-
fixing cyanobacteria species capable of forming blooms, such as
Cylindrospermopsis raciborskii, are able to tolerate low nitrogen
conditions, while others, such as Microcystis, appear to favour
eutrophic conditions. Such a framework provides a context for
comparative studies of species. Similar matrices will also need to
be developed for other HAB species.



Altered nutrient loads have been associated with increasing
abundance of Pseudo-nitzschia in the northern GulfofMexico since
the 1950s (Parsons et al. 2002). During the same period oftime,
nitrogen loads have doubled, while silica availability has decreased
substantially (Turner and Rabalais 1991). This relationship has
also been observed in European waters, where long-term increases
in nitrate loading parallel the increase in abundance ofthis genus
in the sedimentary record. Relatedly, in the western and northern
Adriatic Sea, a shift from predominantly red tide blooms to more
frequent mucilaginous blooms occurred in the 1980s coincident
with phosphorus removal from detergents and expansion of sewage
treatment plants (Sellner and Fonda-Umani 1999); however, cause
and effect remain to be determined as mucilaginous events were
also recorded in the region more than 200 years ago.

One ofthe high-biomass HAB species that has been shown to
increase in abundance following events that lead to runoffand
increased nutrient delivery is Prorocentrum minimum (Heil et al.
2005). This species can develop to high standing stocks and result
in harmful impacts on benthic habitat, including hypoxia/anoxia,
as well as on shellfish, depending on their life stage. Blooms

ofthis species have been observed in tropical, subtropical, and
temperate regions (Heil et al. 2005). P. minimum is one of many
mixotrophic species and will grow well when organic nutrients are
supplied (Li et al. 1996, Carlsson et al. 1998, Glibert et al. 2001).
Humic and fulvic acids from Swedish rivers increased P. minimum
intracellular nitrogen pools, cell numbers, and growth rates

relative to cultures free of natural organics (Granéli et al. 1985). In
tributaries of Chesapeake Bay, USA, P. minimum also appears to
grow and develop into massive blooms that have been associated
with declines in submerged grasses and benthic habitat (Gallegos
and Jordan 2002), and have proven to be toxic under some growth
conditions (Wikfors 2005). These blooms have increased in
magnitude with the eutrophication ofthe Chesapeake Bay, and cell
counts are now commonly more than an order of magnitude higher
than recorded just two decades ago. These blooms, like those in
Sweden and many other regions ofthe world, appear to intensify
and expand in response to delivery of nutrients from rainfall
events, and in particular, from organic nitrogen delivery (Glibert et

Key Questions

A BLOOM OF THE DINOFLAGELLATE LINGULODINIUM POLYEDRA RESULTED
IN A VISIBLE RED TIDE OFF SOUTHERN CALIFORNIA, USA, SUMMER 2005.

PHOTO:S. O H.

al. 2001, Heil et al. 2005). Through comparative studies it should
be possible to ascertain whether these similar factors are indeed
stimulating these blooms, and whether these blooms are increasing
in frequency globally.

Comparisons ofthe physical dynamics ofthe regions,
quantification ofnutrient delivery and the trophic dynamic
composition ofthe plankton atthe time of nutrient inputs, and the
detrimental impacts ofthese blooms will be extremely valuable

in developing predictive capabilities. In addition, comparison of
strains will yield insight into comparative physiology, including the
ability of different strains to produce toxins in response to certain
environmental factors. Suitable models are needed to explore the
interactions between nutrient status, physiological ability, and
other factors leading to changes in biomass.

1. Can functional groups of HABs be defined that are
2. Are there specific adaptive strategies used by HABs in
3. Canthe nutritional strategies of different HAB species be

used to predict their responses to eutrophication?

4. How does intraspecific variability (strain differences) in
response to eutrophication control HAB development and
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Key Questions

A CROSS-ISOBATH TRANSPORT MECHANISM
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PHYSICAL ENVIRONMENTS INTERACT WITH ORGANISM BEHAVIOUR IN

BLOOM INITIATION, AS SHOWN HERE FOR ALEXANDRIUM BLOOMS. DURING
UPWELLING-FAVOURABLE WINDS, THE PLUME THINS VERTICALLY AND
EXTENDS OFFSHORE, OVERLYING THE CYSTS SEEDBEDS. ALEXANDRIUM CELLS
ARISING FROM THE CYSTS SWIM TO THE SURFACE AND ARE TRANSPORTED
ALONG THE COAST WITH DOWNWELLING-FAVOURABLE WINDS. SOURCE:

M cG iILLICUDDY ETAL.2003.

QUESTION 2

Towhat extent do residence time and other physical
processes impact the relationship between nutrient loading
and HAB proliferation?

One ofthe difficulties in linking nutrient loading to HABs is
the multiplicity of factors contributing to HAB species responses
to nutrient loading. An understanding ofthe physical dynamics
of blooms in relation to nutrient dynamics will help lead to an
understanding ofhow bloom dynamics may differ when nutrient
loads are similar but physical controls are different.

Physical processes are important at every stage of bloom dynamics.
The initiation of a bloom requires successful recruitment ofa
population into a water mass. This may result from excystment
ofresting cells during a restricted set of suitable conditions (e.g.,
Alexandrium in the Gulf ofMaine; Anderson 1998), transport of
cells from a source region where blooms are already established,

or response to unusual climatic or hydrographic conditions (e.g.,
Pyrodinium bahamense in the Indo-W est Pacific; Maclean 1989).

Once a bloom is initiated, physical processes controlling bloom
transport are of paramount importance. Coastal currents driven by
wind, buoyancy, or other factors can transport blooms hundreds

or even thousands ofkilometers along the coast, often from

one management area to another. Understanding the physical
dynamics underlying these transport pathways is essential

to effective management and mitigation of HAB effects. A
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population’s range and biomass are affected by physical controls
such as long-distance transport (e.g., Franks and Anderson 1992),
accumulation ofbiomass in response to water flows and swimming
behaviour (Kamykowski 1974), and the maintenance of suitable
environmental conditions (including temperature and salinity,
stratification, irradiance, and nutrient supply; W hitledge 1993).

Physical processes that are likely to influence the population
dynamics of HAB species operate over a broad range of spatial and
temporal scales. Large-scale circulation affects the distribution of
water masses and biogeographical boundaries. Many examples
may be found ofthe influence of mesoscale circulation on

HAB population dynamics. Eddies from the deep ocean can,

for example, impinge on slope and shelfregions, affecting the
transfer of algae and nutrients across the shelfbreak. This type of
transport may be involved in the delivery ofthe Florida red tide
organism Karenia brevis to nearshore waters from an offshore zone
ofinitiation (Steidinger et al. 1998). Although eddies are difficult
to resolve through sampling at sea, they can usually be detected
through remote sensing oftemperature, sea-surface height, or
ocean colour. Understanding ofthe main features ofcirculation

is often sufficient to devise models that may be used to guide
decision-makers on the movement and development of HABs,
although such predictions are still mostly rudimentary.

Processes at intermediate scales result in the formation of
convergence zones, fronts, and upwelling. The retentive nature of
some semi-enclosed coastal systems, such as estuaries and fjords,
can produce long residence times leading to prolonged suitable
periods for cells to thrive (Cembella et al. 2005). The importance of
fronts in bloom development, including HABs, is now recognised
and included in some modelling efforts (Franks 1992). A linkage
has been demonstrated, for example, between tidally generated
fronts and the sites of massive blooms ofthe toxic dinoflagellate
Gyrodinium aureolum (=Karenia mikimotoi) in the North Sea
(Holligan 1979). The typical pattern is that of a high surface
concentration of cells at the frontal convergence, contiguous with a
subsurface chlorophyll maximum that follows the sloping interface



between the two water masses beneath the stratified side ofthe
front. The signature ofthe chlorophyll maximum, sometimes
visible as a “red tide”, may be 1-30 km wide. Chlorophyll
concentrations are generally lower and much more uniform on the
well-mixed side ofthe front. The significance ofthis differential
biomass accumulation is best understood when movement ofthe
front and its associated cells brings toxic dinoflagellate populations
into contact with fish and other susceptible resources, resulting in
massive mortalities. This is an example where physical-biological
coupling results in biomass accumulation, and larger-scale
advective mechanisms interact synergistically in a way that results
in harmful effects.

The importance of small-scale physical processes in HAB
development is observed in the layering ofthe physical, chemical,
and biological environment in stratified coastal systems. O ff

the French coast, for example, a thin layer of dinoflagellates,
including the HAB species Dinophysis cf. acuminata, has been
observed in the region ofthe thermocline (Gentien et al. 1995,
2005). The same pattern is found for Dinophysis norvegica in the
Baltic Sea, where a 1-2 m thick layer with up to 80 000 cells-1is
usually situated between 20-25 m depth, where light is less than
1% (Gisselsson et al. 2002). Several HAB species are well known
for their ability to form these thin, subsurface layers ofuncertain
cause and unknown persistence, at scales as small as 10 cm in the
vertical and 10-1000 km in the horizontal (Gisselsson et al. 2002).
One explanation is that these layers result from the stretching
ofhorizontal inhomogeneities by the vertical shear ofhorizontal
currents. This produces an environment potentially favouring
motile organisms that can maintain their position in this layer or
organisms able to regulate their buoyancy. Any comprehensive
study of HABs, including studies focussing on nutrient controls,
should incorporate an understanding ofthe physical conditions
that can lead to cell aggregation and dispersion.

