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Abstract
M angrove  species  are uniquely a d a p te d  to  tropical and  subtropical coasts , an d  a l th o u g h  relatively low in n u m b e r  of species, 
m an g ro v e  forests provide at least US $1.6 billion each  y ear  in ecosystem  services and  su p p o r t  coastal  livelihoods worldwide. 
Globally, m an g ro v e  areas are declining rapidly as they  are cleared for coastal  d e v e lo p m e n t  a n d  aq uacu ltu re  a n d  logged  for 
t im b e r  and  fuel production . Little is known a b o u t  th e  effects of  m an g ro v e  area  loss on  individual m an g ro v e  species and  
local o r  regional populat ions.  To address  this gap,  species-specific information on global distribution, popula t ion  status,  life 
history traits, an d  major th rea ts  w e re  com piled  for each  of th e  70 known species  of  m angroves.  Each spec ies '  probability  of  
extinction was assessed  un d e r  th e  Categories  and  Criteria o f  th e  IUCN Red List o f  T h rea ten ed  Species. Eleven o f  th e  70 
m an g ro v e  species (16%) are a t  e levated  th rea t  of  extinction. Particular areas of  geograph ica l  concern  Include th e  Atlantic 
and  Pacific coas ts  o f  Central America, w h e re  as m any  as 40% of  m angroves  species p re sen t  are th re a te n e d  with extinction. 
Across th e  g lobe,  m an g ro v e  species  found  primarily In th e  high Intertidal an d  u ps tream  es tuar ine  zones,  which of ten  have 
specific f reshw ate r  requ irem en ts  an d  pa tchy  distributions, are th e  m ost  th re a te n e d  becau se  th ey  are often  th e  first cleared 
for d e v e lo p m e n t  o f  aq uacu ltu re  a n d  agriculture. The loss of  m an g ro v e  species will have devas ta t ing  eco n o m ic  and  
env ironm enta l  c o n se q u en c es  for coastal com m unities ,  especially in th o se  areas with low m ang ro v e  diversity a n d  high 
m an g ro v e  area  o r  species  loss. Several species  a t  high risk of extinction may d isap p ea r  well before  th e  next d e c a d e  If 
existing protective  m easures  are no t  enforced.
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Introduction

T h e  im portance o f m angroves for hum ans and  a  variety o f 
coastal organism s has been  well docum ented  [1—7]. M angrove 
forests are com prised o f unique p lan t species that form  the critical 
interface betw een terrestrial, estuarine, and  near-shore m arine 
ecosystems in tropical an d  subtropical regions. T hey  pro tect inland 
hu m an  com m unities from  dam age caused by coastal erosion and  
storms [8—11], provide critical hab ita t for a  variety o f terrestrial,

estuarine and  m arine species [5 ,12-14], an d  serve as b o th  a source 
and  sink for nutrients an d  sediments for o ther inshore m arine 
habitats including seagrass beds and  coral reefs [2,15]. M angrove 
species th a t form  dense and  often monospecific stands are 
considered “foundation species” that control population  and  
ecosystem dynamics, including fluxes o f energy and  nutrients, 
hydrology, food webs, an d  biodiversity [16], M angroves have been 
widely reviewed [17] as supporting num erous ecosystem services 
including flood protection, nu trien t an d  organic m atter processing,
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sedim ent control, an d  fisheries. M angrove forests are the econom ic 
foundations o f  m any tropical coastal regions [18] providing a t least 
US$ 1.6 billion pe r year in “ecosystem services” worldwide [7]. I t  is 
estim ated th a t alm ost 80% o f global fish catches are direcüy or 
indirecdy dependan t on m angroves [1,19]. M angroves sequester 
up to 25.5 m illion tonnes o f carbon  pe r year [20], and  provide 
m ore than  10% of essential organic carbon  to the global oceans 
[21]. A lthough the econom ic value o f m angroves can be difficult to 
quantify, the relatively small num ber o f m angrove species 
worldwide collectively provide a  w ealth o f services and  goods 
while occupying only 0.12%  o f the w orld’s total land  area  [22].

W ith  alm ost ha lf (44%) o f the w orld’s population  living within 
150 km  o f a  coasüine [23], heavily populated  coastal zones have 
spurred  the w idespread clearing o f m angroves for coastal 
developm ent, aquaculture, o r resource use. A t least 40%  of the 
anim al species th a t are restricted to m angrove hab ita t and  have 
previously been  assessed under IU C N  Categories and  C riteria  are 
a t elevated risk o f extinction due to extensive hab ita t loss [12]. I t  is 
estim ated th a t 26% o f m angrove forests worldwide are degraded 
due to over-exploitation for fuelwood and  tim ber p roduction  [24]. 
Similarly, clearing o f m angroves for shrim p culture contributes 
~ 3 8 %  o f global m angrove loss, w ith o ther aquaculture accounting 
for ano ther 14% [1], In  Ind ia  alone, over 40%  o f m angrove a rea  
on  the w estern coast has been  converted to agriculture an d  urban  
developm ent [25]. Globally, betw een 20% an d  35% o f m angrove 
area  has been  lost since approxim ately 1980 [24,26,27], and  
m angrove areas are d isappearing a t the rate  o f approxim ately 1 % 
per year [26,27], w ith o ther estim ates as high as 2 -8%  per year 
[28]. These rates m ay be as high as o r h igher th an  rates o f losses o f 
up land  tropical w et forests [24], an d  cu rren t exploitation rates are 
expected to continue unless m angrove forests are pro tected  as a 
valuable resource [29].

G iven their accelerating ra te  o f  loss, m angrove forests m ay at 
least functionally disappear in as little as 100 years [2]. T h e  loss o f 
individual m angrove species is also o f great concern, especially as 
even pristine m angrove areas are species-poor com pared with 
o ther tropical p lan t ecosystems [29]. How ever, there is very little 
know n abou t the effects o f either w idespread or localized 
m angrove a rea  loss on  individual m angrove species o r populations. 
Additionally, the identification and  im plem entation  o f conserva­
tion priorities for m angroves has largely been conducted  in the 
absence of com prehensive species-specific inform ation, as species- 
specific da ta  have no t been collated or synthesized. Species 
inform ation including the presence o f th reatened  species is 
im portan t for refining conservation priorities, such as the 
designation o f critical habitat, no-take zones, o r m arine protected  
areas, o r to inform  policies th a t regulate resource extraction or 
coastal developm ent. For the first time, systematic species-specific 
da ta  have been  collated and  used to determ ine the probability  o f 
extinction for all 70 know n species o f m angroves under the 
C ategories and  C riteria  o f the In ternational U nion  for the 
C onservation of N ature  (IUCN) R ed  List o f T h rea tened  Species.

Methods

T h e  IU C N  R ed  List Categories and  C riteria  were applied to 70 
species o f  m angroves, representing 17 families. H ybrids were not 
assessed as the IU C N  R ed  List Guidelines generally exclude all 
p lan t hybrids for assessment unless they are apomicts. Species 
nom enclature prim arily  followed Tom linson [30], and  family 
nom enclature prim arily  followed Stevens [31], w ith the exception 
o f Pteridaceae.

T h e  definition o f a  m angrove species is based on a  num ber o f 
anatom ical an d  physiological adaptations to saline, hypoxic sods.

These include viviparous o r cryptoviviparous seeds adap ted  to 
hydrochory; pneum atophores o r aerial roots th a t allow oxygen­
ation o f roots in hypoxic sods; and  salt exclusion or salt excretion 
to cope w ith high salt concentrations in the p ea t an d  pore  w ater in 
w hich m angroves grow. Those species th a t are exclusively 
restricted to tropical intertidal habitats have been  defined as “ true 
m angrove” species, whde those no t exclusive to this h ab ita t have 
been  term ed  “ m angrove associates” [32]. Tom linson [30] further 
subdivided these categories into m ajor m angrove com ponents 
(true, strict, or specialized m angrove species), m inor com ponents 
(non-specialized m angrove species), and  m angrove associates (non­
exclusive species th a t are generally never im m ersed by high tides). 
D uke [33] m ore specifically defined a  true m angrove as a  tree, 
shrub, palm , or g round fern generally exceeding 0.5 m  in height 
and  w hich norm ally grows above m ean  sea level in the intertidal 
zone o f tropical coastal o r estuarine environm ents. For the IU C N  
R ed  List assessments, we defined a  m angrove species based  on 
T om linson’s list o f m ajor and  m inor m angroves, supplem ented by 
a  few additional species supported by the expanded definition 
provided by Duke [33]. I t  is recognized th a t the definition used in 
this study m ay no t stricüy apply to all geographic areas. For 
exam ple, the fern genus Acrostichum, w hich is included in this study, 
is considered a  m angrove associate in some parts o f  the w orld [34].