Key Questions

LEFT: DINOPHYSISACUMINATA. Photo: www.sdn-web.de.
RIGHT: DINOPHYSIS bloom in coastal Norway. Photo:
Havforskningsinstituttet, Institute of Marine Research, www.

algeinfo.imr.no.

The need to understand physical dynamics has further importance
in understanding the relationship with nutrients. For example, the
responses ofphytoplankton to fluctuating light (due to swimming
behaviour and turbulence) are not the same as responses to the
average exposure. There is cause to suspect that synergistic events
may promote toxicity above that which would be expected from
knowledge ofthe impact ofindividual processes (Flynn 2002).
Similarly, for nutrient uptake, the kinetics ofuptake measured
under steady-state conditions may not apply when cells are exposed
to highly variable nutrient environments, whether from changes
in vertical nutrient structure or from exposure to ephemeral
patches ofnutrients (e.g., Goldman and Glibert 1983). Thus,
there are many needs for understanding the relationships between
physical environments and the physiological responses ofthe cells.
Comparisons among similar species in different hydrographic
regimes, as well as comparisons across species in similar
hydrographic regimes, will be useful in this regard.

Examples of Relevant Detailed Questions

1. Do residence time and physical processes impactthe
likelihood for different species to bloom under eutrophic
conditions in different ways or at different stages in the life
cycle?

2. What are the physical factors that contribute to the
persistence of high-biomass blooms in eutrophic systems?

3. Towhat extent do systems with the same indigenous
species and nutrient load develop similar blooms when
physical processes differ?

4. How do physical processes control the physiological
responses of different species to light and nutrients?
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Key Questions
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QUESTION 3

How do feedbacks and interactions between nutrients and
the planktonic, microbial food webs impact HABs and their
detrimental effects?

Nutrient enrichment can stimulate HABs not only directly by their

support ofincreased biomass, but indirectly, in more subtle but
significant ways over the long term - for example, by increasing
hypoxia that, in turn, eliminates filter-feeding shellfish that
would have consumed HABs but that can no longer survive in
the habitat (Burkholder 2001, Glibert et al. 2005, Smayda 2005).
Similarly, impacts of nutrients may be removed in time and space
from the nutrient source as nutrients are consumed, recycled, and

transformed, leading to complex - and often indirect - interactions

between nutrients and HABs (Glibert and Burkholder 2006). In
addition, bacterial interactions are often ofcritical importance in
the development oftoxins within some HAB species, and these
interactions may occur differently under varying nutrient regimes.

Harmful algae do not exist in isolation in natural ecosystems,
and are influenced by interactions between individual cells ofthe
same and other members ofthe planktonic community. Food-web
interactions have a profound effect on the population dynamics
of HAB species. Processes such as competition and grazing can
affect the net growth rates of algae in nature. On the other hand,
grazing may also increase nutrient regeneration, thus altering

the availability of some nutrient forms for the algae to consume
(Glibert 1998, Mitra and Flynn 2006).

Viruses are now known to have significant impacts on the
dynamics of marine communities and some have been found to

infect algae and have been implicated in the demise ofred or brown

tide blooms (Fuhrman and Suttle 1993). Likewise, bacteria play
an important role in controlling many HABs and regulating their
impacts, including their toxicity. Bacteria may also interact with
HABs in a positive manner by stimulating their growth (Fistarol
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et al. 2004a). Unique microbial communities are often associated
with nutrient-rich systems, affecting internal nutrient cycling.

Cyanobacteria, in particular, establish mutually beneficial
consortia, by chemotactically attracting and supporting micro-
organisms involved in nutrient cycling and the production of
growth factors (Paerl and Millie 1996). A different type ofbacterial
interaction with HAB species was described by Bates et al. (1995),
who showed that the toxicity ofthe diatom Pseudo-nitzschia was
dramatically enhanced by the presence of bacteria in laboratory
cultures. The extent to which any ofthe above interactions occur

in natural waters, and affect HAB dynamics and/or toxicity, is not
known, representing an important line of inquiry.

The effects of nutrient inputs on HABs are not always direct;
there are indirect pathways by which nutrients can influence the
development of HABs. For example, nutrients may be consumed
and/or transformed from one form to another, thereby increasing
their bioavailability for HAB species. On a seasonal scale, in
estuarine systems such as the Chesapeake Bay, USA, nutrient
input in the spring is delivered largely in the form ofnitrate and is
rapidly assimilated by diatoms which, in turn, sink and decompose.
Subsequently, during the warmer summer months, nitrogen

is released via sediment processes in the form of ammonium,
which then supports an assemblage dominated by flagellates,
including dinoflagellates (Malone 1992, Glibert et al. 1995). The
shallow, brackish Baltic Sea is characterised by efficient cycling of
phosphorus, coupled with effective removal ofnitrogen, leading

to a prevalence of alow N:P ratio. These conditions are especially
favourable for nitrogen-fixing cyanobacteria. Furthermore,
cyanobacteria are favoured in conditions where anoxia in the
bottom layer leads to arelease ofchemically bound phosphorus



from sediments; release ofphosphorus from this reservoir may
prolong the harmful consequences ofanthropogenic loading for
years or decades after reductions in phosphorus input into the
system (Carmen and Wulff 1989).

On shorter time scales, nutrients may be taken up by a particular
species in one form and released in another form by the same
organism or by its grazer. The cyanobacterium 7richodesmium,
which forms massive blooms in tropical and subtropical waters,
derives its nitrogen via the fixation of Nr However, much ofthis
nitrogen is rapidly released as ammonium and dissolved organic
nitrogen (Karl et al. 1992, Glibert and Bronk 1994, Glibert and
O Neil 1999). This released nitrogen is therefore available to
support the growth ofother microbial populations that cannot
otherwise derive their required nitrogen in nutrient-impoverished
waters. Numerous consortial associations involving other nitrogen-
fixing cyanobacterial bloom taxa (Anabaena, Aphanizomenon,
Nodularia) and bacterial epiphytes have been shown to lead to
enhanced growth ofcyanobacterial “hosts” (Paerl 1988, Paerl and
Pinckney 1996). Relationships between nutrient inputs, and the

Comparison ofthe ambient nutrient
concentration inside and outside a
dense surface bloom of Trichodesmium
(see photo). Dinoflagellates were
significantly more abundant in the
plankton community inside than
outside, while diatoms were more

abundant outside than inside the TRICHODESMIUM

bloom. From Glibert and O'Neil 1999. bloom. Photo:
P.Glibert.
Inside Bloom Outside Bloom
NH4 (pM) 70 14
P04 (pM) 1.2 0.2
DON (pM) 10.3 6.9
Dinoflagellates 74% 54%
Diatoms 26% 46%

Key Questions

Planktivorous fish

Copepods

Microzooplankton

Phytoplankton

CONCEPTUAL DIAGRAM OF TOP-DOWN CONTROL AND EFFECT OF TROPHIC
CASCADES ON SMALL AND LARGE CELL-SIZE PHYTOPLANKTON. O N THE
LEFT, PROLIFERATION OF BAITFISH RESULTING FROM OVER-FISHING OF TOP
PREDATORS LEADS TO BLOOMS OF LARGE DINOFLAGELLATES (CIRCLED).

A LTERNATIVELY, ON THE RIGHT, REMOVAL OF SMALL FISH CAN LEAD TO
BLOOMS OF SMALL PHYTOPLANKTON (CIRCLED) SUCH AS BROWN TIDE.
SOURCE: D. STOECKER AND THE INTEGRATION AND A PPLICATION

N ETWORK, UNIVERSITY OF M ARYLAND CENTER FOR ENVIRONMENTAL

SCIENCE, WWW .IAN.UMCES.EDU.

various processes by which nutrients are recycled and transformed
are important for understanding HAB growth strategies.

It is highly likely that a combination ofincreases in nutrient
resources and relaxation in grazing together contribute to both
the frequency and intensity of HAB events. Eutrophication alters
top-down control as well as providing bottom-up nutrient support
for blooms. Top-down control of microzooplankton is particularly
important as predation on the microzooplankton community

may release HAB species from grazing control. Trophic cascades,
alterations in benthic-pelagic coupling, and interactions between
all components ofthe microbial communities need to be better
understood on comparative bases.

Examples of Relevant Detailed Questions

1. What are the roles of bacteria and viruses in growth
dynamics and impacts of HAB species in eutrophic
environments?

2. What isthe impact of eutrophication on the quality of
Zooplankton food and how does that affect grazing
activity?

3. Do HABs uniquely alter trophic interactions through their
toxin production?

4. Towhat extent do bacterial interactions with HABs lead to
toxin production that is greater in eutrophic waters?

5. How does eutrophication impact the production of
allelopathic chemicals?
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Key Questions

THIS FISH FARM IN THE EAST CHINA SEA WAS SEVERELY IMPACTED BY

HABs i~ 2005. ProTo: J. Li.

QUESTION 4

Do anthropogenic alterations of the food web, including
overfishing and aquaculture activities, synergistically
interact with nutrients to favour HABs?

Global changes in trophic structure of nearshore habitats are
occurring coincident with global changes in nutrient loading.
Altered grazing structure, for example, has occurred from both
overfishing, as well as from the intensification ofaquaculture
activities throughout the world. The dramatic decrease of
important commercial fisheries in many parts ofthe world may
interact synergistically to promote HABs. Studies in both

lake and estuarine waters have shown that reductions in large
piscivorous fish leads to a trophic cascade, whereby an increase
in the smaller piscivorous fish is subsequently noted, which then
exerts strong predation control on Zooplankton, thereby reducing
their biomass and thus increasing the biomass ofphytoplankton
(Andersson et al. 1978, Carpenter et al. 1985). In the Black Sea,
for example, over-fishing has led to a virtual disappearance of
the large commercial fish, and as a consequence there has been

a dramatic increase in the predatory ctenophore Mnemiopsis
leidyi, a disruption ofthe pelagic food web, and increases in
HABs (Daskalov 2002, Lancelot et al. 2002, Kideys et al. 2005)
Similarly, in Narragansett Bay, USA, recent evidence suggests that
HABs have increased as M. leidyi has become more abundant in
that system, also decreasing the Zooplankton consumers ofthese
HABs (Sullivan et al. 2001).