D a ta  collection and  assessments for m angrove species p ro b a­
bility o f extinction were conducted  during  two IU C N  R ed  List 
Assessment workshops: one in 2007 in D om inica and  the second in 
2008 in the Philippines. T hese two m angrove species assessment 
workshops brough t together 25 of the w orld’s leading m angrove 
experts to share and  synthesize species-specific data, an d  to 
collectively apply the IU C N  R ed  List Categories an d  C riteria  [35]. 
T h e  IU C N  R ed  List Categories and  C riteria  are the m ost widely 
accepted system for classifying extinction risk a t the species level 
[36-39]. D uring  the R ed  List assessment workshops, species were 
evaluated one a t a  tim e by the group o f experts present, with 
outside consultation an d  follow-up conducted  w hen additional 
inform ation was needed b u t no t available a t the workshop. 
Inform ation  on  taxonom y, distribution, population  trends, ecolo­
gy, life history, past and  existing threats, and  conservation actions 
for each species was recorded, quantified an d  reviewed for 
accuracy. Q uantitative species inform ation was then  used to 
determ ine if  a  species m et the threshold for a  th rea tened  category 
under a t least one IU C N  R ed  List C riterion. This IU C N  R ed  List 
process consolidates the m ost cu rren t and  highest quality data  
available, an d  ensures peer-review ed scientific consensus on  the 
probability  o f extinction for each species [40-42]. All species data  
and  results o f R ed  List assessments are freely an d  publicly 
available on  the IU C N  R ed  List o f T h rea ten ed  Species [43].

T h e  IU C N  R ed  List Categories are com prised o f eight different 
levels o f extinction risk: Extinct (EX), Extinct in the W ild (EW), 
Critically E ndangered (CR), E ndangered  (EN), V ulnerable (VU), 
N ear T h rea ten ed  (NT), Least C oncern  (LC) and  D ata  Deficient 
(DD). A species qualifies for one o f the three  th rea tened  categories 
(CR, EN , o r VU) by m eeting the threshold for th a t category in one 
o f the five different available criteria (A—E). These different criteria 
form  the real strength o f the IU C N  R ed  List as they are based  on 
extinction risk theory [44] and  provide a standardized m ethod­
ology th a t is applied consistendy to any species from  any 
taxonom ic group [40-42,45].

C riterion  A m easures extinction risk based on  exceeding a 
threshold o f population  decline (30% for V ulnerable, 50%  for 
Endangered , an d  80% for Critically Endangered) over a  tim e­
fram e o f three generation lengths, a  m easure o f reproductive 
tu rnover rate , in the recent past. T o  determ ine if  a  species could be 
assessed under C riterion  A, percen t decline was calculated for
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each species based  on country-level estimates o f m angrove a rea  
loss betw een 1980 an d  2005 [27] w ithin the species range. 
M angrove species generation length, defined as the m edian age of 
a  reproducing individual based on  the estim ated age a t earliest 
reproduction  an d  the estim ated age a t oldest reproduction  [35], 
was conservatively estim ated to range betw een 10 and  40 years 
based on recent aging techniques developed for Rhizophora, 
Avicennia and  Sonneratia spp. [46-48]. As few or no da ta  are 
available to estim ate generation length for all o f  the m angrove 
species in this study, the lowest value (10 years) was used 
uniformly, based on an  assum ption th a t m angrove species 
reproduce th roughout their lifetime and  can live to an  age o f at 
least 15 to 20 years. T h e  two Acrostichum  species m ay be the 
exception, as stands can live to a t least 15 to 20 years, bu t no t likely 
individual plants. How ever, this has no bearing  on the results for 
these two species, as declines over the m inim um  tim e period  
requ ired  under C riterion  A (10 years) do no t m eet the threshold 
for a  th reatened  category.