The synergistic impact oftrophic cascades and nutrient loading has
recently been shown by Granéli and Turner (2002). They observed,
in mesocosms experiments, that by manipulating the food web
through the introduction ofjellyfish, phytoplankton biomass
increased without supplemental nutrients. On the other hand,
when nutrients were also added, the biomass of phytoplankton, and
in particular, the biomass of HAB species, increased significantly.
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Inthe early 1980s, the Rainbow Jelly, M NEMIOPSIS LEIDYI, was
ACCIDENTALLY INTRODUCED VIA THE BALLAST WATER OF SHIPS TO THE BLACK
SEA WHERE IT HAD A CATASTROPHIC EFFECT ON THE ENTIRE ECOSYSTEM.

PHoTo: L. K LISSUROV, BLACK SEA PHOTO G ALLERY.

W hile control ofphytoplankton through Zooplankton grazing

has been studied for a long time, there are still important gaps

in our knowledge that seriously hinder our ability to model the
interaction correctly (Mitra and Flynn 2005) In particular, there
are insufficient data for the grazing ofphytoplankton of different
nutritional status; not only does this affect our understanding
ofthe grazing ofnon-HAB species (Jones and Flynn 2005),

but this issue is likely to be ofeven greater importance when
considering the palatability of HAB species whose toxicity varies
with nutrient availability. Hence, it is now becoming increasingly
recognized that many HAB species are not efficiently grazed.
Morphological features, poor nutritional quality, as well as
intracellular or extracellular toxins or other bioactive compounds,
may act as feeding deterrents (Verity and Smetacek 1996, Turner
and Tester 1997). A variable susceptibility oftoxic algae to

grazers is considered to reflect varying toxin levels, depending

on algal growth condition (Turner and Tester 1997, Turner et al.
1998). Furthermore, increasing as well as decreasing inhibition

of Zooplankton feeding by HAB species has been observed under
both nitrogen and phosphorus limitation (Nielsen et al. 1990,
Granéli and Johansson 2003a). Thus, the nutrient state ofthe algae
may be ofcritical importance in controlling their susceptibility to
grazing. Corroborating these findings is the fact that for many
HAB species the toxicity increases when they are grown under
nutrient-unbalanced conditions (Granéli et al. 1998). The idea that
changes in higher levels ofthe food web facilitate the success of
HAB species by decreasing their grazers, and, through alterations
ofthe nutrient pool, further decrease their susceptibility to grazing
by altering their toxin content, requires much more study.

Grazing control of HABs can also depend on the population
density ofthe harmful algae, as demonstrated for the brown tides
in Narragansett Bay, USA, where suppression of grazing occurs
above a threshold concentration (Tracey 1988). A threshold
effect may also occur ifthe daily production of new harmful cells



becomes large enough to saturate the ingestion response ofthe
grazers and the ability of grazers to increase their populations.
In that case, population growth can accelerate dramatically - if
sufficient nutrients are available to support growth (Donaghay
1988). There is, however, little quantitative information on how the
nature ofthe grazer response influences the timing, magnitude,
and duration of HABs, and for those studies where such
information is available, almost nothing is known about whether
these responses would change under altered nutrient regimes.
Model parametrisation ofthese effects is thus in very early stages
ofdevelopment. However, initial modelling studies suggest that
the links between nutrient status, toxicity, poor grazing, removal
ofnon-HAB species, and establishment of many HABs may be
driven by a positive feedback loop (Mitra and Flynn 2006).

The structure of grazing communities also has been altered
significantly through the development oflarge aquaculture
facilities. An example ofthe association between fish farming
operations and HABs comes from Norway. Up to the 1970s,
harmful algal blooms were not considered a major threat to the
marine or coastal environment of Norway. Single episodic events
of mussel toxicity and mortality of wild biota were recorded along
the Norwegian coast, but these episodes did not attract any wide
public attention or lead to any management actions. Through the
1970s, several fish farms were established along the coast, and
since 1980, the production ofthe Norwegian aquaculture industry
grew significantly from a few thousand tonnes to ~500,000 tonnes
ofsalmon and trout in 2001, and Norway’s emergence as the
world’s largest exporter of Atlantic salmon. In parallel with this
development, HABs emerged as a significant problem. In 1981,

a large bloom ofthe dinoflagellate Gyrodinium aureolum caused
significant mortality of farmed salmon and economic losses to fish
farmers. New blooms of Gyrodinium followed, and during the
1980s, other phytoplankton species bloomed to cause additional
problems, including Dinophysis spp. in 1984, Chrysochromulina
polylepis in 1988, recurrent blooms of Prymnesium since 1989,
Chrysochromulina leadbeateri In 1991, and Chattonella m 1998,
2000, and 2001. It is, of course, incorrect to attribute these
outbreaks solely to nutrient inputs from fish farms, but some
linkage seems probable.

Key Questions

THESE AQUACULTURE FACILITIES IN KUWAIT HAVE OFTEN BEEN IMPACTED BY

HABS. PHoTO: P. G LIBERT.

Enrichment ofnutrients from aquaculture activities has also been
associated with outbreaks ofpathogens that synergistically interact
with HABs to alter fish health. For example, in Kuwait, arecent
massive fish mortality event, attributed to an outbreak ofthe
pathogenic bacterium Streptococcus agalactiae'was also functionally
related to an outbreak of PSP-producing dinoflagellates (Evans

et al. 2002, Glibert et al. 2002). It was suggested that as massive
numbers of fish died, nutrient release led to conditions favourable
for the dinoflagellate outbreak.

There is much that can be learned from comparative systems where
major alterations offood webs have occurred through over-fishing
or over-stocking. As new markets and regions are developing
intensive aquaculture operations, there are also opportunities for
gaining knowledge regarding the potential for increased HAB
proliferation from comparisons with long-established regions.

Examples of Relevant Detailed Questions

1. Under what conditions does overfishing lead to trophic
cascades that may synergistically interact with nutrient
availability to promote HABs?

2. Does nutrient loading uniquely alter HAB toxin production
leading to grazing alterations?

3. Is nutrient enrichment associated with both fish farming
and shellfish farming, from feed additives and nutrient
regeneration, correlated with HAB proliferation, and
are there unique species that develop under specific
aquaculture nutrient regimes?
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Key Questions

M ORE AND MORE VEHICLES, AS WELL AS VEHICLES WITH POOR GAS

ECONOMY, ARE CONTRIBUTING TO NOX EMISSIONS. PHOTO: P. GLIBERT.

QUESTION 5

How do anthropogenic changes in land use, agricultural use
of fertiliser, NOx emissions from vehicles, and global changes
inland cover affect the delivery of nutrients to coastal waters
and the resulting incidence of HABs?

As described earlier in this report, human activities have altered
the nutrient regimes ofcoastal waters tremendously, primarily as a
result ofincreased applications of synthetic fertilisers. Population
growth and development, and the production of food (crop and
animal production systems) result in dramatic alteration ofthe
landscape as well as large sewage inputs, and increased runoff
from land. Increased nutrient inputs to enclosed and nearshore
ecosystems have resulted in widespread coastal eutrophication
throughout Europe, Asia, and the United States. The production
and consumption ofenergy also results in increased atmospheric
inputs from NOx emissions, which can then lead to increased
nitrogen deposition. In freshwater reservoirs, increased primary
production has been correlated with the proportion ofincreased
agricultural land in the watershed (Knoll et al. 2003). Comparisons
of nutrients delivered from pristine, urban or agricultural land uses
are sorely needed. Similarly, little is known about comparative
nutrient loading from systems undergoing rapid deforestation
and/or rapid urbanisation. O fthe nitrogen that humans put into
the landscape, much is also denitrified. A better understanding
ofthe fluxes from land to the atmosphere from denitrification,
how they change with climatic variations, and how they may be
altered as landscape is altered, is fundamentally important to our
understanding ofnutrient delivery to coastal waters (Howarth et
al. 2006).
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In FLoripa, USA, soME WATER FLOW IS UNDER GATED CONTROL. THERE
ARE ONGOING RESTORATION EFFORTS TO RETURN TO SURFACE FLOW,
POTENTIALLY ALTERING THE FORMS AND AMOUNTS OF NUTRIENTS TO BE
DELIVERED TO THE COAST. PHOTO: EvERGLADES/FLORIDA Bay WATERSHED

M ANAGEMENT, WWW .SFWMD.GOV.

Large-scale human alteration of coastlines or inland waters also
need to be assessed for their effect on nutrient enrichment and
supply. For example, semi-enclosed harbours and extensive
housing developments along artificial canals are now commonplace
world-wide, from the Catalan coast of Spain to the east coasts of
the United States and Australia. Reduced circulation within these
harbours has been associated with recurrent blooms. In South
Carolina, USA, numerous types of HABs have been frequently
observed in coastal detention ponds used for stormwater control in
housing developments and golfcourses (Lewitus et al. 2003). These
brackish, shallow, low-flow environments are depositional sites

for nonpoint source pollutants, primarily fertiliser nutrients from
intensive landscape maintenance and turf management. Because
these ponds exchange with tidal creeks, they are sources for HAB
dispersion into adjacent estuaries.

Major engineering projects are also projected to have impacts

on nutrient delivery and booms. Estimates, for example, ofthe
potential eutrophication impact ofthe Three Gorges Dam Project
ofthe Changjiang (Yangtze) River, China, suggest that the
nitrogen to phosphorus ratio may be significantly altered so as to
yield a shift in ecosystem structure and the development ofanoxia
(Zhang et al. 1999). The impending restoration of surface water
flow through the Everglades in Florida, USA, aproject ofdecadal
time scale, is expected to have major impacts on nutrient delivery
to Florida Bay. Understanding the impact of varying nutrient
quality as well as quantity is important in understanding the type
ofphytoplankton bloom that may develop (e.g., cyanobacteria vs.
diatom; Glibert et al. 2004). Alternatively or additionally, some
fundamental change in seagrass processes and the entire benthic
community may be diverting recycled nutrients from sediment
pools to the overlying water column, fueling phytoplankton
growth.

Key Questions

IN CHINA, THE THREE G ORGES DAM ON THE YANGTZE RIVER, SCHEDULED
FOR COMPLETION BY 2009, WILL BE THE LARGEST HYDROELECTRIC DAM

IN THE WORLD. It WILL SIGNIFICANTLY ALTER THE DOWNSTREAM FLOW OF
NUTRIENTS. PHOTO: WWW .AFTERDREAMS.COM.

Spatially explicit, empirical models have previously been developed
to quantify global nutrient export to the coastal zone as a function
ofwatershed characteristics (Dumont et al. 2005, Harrison et

al. 2005, Seitzinger et al. 2005a). Such models take into account
watershed characteristics including freshwater runoff, land use,
atmospheric deposition, human population, fertiliser use, and
animal production among other factors. These types of models
need to be coupled with long-term records of HAB occurrences.

Finally, the relationships between nutrient delivery via the range
of mechanisms described above and HAB development also must
be understood in terms ofthe physics ofthe water body receiving
the nutrients. Equivalent nutrient inputs to different systems may
have differential effects on HAB development due to differences in
ecosystem structure and function.

Examples of Relevant Detailed Questions

1. Towhat extent do similar land-use patterns lead to similar
nutrient discharges (in quantity and quality) and similar
HAB outbreaks?

2. Can long-term trends in nutrient loadings be correlated
with changes in HAB bloom patterns and dynamics?

3. What isthe likelihood for long-term ecosystem restoration
projects to alter nutrient delivery in such away as to
increase or decrease the frequency of HAB outbreaks?

4. How do nutrient transformation processes such as
denitrification vary with changes in nutrient loading to
the land and other landscape changes, and how do these
processes affect nutrient availability for HABs?
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QUESTION 6
Do climate change and climate variability have impacts on

ecosystems that augment the impacts of eutrophication in
the formation of HABs?

In order to assess the extent to which nutrients and/or
eutrophication may be an important causative factor of specific
blooms, the role ofinteracting or confounding factors must also
be considered. Climate ultimately controls the fundamental
paramétrés relating to algal growth, from water temperature to
nutrients, and from precipitation and runoffto light. Climate
change and climate variability can cause changes in species
composition, trophic structure, and function of marine ecosystems.
Climate change is the long-term alteration in global and/or
regional weather due to increasing concentrations of greenhouse
gases and aerosols that have altered the radiation balance ofthe
Earth. Climate variability, on the other hand, is the natural
variation in the impact of solar variation on climate, including
periodic E1 Niflo-Southern Oscillation (ENSO) phenomenon,
the North Atlantic Oscillation (NAO), and the Pacific Decadal
Oscillation (PDO).

Nutrient supply is linked to freshwater input (e.g., Caraco 1995,
Vitousik et al. 1997) that, in turn, is driven by regional climate
variability (Najjar 1999, Miller et al. 2005, Burkholder et al.
2006, Howarth et al. 2006). Freshwater input determines, to a
large extent, the spring chlorophyll ¢ maximum in systems such
as Chesapeake Bay, USA, by delivering nutrients (Harding 1994,
Malone et al. 1996, Kemp et al. 2005). Freshwater input also plays
arole in the physical transport of phytoplankton species, such as
the HAB species Prorocentrum minimum (Tyler and Seliger 1978),
blooms ofwhich have been shown world-wide to be associated with
freshwater inputs and associated nutrients (Silva 1985, Granéli
and Moreira 1990, Stonik 1995, Grzebyk and Berland 1996,

44

PoBL-IsalMI

. DMeranea between hi j
SeplembM24. 2003

C
pro- and poil-Isabcl (mg m*t+

mo *5 *60 765 *60

Longitude ("WJ Longrtude i'w)

SHORT-TERM NUTRIENT LOADING, SUCH AS OCCURRED FOLLOWING

H URRICANE ISABEL WHICH STRUCK THE CHESAPEAKE BAY REGION, USA, IN
2003, LED TO LARGE ALGAL BLOOMS WITHIN DAYS. SOURCE: D. MILLER
ETAL.2006.

Glibert et al. 2001, Springer et al. 2005). Inter-annual variability
is also important, however, affecting the timing of freshwater
flow, residence times, and the magnitude and timing ofblooms,
including HABs. In the case of brown tide in the Peconic Estuary,
USA, for example, a paucity of inorganic nitrogen addition via
groundwater during dry years has been shown to stimulate the
growth ofthe brown tide organism, Aureococcus anophagefferens
(LaRoche et al. 1997, Nuzzi and Waters 2004) which can utilize
DON resulting from the partial mineralisation ofthe previous
year’s algal growth or from the same year’s spring bloom (Gobler
and Safiudo-Wilhelmy 2001). Major climatological events, such as
strong storms or hurricanes, also affect estuarine conditions during
short time periods. As examples, Hurricane Isabel in 2003 caused
alarge phytoplankton bloom to develop in Chesapeake Bay, USA,
within days (Miller et al. 2005), as did Hurricanes Charley and
Wilma offthe Florida coast (Heil et al., unpub. data).

As climate warms, one predicted scenario is for alteration in
rainfall, leading to increased riverine discharge. Such an increase
may lead to lowered salinity, increased abundance oftaxa that
proliferate in lower salinity waters, including freshwater bloom-
forming cyanobacteria. W ith increased discharge, such species
may also be carried further seaward, leading to potential exposure
of new regions to toxin-producing cyanobacterial blooms.
Additionally, buoyant plumes could extend much further offthe
coast, selecting for migrating taxa such as dinoflagellates, which
recur in these coastal features (Sellner and Fonda-Umani 1999).
Alternatively, for systems with declining riverine discharge, more
stenohaline taxa could potentially move further up estuaries,
thereby exposing larger portions ofupper basins to more saline
HAB taxa such as Dinophysis, Karenia, and Alexandrium.
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The current ecological paradigm suggests that an ecosystem

does not exist in a unique, stable equilibrium state, but rather

can easily be shifted to a new state by non-linear responses to
physical forcings, such as those associated with climate change or
variability. Biological responses are non-linear, complex mixtures
ofphysiology, behaviour, life history, and physical redistribution.
A major question is whether changes in climate synergistically
interact with changes in nutrient loads to lead to increased
frequency of HABs.

Climate changes are also resulting in global variations in
temperature. W hile average global changes may be relatively small,
effects of climate warming vary widely by region. Temperature

is a fundamental regulator ofphysiological processes, affecting

the activity of specific enzymes and the cues for various life cycle
events, such as excystment. Temperature also regulates abundance
and activity ofpredators. The extent to which these physiological
controls and synergistic relationships with other components of
the food web are regulated by temperature, is far from understood.
One example of' such interactions is that of Heterocapsa triquetra,
which blooms during winter in North Carolina, USA (Litaker and
Tester 2005). On aphysiological level, H. triquetra is favoured
under conditions ofwarm temperatures and high light. Yet, due
to temperature control on its grazer, it tends to bloom at cooler
temperatures when grazers are kept in check. If winters become
warmer, the timing of such blooms may be altered.

year (20th Century)

Possible long-term relationship between climate variability and
Paralytic Shellfish Poisoning events caused by GYMNODINIUM
CATENATUM IN THE GALICIAN RiA BalXAS (N W IBERIAN PENINSULA). S|[-
Q X AND S[N A O] ARE DE-SEASONALISED CUMULATIVE SUMS OF OFFSHORE
EKMAN TRANSPORT (-Q X) AND THE NORTH ATLANTIC O SCILLATION INDEX
(NAO) OVER THE PERIOD 1981-1998. THE STRAIGHT RED LINE INDICATES
YEARS OF DETECTION OF G. CATENATUM ASSOCIATION WITH (THICK LINE) OR
ABSENCE FROM (THIN LINE) THE DETECTION OF PSP TOXINS IN SHELLFISH.
A POSITIVE TREND IN S[N A O] INDICATES TRANSITION TO UPWELLING-
FAVOURABLE PERIODS. A NEGATIVE TREND IN S [N A O] INDICATES
TRANSITION TO DOWNWELLING-FAVOURABLE PERIODS. PSP OUTBREAKS
CAUSED BY G CATENATUM WERE MORE FREQUENT AND INTENSE DURING
THE TRANSITION PERIOD (1980s TO 1990s) FROM DOWNWELLING- TO
UPWELLING-FAVOURABLE CONDITIONS. SOURCE: AIVAREZ-SaLGADO ET AL.
2003.