D a ta  based on m angrove area  declines from  1980 to 2005 [27] 
fall w ithin the m axim um  tim e fram e o f three generation lengths 
estim ated for m angroves (30 years) allowed under C riterion A. 
How ever, the relationship betw een m angrove area  loss and  species 
range and  population  reduction  is rarely linear, as m angrove a rea  
loss can occur in areas o f lower o r higher population  density, and  
therefore can represent a  slower or faster decline o f the actual 
population  size [49], In  some cases, a rea  loss can  be preceded by 
im poverishm ent, due to general decrease in the quality o f the 
forest, o r due to specific harvesting of highly p rized species like 
Rhizophora spp, w hich can lead  to an  underestim ation  o f the rate  o f 
disappearance of certain  species. Similarly, as the m argin-to-area 
ratio in m angroves is high, no t only can  deterioration  occur 
rapidly, b u t changes can occur before areal decreases are 
detectable [50], including species declines or changes in 
com m unity com position. By contrast, some species are p ioneering 
or are able to re-colonize rapidly after disturbance. For this reason, 
expert knowledge and  da ta  on  the life history traits o f  each 
m angrove species, including grow th rate and  propagation  rate, 
generalized abundance, and  w here possible, da ta  on pre-1980 
declines or continued severity o f threats w ithin a  restricted 
geographic distribution w ere used in com bination w ith m angrove 
area  decline w ithin a species range to estim ate an d  quantify a 
species’ global population  decline under C riterion  A.

C riterion  B m easures extinction risk based on a  small 
geographic range size (extent o f  occurrence < 2 0 ,0 0 0  km 2 or a rea  
o f  occupancy < 2 ,0 0 0  km 2 to m eet the lowest threshold for 
Vulnerable) com bined with continued decline and  hab ita t 
fragm entation. T h e  m ajority o f species assessed under C riterion 
B for exam ple, had  an  a rea  o f  occupancy estim ated to be  less than  
2,000 km 2 due to very specific h ab ita t requirem ents, such as 
freshw ater-dom inated river m argins o r patchy  distributions. 
How ever, as m any m angrove areas are often patchily distributed 
over considerable distances, estim ations o f a rea  o f occupancy or 
extent o f occurrence for m angrove species were conservative. 
C riterion C is applied to species w ith small population  sizes 
estim ated to be  less th an  10,000 m ature  individuals, with 
continued decline. A lthough no t used to assess m angrove species 
in this study, C riterion  D is applied to species with less th an  1,000 
m ature  individuals o r those w ith an  a rea  o f occupancy of less than  
20 km 2, an d  C riterion E is applied to species w ith extensive 
population  inform ation th a t allows for population  declines to be 
appropriately m odeled over time. A category o f N ear T h rea tened  
is assigned to species th a t com e close to b u t do no t fully m eet the 
all the thresholds or conditions requ ired  for a  th rea tened  category 
under C riterion  A, B, C, D or E.

Results and Discussion

O f the 70 species o f true m angrove species, 11 (16%) qualified 
for one o f the three R ed  List categories o f threat: Critically 
Endangered , Endangered, o r V ulnerable (Table 1). Heritiera is the 
genus with the m ost th reatened  m angrove species w ith 2 o f the 3 
species (66%) in th reatened  categories. Seven species (10%) only 
partially m et the thresholds for a  th reatened  category an d  were 
therefore listed as N ear T hrea tened . Four species (6%) were listed 
as D a ta  D eficient prim arily  due to critical gaps in knowledge o f the 
extent o f  the species distribution e.g., Acanthus xiamenensis from  the 
extensively developed and  heavily polluted estuaries o f the Jiu long  
R iver in Fujian Province, C hina [53]. A listing o f D ata  Deficient 
does no t preclude future listing o f the species w hen m ore da ta  are 
gathered. Forty-eight species (68%) were assessed as Least 
C oncern. Even though m angrove a rea  continues to be lost where 
the m ajority  o f these “ Least C oncern” species are found [27], the 
global population  decline over the past 30 years for each of these 
species was estim ated to be  below  the threshold requ ired  for 
assignm ent to a  th reatened  category. Som e o f the “Least 
C oncern” species also are considered to be  com m on, fast-growing, 
early-successional species.