Examples of Relevant Detailed Questions

1. Whatare the chemical paramétrés that are likely to
change due to climate and how might they impact HAB
proliferation?

2. How do either small or large changes in temperature
impact cellular physiology favouring HABs?

3. Do ENSO and other large-scale physical forcings have
impacts on HABs?

4. How do climate variability and changes impact river flow
and the associated transport of nutrients leading to HABs?
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Key Questions

A Baltic Sea bloom, possibly NopuL4Rri4, July 2005. Photo: J.
Descloitres, MODIS LRRT, NASA GSFC.

Specific Challenges for Further
Advancement

Much progress has been made over the past several years in many
aspects of HAB bloom ecology and dynamics. In some cases, the
linkages between cell physiology and toxicity have become clear.
Progress has also been made in understanding the influences of
physical process and other environmental paramétrés integral to
harmful algal expression. Yet, many fundamental physiological
processes remain unmeasured for most species. New methods of
cell detection are becoming more readily available, and progress
has been made in the identification of some genes involved in toxin
production. Further understanding has been gained ofthe roles
of nutrients, both inorganic and organic, in bloom development.
Similarly, the roles ofviruses and bacteria are better understood
for some HABs. Yet, the understanding ofthe interactions of
HABs with grazers, the sublethal effects of HABs on community
dynamics, and the application ofthese data in developing
predictive models is only just beginning.

Accurate and timely identification ofharmful species is of
fundamental importance to all aspects of HAB research and
management. Historically, species have been delineated on the
basis of morphological, ultrastructure, and life-stage features
visible in the light and electron microscopes, as well as by pigment
content. Increasingly, organisms are being compared and identified
on the basis of molecular markers such as cell surface proteins,
lipids, DN A sequences, and toxins. These same markers are serving
as a basis for rapid assays designed to detect and quantify species
specifically. W ith this progress has come an increasing demand

for identifying organisms using traditional techniques so that
comparative studies and new findings regarding species diversity,
biogeography, and toxicology can be placed in an appropriate
historical context.

46

Significant advances in cellular physiology ofharmful microalgae
have been made in the past decade with regard to nutrient
regulation oftoxin synthesis and assimilation ofdissolved organic
nutrients. However, critical information required for model
development - such as photosynthesis-irradiance relationships,
rates of nutrient uptake, and excretion of organic matter - is not
available for most species. Studies of growth rates as a function
oftemperature, irradiance, nutrients, and their ratios, are rare.
Most harmful species employ swimming or buoyancy-regulation
strategies influenced by irradiance and nutrients, in addition to
ambient temperature and salinity, and these factors influence
population growth and community structure in ways that we do
not yet fully understand. The growth rate of many HABs in nature
largely remains unknown. Collectively, our lack of fundamental
knowledge concerning the basic physiology and behaviour of most
HAB species impedes our ability to develop predictive models that
will ultimately aid many aspects ofbasic research and management.

Natural resource managers and public health officials need better
tools to forecast imminent HAB events so that management
strategies can be implemented effectively. Forecasting capabilities
can be enhanced by improving and expanding remote-sensing
technologies, such as offshore instrument moorings and satellite
sensing, and this information will permit monitoring ofthe
environmental conditions that could lead to HAB formation

and decline and for the tracking of HABs as they transit

through aregion. Time-series analyses ofexisting databases for
phytoplankton communities and environmental variables such

as macro- or micro-nutrients, where available, are required.
Retrospective analyses ofhistorical data and information may
provide important insights. In some cases, the sediments may hold
important historical information. Land-use data, such as may be
available from maps and geographic information systems may yield
trends in nutrient loadings to the landscape. Where such data are
lacking, long-term consistent monitoring programmes must be
initiated in key regions where human influences are either known
or are anticipated to increase. Moored instrumentation packages

- including nutrient, plankton, and optical sensors - are needed



to resolve the temporal relationships between nutrient inputs and
shifts in plankton composition. Shipboard observations and field
programmes would be helpful in resolving spatial differences and
in the collection of samples for which sensors are not currently
available.

The vast complexity ofthe interactions between HABs and their
environment dictates that we think in terms ofintegrative models
to address the problem in a way that our mental computing
capability cannot (Noble 2002). Mechanistic ecosystem models are
widely used in marine research. Models should be constructed at
an appropriate level of complexity to address the hypothesis being
tested and the data available to support it. However, in reality,

we often lack the appropriate data to support such developments.
Additionally, we should bear in mind that a well-constructed
model that fails can be more informative than one that succeeds.

A good model should be descriptive (represent the available data),
integrative (demonstrate how elements interact), and explanatory
(provide biological insight). Conceptual models ofbiological
systems are common. They are commonly used as management
tools for predicting eutrophication (e.g., Moll and Radach

2003, Tett et al. 2003), to understand ecosystem processes (e.g.,
ecosystem dynamics, Allen et al. 2004; response to climate change,
Taylor et al. 2002) and to predict biotic responses (e.g., Besiktepe
et al. 2003). Conceptual models can be viewed as having two
complimentary roles. The first is a heuristic role, whereby they are
used to corroborate a hypothesis, illuminate areas of further study,
and identify where further empirical data are required. The second
role is as predictive tools, whereby the models are used to aid
marine resource management and to assess the impact of humans
on the marine ecosystem.

Key Questions

The dark areas near the shoreline show a red tide bloom . KARENI4
BREVIS, ALONG THE SW COASTLINE OF FLORIDA, MARCH 2002. PHOTO:
J.Descloitres, MODIS LRRT, NASA GSFC.

The establishment of a robust modelling approach for simulating
HAB dynamics in eutrophic environments requires the following
future work:

. the definition of functional groups to describe HABs and
further development and refinement of conceptual process
models; crucial to this process is the definition oflife histories
and hence, stage-structured models; equally critical is
knowledge ofthe interaction between HABs and non-HABs
(with which they compete for common nutrients) and their
predators;

* Dbioinformatics to acquire, archive, and interpret data;

. the construction, parametrisation, validation, and evaluation
of appropriate mathematical and numerical models;

. integration of HAB models into generic coupled
hydrodynamic ecosystem models for comparative studies; and

. data assimilation to improve model paramétrés and forecasts,
and to quantify model errors.

W hile the ultimate goal is to develop whole ecosystem models,
much is to be gained by construction and testing of models as an
aid to our understanding ofthe biological processes underpinning
HAB formation and demise. The basis for many biological models
has failed to keep pace with our understanding ofplankton biology
(Flynn 2005). The undertaking ofexperiments to investigate these
interactions should not be trivialised; neither should funding
bodies dismiss such needs because they “have been done before”.
Integrated studies ofexperimental research and modelling are

few and far between, and few data sets from previously conducted
experimental studies are adequate for the task.
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5. Moving Forward in the Study of HABs

in Eutrophic Systems

A CYANOBACTERIAL (BLUE-GREEN ALGAE) BLOOM ON THE SHALLOW LAKE,
LAKE TAIHU, JIANGSU PROVINCE, CHINA. PHOTO: W. W URTSBAUGH,

WWW.ASLO.ORG/ PHOTOPOST/.

W HOLE LAKE AND EXPERIMENTAL
MESOCOSM STUDIES HAVE BEEN
USEFUL IN UNDERSTANDING THE
IMPACTS OF NUTRIENTS ON BOTH
PHYSIOLOGICAL AND ECOSYSTEM

LEVELS. PHOTO: D. SCHINDLER.
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n accordance with the GEOHAB strategy,

the approach ofthe Core Research Project

on HABs in Eutrophic Systems will be

comparative from the cellular to the ecosystem level.
Research that is interdisciplinary - focussing on
biological, chemical, and physical processes - will be
fostered. Research will be multifaceted as the problems
relating to eutrophication are complex, and interactions
and processes occur on a broad range of scales. Finally,
research will be international in scope to encompass the
global issues of HAB events and to benefit from the
skill and expertise gained by HAB investigators world-

wide.

Although GEOHAB is primarily built upon a coalescence of
projects at many levels, the Core Research Project will also

seek, through national funding mechanisms, to conduct a series
of experiments and observations that directly address the key
questions outlined in Chapter 4. W here possible, these efforts will
capitalize on existing platforms, programmes, or ongoing studies.
Research on the major priority areas identified herein is welcome
within the GEOHAB framework. The understanding ofthis
important issue, and ultimately the management of nutrient loads
and improved prediction and management of HABs will require
the global community of scientists.

Applying the GEOHAB Approach

Global population is rapidly increasing and concurrent changes
in land use and coastal nutrient loading have been well
established for many regions ofthe world. Critical to our long-
term understanding is the need for continuous monitoring and
observation, to document changes as they are occurring, and to
understand the processes ofchange. There is a need for a global


http://www.aslo.org/photopost/

The GEOHAB Core Research Project on HABs
in Eutrophic Systems will seek to implement
a range of comparative and interdisciplinary

approaches.

M ESOCOSM STUDIES HAVE PROVEN TO BE AN EFFECTIVE TOOL IN
UNDERSTANDING POPULATION AND COMMUNITY RESPONSES TO NUTRIENT
PERTURBATIONS. LEFT: M ESOCOSM STUDIES IN CHINA. PHOTO: J. L1
RIGHT: M ESOCOSM STUDIES IN LONG ISLAND, NY, USA. PHOTO:T.

KANA.

network ofsites that are deemed sensitive to nutrient alteration
and eutrophication. In the United States, numerous sites now have
more than a decade ofdata on which to build an understanding of
the relationships among population change, climate change, and
trends in nutrient quantity and composition. In Europe, numerous
sites have been designated for continuous monitoring for benthic
biodiversity and long-term phytoplankton records are known for
the Scandinavian, Norwegian, British, Irish, French, Iberian, and
Adriatic coasts. Japan has along history of harmful algal records
while China is rapidly expanding its coastal monitoring and HAB -
specific activities. The value oflong-term records is fundamental
in understanding relationships between anthropogenic change,
climate change, and HABs. In a manner analogous to the
establishment of oceanic long-term sites such as the JGOFS

HOT (Hawaii Ocean Time-series) and BATS (Bermuda Atlantic
Time Series Study) sites, long-term sites for measuring nutrient
loading and HABs must be maintained. Recognising the value of
these long-term records is the first step in bringing comparative
observational and modelling approaches together.

Natural experiments are being undertaken on a broad scale that
will impact the expression ofeutrophication in several parts of
the world and may be deserving of special research attention. For
example, Florida Bay, USA, receives freshwater flow from the
Everglades, but currently this flow results from managed discharge
rather than from natural hydrological conditions (Rudnick et al.
1991). Fong-term management plans for the southern Florida
area call for restoration ofthe natural flow conditions within the
Everglades. Thus, key questions of concern to both scientists and
managers are to what extent do nutrients originating from the
Everglades contribute to eutrophication and HABs in Florida Bay
and how will they change with altered flow conditions? Similarly,
major engineering projects are being undertaken to alter the flow
ofthe Yangtze River in China, where diversion of water will

Summary of Key Research Considerations
Long-term monitoring, beyond a decade, may be
required to observe trends in population, climate, and
nutrient loading.
Research must be integrated with new understanding
in agricultural practices, aquacultural practices,
atmospheric emissions and deposition, and human
demography.
Ecosystem characteristics such as hydrography,
residence time, stratification, and trophic interactions
will impact the expression of eutrophication and HABs.

Multiple observational, experimental, and modelling
approaches will be required to advance the study of
HABs in relation to eutrophication.

cause major changes in nutrient loading to receiving waters. These
regions are ofkey interest because the existing conditions are well
characterised and thus, the impacts ofhydrological diversion can
be quantified.

The value ofintegrated experimental studies also must be
underscored. Such approaches have led to enormous advances in
our understanding of nutrient limitation. For example, whole-lake
manipulations yielded tremendous insights into the differential
regulation of N and P limitation in freshwater systems. Much
was learned regarding the regulation ofprimary production by
iron in the IronEx and SoFex experiments (de Baar et al. 2005), in
which large patches ofthe ocean were fertilised with iron and the
responses ofthe plankton community observed over days to weeks.
Such approaches are beneficial in understanding HAB responses,
both on a physiological level and also on a whole ecosystem level.
Farge-system perturbations, include nutrient additions in organic
form, may provide the key to understanding how systems may
respond as land use and nutrient loadings are altered.

To elevate research on HABs and eutrophication to alevel
consistent with the GEOHAB approach of comparative,
international, multifaceted, and interdisciplinary studies, the
Core Research Project on HABs in Eutrophic Systems will

aim to undertake one or more large-scale experimental studies
that will provide opportunities for researchers from around

the world to participate. Such studies will be developed with
considerable discussion within the broader community. These
experimental studies will augment smaller-scale studies that will
be linked through data sharing and smaller-scale comparative
studies. Thus, the GEOHAB Core Research Project on HABs in
Eutrophic Systems will seek to implement a range of approaches.
The key questions identified in Chapter 4 will require different
experimental, observational, and modelling methodologies.

49



Moving Forward

THE PAST SEVERAL DECADES HAVE WITNESSED LARGE CHANGES IN
TERRESTRIAL AND AQUATIC NITROGEN AND PHOSPHORUS, PRIMARILY DUE TO
HUMAN ACTIVITIES SUCH AS INTENSIVE AGRICULTURE. PHOTO: J. H AWKEY.

Co-ordination of Activities

An important aspect ofinternational activities like GEOHAB is
the sharing of scarce resources among participating nations. Such
sharing makes possible research activities of a scale and breadth
that are not otherwise feasible, and therefore enable the comparison
of ecosystems ofa similar (or contrasting) type in different parts
ofthe world. The CRP for HABs in Eutrophic Systems will
promote the application of additional resources - in terms of
scientific expertise, sampling platforms, and equipment - to the
key research questions identified in this document. GEOHAB
has already initiated the sharing ofexpertise and development of
an international research community on the topic of HABs and
Eutrophic Systems by supporting the Open Science Meeting in
2005.

GEOHAB Core Research Projects (CRPs) will be co-ordinated
by the GEOHAB Scientific Steering Committee (SSC) through
the establishment of separate sub-committees for each CRP
composed of SSC members and leaders ofthe CRP activities.
The sub-committees will primarily work by correspondence, but
may meet on an opportunistic basis and when identified resources
allow for meetings to address major planning and co-ordination
issues. The sub-committees will work with the GEOHAB SSC
and International Programme Office to encourage scientific
networking.

GEOHAB will identify, and draw the attention ofresponsible
bodies to, opportunities for co-ordination ofresources that will add
value to ongoing and planned research. Individuals involved in
studying the key questions outlined herein will be responsible for
developing plans relating to the sharing of expertise and equipment
and how they will contribute to the continued co-ordination ofthe
Core Research.
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GEOHAB and the CRP sub-committee will encourage the
publication ofresults from Core Research in relevant peer-reviewed
scientific journals, with appropriate reference to the relationship of
the research to management issues as well asthe GEOHAB goals.
GEOHAB will also seek to aid researchers in the dissemination
ofresearch results and programme status more broadly to the
world-wide community of managers and scientists interested in
HABs through publication of articles in HarmfulAlgae News,

the GEOHAB Web site, and other opportunities as become
available. Each CRP sub-committee will also be responsible for
disseminating announcements of meetings, symposia, or other
special events, and is encouraged to form appropriate linkages and
communications with the research and management communities
ofthe impacted/studied areas.

Data Management and Data Sharing

The collective value ofdata is greater than its dispersed value,

and comparative research requires effective data sharing among
scientists working in different regions; therefore, data management
and data exchange are important components of GEOHAB CRPs.
The development of an appropriate data management plan is a
fundamental and critical activity upon which the ultimate success
of GEOHAB will depend, and the GEOHAB SSC is working
with other related international marine research projects to develop
basic guidelines for data management and sharing (see www.jhu.
edu/scor/DataM gmt.htm). Each CRP will need to develop its
own specific plans, conforming with the principles adopted by
GEOHAB.

GEOHAB will use a decentralized data management and
distribution system with a centralized metadata index, as the
programme develops. Each CRP will create an inventory of data
and data products. Each GEOHAB CRP will address the long-
term archival of observational data and data products to ensure a
lasting contribution to marine science.
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Protocols and Quality Control

The CRP on HABs in Eutrophic Systems will require
measurement ofa broad suite ofparamétrés that may differ
depending on the key question being addressed. W here possible,
well-defined, internationally agreed methods will be adopted.
Regardless, to ensure quality control, the protocols used for data
collections will be fully documented in information files (metadata)
accompanying data sets. Where necessary, the GEOHAB SSC
will initiate Framework Activities that lead to development of
protocols or methods, or their intercalibration, to ensure that
comparisons across systems can be accomplished.

Capacity Building

GEOHAB encourages a “training through research” approach
that offers opportunities for student participation and instruction
in marine research relevant to HABs. Exchange ofpost-doctoral
fellows and senior scientists are equally important for the CRPs.
Training activities that would benefit GEOHAB research will

be organised by the GEOHAB SSC and proposals for specific
training activities can be submitted for endorsement as GEOHAB
activities.

Modelling Activities

As described more fully in Chapter 3 ofthis report, the GEOHAB
CRP on HABs in Eutrophic Systems will require application
ofarange of modelling approaches. The CRP on HABs in
Eutrophic Systems should interact with the GEOHAB Modelling
Subcommittee to compare models, to participate in model inter-
comparison exercises, and share approaches. Modelling within
HABs in Eutrophic Systems must also recognise the importance
of global nutrient, climate, and population models in additional to
models ofpopulation dynamics of HABs per se.

Moving Forward
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THE INTERNATIONAL NITROGEN INITIATIVE IS INTERESTED IN
UNDERSTANDING ALL ASPECTS OF THE IMPACTS OF GLOBAL INCREASES IN
THE USES OF ANTHROPOGENIC NITROGEN (WWW.INITROGEN.ORG). SOURCE:

G ALLOWAY ETAL 2003.

Interaction with Other International
Programmes and Projects

GEOHAB exists in the context of several large international
programmes and projects that study aspects of global change and
eutrophication that could be relevant to the CRP on HABs in
Eutrophic Systems. Some examples include:

. The Land-Ocean Interactions in the Coastal Zone (LOICZ)
project has compiled information about the supply of macro-
nutrients from the land to the ocean, information that could
be useful in studying the relationships between nutrient
supply, type, and ratios and HABs.

B The International Nitrogen Initiative (INI), under the
auspices ofthe Scientific Committee on Problems ofthe
Environment (SCOPE) and the International Geosphere-
Biosphere Programme (IGBP), is a global effort to optimize
nitrogen’s beneficial role in sustainable food production and
to minimize nitrogen’s negative effects on human health
and the environment. As part ofits objectives, knowledge
ofthe flows of nitrogen and the related problems in several
targeted regions ofthe globe are being developed with a goal
ofminimizing the negative effects ofhuman health and the
environment. This information is relevant in characterising
and defining nitrogen-based eutrophication.

. The Integrated Marine Biogeochemistry and Ecosystem
Research (IMBER) project is being developed with a goal
of providing a comprehensive understanding of, and accurate
predictive capacity for, ocean biological and chemical
responses to accelerating global change and the consequent
effects on the Earth System and human society. Planned
observation and process studies related to the effects of
nutrient inputs to coastal areas are relevant to HABs.
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THE IMBER PROJECT IS DESIGNED TO STUDY THE IMPACTS OF

ANTHROPOGENIC AND CLIMATIC CHANGE EFFECTS ON BIOGEOCHEMICAL

PROCESSES IN THE OCEAN (IMBER 2005).
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The Climate Variability and Prediction (CLIVAR) project is
studying how climate oscillations, such as ENSO and NAO,
operate and are expressed in the ocean and atmosphere.
Interactions between climate change and eutrophication are
identified as one ofthe key questions ofinterestto HABs in
Eutrophic Systems.

The Global Ocean Observing System (GOOS) is a
programme for sustained, co-ordinated international
observations ofthe ocean and a platform for the generation
of oceanographic products and services. HABs in Eutrophic
Systems recognises that traditional approaches for detecting
nutrient concentrations are often inadequate to resolve
short-term pulses of nutrient loading that may precede HAB
outbreaks. As new technologies in nutrient monitoring and
cell detection move into operational status, the interactions
between GOOS and HABs in Eutrophic Systems will
become strengthened.

The Global Ocean Ecosystem Dynamics (GLOBEC) project
is focussed on understanding the relationship between
physical processes and Zooplankton in the support of

marine fisheries. Activities ofthis project will be of direct
relevance to HABs in Eutrophic Systems in determining the
interactions “top down” and “bottom up” factors in controlling
HAB:s.

In summary, with the aid of co-ordination facilitated
by the CRP committee and the GEOHAB SSC as
awhole, the activities of core research of HABs in
Eutrophic Systems will strive to undertake studies
that directly address the key questions identified and
to become integrated with many projects at many
levels, in order to advance and communicate scientific
understanding of the role of eutrophication in the
global proliferation of HABs. GEOHAB invites all

relevant contributions to this effort.
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9:45 - 10:25
10:25-11:00
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11:30-12:00
12:00-13:30
SESSION 2
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15:35- 15:55
15:55- 16:15
16:15 -16:45
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17:05-17:30
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TRENDS IN EUTROPHICATIONAND HABS

(Session Chair: Patricia M. Glibert)

Opening Remarks - Patricia M. Glibert (USA)

Nitrogen pollution: sources, trends, and effects globally and regionally - Robert Howarth (USA)

COFFEE BREAK

National and global trends in HABs - Donald Anderson (USA)

Multidecadal changes in the diatom: Flagellate ratio and Si:N and Si:P ratiosin Narragansett Bay, and influence of SI
N supply ratios on diatom species competition - Ted Smayda (USA) and D. Borkman

LUNCH

PHYSIOLOGYAND ECOLOGY OF HABSWITH RESPECTTO NUTRIENTS

(Session Chairs: Edna Granéli and Cindy Heil)

The role of nutrient conditions on toxicity, allelopathy, and mixotrophy in HABs - Edna Granéli (Sweden)

Nitrogen uptake by the toxigenic diatom Pseudo-nitzschia australis - William Cochlan (USA),J. Herndon, N.C.
Ladizinsky and R.M. Kudela.

Urea-ammonium-nitrate interactions in Thau lagoon (Southern France): Relationships with Alexandrium catenella
blooms - Yves Collos (France), A. Vaquer, M. Laabir, E. Abadie, T. Laugier, and A. Pastoureaud

BREAK

A role for anthropogenically derived nitrogen in the formation ofharmful algal blooms along the US west coast

- Raphael Kudela (USA), M. Armstrong, W. Cochlan, andJ. Herndon
Nitrogen preference ofthe fish-killing flagellate Chattonella cf. verruculosa - Carmelo Tomas (USA)

Intraspecific variability in the nutritional ecology ofharmful algae - JoAnn Burkholder (USA)

The effects of macro- and micro-nutrient limitation on karlotoxin production by Karlodinium micrum strains - Jason
Adolf (USA), T. Bachvaroff, G.F. Reidel, and A. R. Place

Effect of N:P supply ratio on biochemical composition and toxicity in dinoflagellate Alexandrium tamarense - Ai Murata
(Japan), S. C. Y. Leong, Y. Nagashima, and S. Taguchi
Open discussion
Poster Session One (see page 68)

(Hosted by the University of Maryland Center for Environmental Science, the Chesapeake Research Consortium, and
the Maryland Department of Natural Resources)

Tuesday, March 8, 2005

SESSION 3

8:30-8:45
8:45-9:05
9:05-9:35
9:35-9:55
9:55-10:20

SESSION 4

10:20-11:00

11:00-11:40

11:40-12:20

12:20-14:00

14:00-14:40
14:40-15:00
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THE GEOHAB PROGRAMME AND OTHER INITIATIVES

(Session Chair: Donald Anderson)

Introduction to the GEOHAB Programme - Grant Pitcher (S. Africa)

Introduction to IOC and SCOR - Henrik Enevoldsen (IOC) and Ed Urban (SCOR)

NOAA extramural HAB research: Present and future - Quay Dortch (USA), S. Banahan, and M. Suddleson
Perspectives ofthe US Ocean Commission and the Pew Oceans Commission - Donald Boesch (USA)
COFFEE BREAK

COMPARATIVE STUDIESAND INTERNATIONAL PROGRAMMES ON HABS IN EUTROPHIC
AREAS

(Session Chairs: Mingjiang Zhou and Lars Edler)

The Chinese HAB Programme: CEOHAB - Mingjiang Zhou (China)

Do the coastal eutrophication and warming cause widespread and persistent Cochlodiniumpolykroides blooms in Korean
waters? - HakGyoon Kim (Korea), C-K. Lee, W-A. Lim, S-Y. Kim, and H-G. Jin

Influence of monsoons and oceanographic processes on red tides in Hong Kong waters - Kedong Yin (Hong Kong
China)
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HABs in Western Australia: Expressions of eutrophication in a southern climate - Malcolm Robb (Australia), T.
Reitsema, W. Hosja, and A. Begum

BREAK

An integrated approach to predicting harmful algal blooms: Phytoplankton physiology, nutrient dynamics and their
application in an ecosystem model - Paul Armstrong (Australia), PA. Thompson, C.J.S. Bolch, S.I. Blackburn, J.P.
Parslow, M. Herzfeld and K. Wild-Alien

Comparative analysis ofthe relationships between nutrient cycling and phytoplankton community composition in two
eutrophied subtropical estuaries: Florida Bay, USA, and Moreton Bay, Australia - Cynthia Heil (USA), P.M. Glibert,
J. O’Neil, W.C. Dennison, D. Hollander, J. Greenwood, M. O ’Donohue, S. Costanzo, M. Revilla, J. Alexander, A.
Hoare, and S. Murasko

Linkages between land-based nutrient discharges and harmful macroalgal blooms: Comparative studies on coral reefs
of southeast Florida and Jamaica - Brian Lapointe (USA), B. Bedford, P.J. Barile, C. Hanson, and L. Getten

Open discussion

Wednesday, March 9, 2005
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8:30-8:50
8:50-9:10

9:10-9:30

9:30- 9:50

9:50- 10:20
10:20-10:40

10:40-11:00
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SESSION 6

11:20-11:50

11:50-12:30

12:30-14:00

SESSION 6

14:00-14:20

14:20-14:40

14:40-15:00

15:00-15:30

15:30-15:50

15:50-16:10

16:10-16:40
16:45-18:45

MACRONUTRIENT INTERACTIONS WITH OTHER FACTORS CONTROLLING HABS
(Session Chair: Ted Smayda)
How does eutrophication affect the role of grazers in harmful algal bloom dynamics? - Edward Buskey (USA)
Freshwater flow and nutrients: effects on top-down control ofbloom-forming dinoflagellates? - Diane Stoecker (USA),
M.L. Reaugh, A.E. Thessen, D.E. Gustafson, M.R. Roman, and W.C. Boicourt
A conceptual model for ecosystem disruptive algal blooms: The interactive roles of eutrophication, algal toxicity, and
limitation by nutrients and light - William Sunda (USA) and R. Hardison
Abiotic and biotic factors controlling a nutrient driven dinoflagellate bloom and likely responses to increased
eutrophication - R. Wayne Litaker (USA) and PA . Tester
COFFEE BREAK
Brackish stormwater detention ponds as promoters of HABs and eutrophication along the South Carolina coast- Alan
Lewitus (USA), M.K. Burke, L.J. Mason, K. N. Bunker, S.R. Drescher, and W.H.J. Strosnider
Iron induced development pathway of HABs community and its consequence on mitigation ofeutrophication - Jun Sun
(China), Y. Feng, and P. Sun.
The synergy ofiron, copper and the toxicity ofdiatoms - Mark Wells (USA), C. G. Trick, W.P. Cochlan, P. Hughes,
and N. C. Ladizinsky

NEW CHALLENGESAND METHODOLOGIES
(Session Chair: Mare Suddleson)
Implementing the coastal module ofthe Global Ocean Observing System (GOOS): Toward rapid detectionand timely
predictions ofharmful algal blooms - Thomas Malone (USA)
New approaches and technologies for observing harmful algal blooms - Marcel Babin (France)
LUNCH
(continued)
(Session Chair: Marcel Babin)
Application ofthe environmental sample processor (ESP) for remote detection of harmful algae and toxins they produce
- Chris Scholin and Greg Doucette (USA)
Autonomous nutrient monitoring and water sampling as tools for studying HABs: Progress and prospects- Lou
Codispoti (USA), V. Kelly, P. Glibert, and J. Alexander
New technologies for monitoring and assessing harmful algal blooms and water quality in Chesapeake Bay, Maryland
- Christopher Heyer (USA), T. M.Trice, P.J. Tango, B.Michael, L.Codispoti, V. Kelly
BREAK
Diagnostic indicators of HAB nutritional physiology - Sonia Dyhrman (USA)
New approaches to understanding the role of dissolved organic matter in HAB dynamics - Sybil Seitzinger (USA), P.
M. Glibert, J.P. Simjouw, and R. Sipler
Open discussion
Poster Session Two (see page 69)
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Programme

Thursday, March 10, 2005

SESSION 7 MODELLING OFNUTRIENTSAND HABS
(Session Chairs: J. Icarus Allen and Kevin Flynn)
8:30- 9:10 Eutrophication and HAB models for the NW European continental shelf-J. Icarus Allen (UK), F. Gilbert, J. Holt,
M. Holt, R. Proctor, andj. Siddorn
9:10- 9:50 Garbage in, Garbage out? Problems in experimental design and modelling of HAB ecology - Kevin Flynn (Wales)
9:50-10:10 COFFEE BREAK
10:10- 10:40 Assessing the validation of a preliminary Karlodinium micrum nowcast model system in Chesapeake Bay and its

tributaries: a framework for HAB nowcasts and forecasts - Peter Tango (USA), C.W. Brown, T.F. Gross, D.L.
Ramers, R.R. Hood, and B.D. Michael

10:40- 11:00 Modelling Pfiesteria life cycle attributes and population dynamics - Raleigh Hood (USA), X. Zhang and J.T. Anderson
11:00-11:30 Open discussion of modelling
SESSION 8 GEOHAB IMPLEMENTATION
(Session Chair: Grant Pitcher)
11:30-11:45 Charge to working groups - Patricia Glibert and Grant Pitcher
11:45-12:45 First break-out groups meet
12:45-14:15 LUNCH
14:15-14:45 Reports of first break-out groups
14:45-16:00 Second break-out groups meet
16:00-16:15 BREAK
16:15-16:45 Reports of second break-out groups
16:45 Final wrap-up
17:00 Adjourn

Monday, March 7,2005
POSTER SESSION ONE

1.

10.
11.

19.
20.
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Phytoplankton indices ofeutrophication in UK coastal waters - R.J. Gowen, D.K. Mills, M. Best, M.J. Devlin, M. Edwards, J.
Foden, S.J. Painting, R. Park, C. Reid, and P. Tett

Eutrophication and harmful algal blooms in the Swan River estuary, Western Australia - J. John

The research ofthe eutrophication status of East China Sea-X.-L. Wang, X.-Y. Shi, and C.-S. Zhang

Coastal nutrification following the passage of Hurricane Charley and its relation to a subsequent Karenia brevis bloom on the West
Florida Shelf-M .B. Neely, C.A. Heil, and G.A. Vargo
The effect of nutrient concentration at different growth stages on hemolytic ability ofthree clones ofthe ichthyotoxic flagellate
Prymensiumparvum from blooms in the United States - M. Clouse and C. Tomas

Strain Variation in Karlodinium micrum toxin production - T. Bachvaroff, J.E. Adolf, and A.R. Place

Fatty acids and growth in the heterotrophic dinoflagellates Pfiesteria Spp. and PLOs - L.W. Haas, V. Foster,L. Ott, W.K. Vogelbein,
K.S. Reece, J.D. Shields, and P. Mason
The influence ofdissolved copper on the production of domoic acid by toxigenic species of Pseudo-nitzschia in M onterey Bay,
California - N.C. Ladizinsky, G.J. Smith, K.H. Coale, and W.P. Cochlan
Toxin levels in the benthic cyanobacterium Lyngbya majuscula in relation to tissue nutrient content and bloom intensity - J. M. O Neil,
S. Albert, N. Osborne, and G. Shaw

The potential role ofincreased nutrient inputs to higher incidences of ciguatera in Hawaii - M.L. Parsons

Nutrient regulation oftoxin production: Comparison ofhemolytic activity ofAmphidinium carterae and Amphidinium klebsii - L.A.

Zimmermann and C.R. Tomas

Nitrate uptake kinetics ofthe toxic dinoflagellate Alexandrium tamarense in response to nitrate supply mode - S.C.Y. Leong, M.
Maekawa, and S. Taguchi

Bioavailability ofdissolved organic phosphorus compounds to typical harmful dinoflagellate Prorocentrum donghaiense Lu - B. Huang,
L. Ou, H. Hong, H. Luo, and D. Wang

Dissolved organic matter concentration and characteristics during Aureococcus anophagefferens blooms in 2002 and 2003: A comparison
- J.-P.Simjouw, E.C. Minor, and M.R. Mulholland

The role of natural DOM sources in Prorocentrum minimum growth dynamics - R. Sipler, S.P. Seitzinger,and P.M. Glibert

Urea utilisation by harmful algal species in the Chesapeake Bay, Maryland, USA - C.M.  SolomonandP.M. Glibert

A comparison of nutrient effects on the growth of Chattonella subsalsa and Heterosigma akashiwo (Raphodophyceae) isolated from the
Inland Bays, Delaware (U.S.A) - Y. Zhang and D.A. Hutchins

The assessment of brown tide blooms caused by the alga, Aureococcus anophagefferens and related environmental factors in coastal waters
of New Jersey (2000-2002) -M . Downes Gastrich, R. Lathrop, S. Haag, M.P. Weinstein, M. Danko, D.A. Caron, and R. Schaffner
Harmful algae in Suffolk County (N.Y., USA) estuaries: A 30 year history - R. Nuzzi

Organic nutrients and brown tide in Maryland Coastal Bays - C. Wazniak



Programme

Wednesday, March 9, 2005
POSTER SESSION TWO

11.

12.

13.

14.

15.
16.

17.

18.

Top down control and demise of a nutrient driven dinoflagellate bloom - P.A. Tester and R.W. Litaker

Modelling the contribution ofprey deselection in the formation ofharmful algal blooms - A. Mitra and K.J. Flynn

Raphidophyte systematics and rapid identification: Sequence analyses and real time PCR Assays - H.A. Bowers, C. Tomas, J.W.
Kempton, S. Goto, A.J. Lewitus, and D.W. Oldach.

Geographic distribution of Pfiesteria spp. and environmental factors - H. Zhang and S. Lin

Improved accuracy of quantitative real-time PCR of HAB species in environmental water samples using an exogenous DN A internal
standard - K.J. Coyne, S.M. Handy, E. Demir, K.J. Portune, Y. Zhang, M.A. Doblin, D.A. Hutchins, and S.C. Cary

Harmful phytoplankton indicator species applied to eutrophication assessments of Scottish coastal waters supporting aquaculture

- M.J. Gubbins, P.J. Sammes, and .M. Davies.

Monitoring toxic phytoplankton and shellfish in support of eutrophication assessments for Scottish coastal waters - M.J. Gubbins,

E .A. Smith, M. Grieve, and E. Bresnan

History of HAB monitoring in Maryland tidewaters: M onitoring, response, nowcasting and forecasting - P.J. Tango, B. Michael, D.
Goshorn, R. Magnien, C. Heyer, T.M. Trice, W. Butler, C. Wazniak, R. Karrh, S. Bowen, R. Lacouture, H. Bowers, D. Oldach, C.
Luckett, C. Poukish, D. Matuzsak, J. Ryan, H. Lynch, C. Brown, R. Hood, T. Gross, and D. Ramers

An autonomous urea monitor for studying HABs - V. Kelly, L.A. Codispoti, P. Glibert, and J. Alexander

Applications of an in situ water quality monitoring platform (MARVIN) for HAB research: A comparison ofdata collected in the St.
Johns and Caloosahatchee River systems in Florida - J. Rueter, M.B. Neely, B. Bendis, R. Pigg, K. Steidinger, and C. Heil
Relationships between nitrogen loading and concentrations of nitrogen and chlorophyll in coastal embayments - E.H. Dettmann,
L.B. Mason, A. Erhunse, and K.M. Henry

Modeled Karenia brevis bloom initiation and subsequent accumulation in the vicinity ofa coastal nutrient front - G.S. Janowitz and D.
Kamykowski

Ecosystem modelling ofthe NW European shelf seas towards the forecasting ofharmful algal blooms - J.R. Siddorn, J.I. Allen, and
M. Holt

Environmental and behavioural influences on Karenia brevis’nitrate uptake: A bloom initiation scenario - G. Sinclair, D.
Kamykowski, E. Milligan, and B.Schaeffer

A behaving drifter for simulating transport of mobile HAB organisms in nature - T.G. Wolcott, D. Kamykowski, and G. Janowitz
Potential roles of Prorocentrum minimum to Chesapeake Bay dissolved oxygen and oyster dynamics - E. Brownlee, S. Sellner, and
K.G. Sellner

Volunteer HAB monitoring provides a “First Watch” for resource managers and researchers in the Delaware Inland Bays, USA - E.
Whereat and M. Farestad

Problems with ballast water exchange as a means of controlling movement ofharmful algal species throughout the world - C.E.
Orano-Dawson, R. Dawson, and D.A. Wright
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