O f  special concern are the two species th a t are listed as 
Critically Endangered , the highest probability  o f  extinction 
m easured by the IU C N  R ed  List. T he rare Sonneratia griffithii is 
distributed in parts o f Ind ia  an d  southeast Asia, w here a  com bined 
80% loss o f  all m angrove a rea  has occurred  w ithin its patchy range 
over the past 60 years, w ith significant losses in M alaysia [54], 
prim arily  due to the clearing o f m angrove areas for rice farm ing, 
shrim p aquaculture, an d  coastal developm ent [55]. T his species is 
already reported  to be  locally extinct in a  num ber o f areas within 
its range, an d  less than  500 m ature  individuals are know n from 
India. Bruguiera hainesii is an  even ra re r species an d  is only known 
from  a  few fragm ented locations in Indonesia, M alaysia, T hailand, 
M yanm ar [56], Singapore an d  P apua New G uinea. It has very low 
rates o f p ropagation  and  low rates o f germ ination. I t  is estim ated 
th a t there  are less than  250 m ature  individuals rem aining. For 
these species, u rgen t p rotection  is needed for rem aining individuals 
as well as research to determ ine m inim um  viable population  size.

All b u t two species th a t w ere listed in th rea tened  categories 
(Critically Endangered, E ndangered  or Vulnerable) o r as N ear 
T h rea ten ed  are ra re  o r uncom m on, a n d /o r  have small population 
sizes. T h e  two N ear T h rea ten ed  species, Sonneratia ovata and  
Brownlowia tersa, are com m on th roughout their relatively wide 
range, b u t have experienced severe loss a t their range m argins. I t  is 
well established th a t ra re  species (species with very small 
population  or range size, low abundance, a n d /o r  associated 
specialist p a tte rn  o f resource use [57]), have a  h igher intrinsic risk 
o f  extinction [58,59]. As the IU C N  R ed  List C riteria  are based on 
extinction risk, the quantitative thresholds for each th reatened  
category are designed to capture  these rare  o r uncom m on species 
with small ranges a n d /o r  low population  sizes.

Being uncom m on, however, is no t always a  precursor to being 
threatened. A t least five o f the species listed as Least C oncern  are 
considered uncom m on. G eneral abundance was only one factor 
th a t was used to in te rp ret global population  status for a  species in 
com bination w ith overall a rea  loss in a  species range and  o ther life 
history traits. For exam ple, a  species w ith a  low risk o f extinction 
can be uncom m on, b u t can  grow over a  very large range w ith littíe 
or low m angrove area  loss. A lternately, it can be  uncom m on and  
exist in a  smaller range o r degraded area, b u t be  fast-growing, 
hardy  and  easily propagated , (e.g., m ore of a  h ab ita t generalist). 
How ever, m angrove species abundance generally is no t the same 
across the entire range o f a  given species, as m angrove species tend
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Table 1. M angrove  species, Red List Categories and  Criteria, and  sum m ary  o f  su p p lem en ta l  d a ta  (CR = Critically Endangered, EN = Endangered ,  VU =Vulnerable ,  N T = N ear  
T hrea tened ,  LC = Least Concern, DD = Data Deficient).

Red List Criterion Global Estuarine Intertidal Supporting Inform ation:

Family Species Category Applied* %  Loss Position Position Generalized Abundance and Life History

ACANTHACEAE Acanthus ebracteatus LC 22 I M H common

ACANTHACEAE Acanthus ilicifolius LC 20 I U M H common

ACANTHACEAE Acanthus volubilis LC 24 U H uncommon

ACANTHACEAE Acanthus xiamenensis DD 34 ? ? ? ? ? ? unknown, distribution not well-known

ACANTHACEAE Avicennia alba LC 24 D L M locally common, fast-growing, colonizing

ACANTHACEAE Avicennia bicolor VU A 31 D H uncommon

ACANTHACEAE Avicennia germinans LC 17 D I M H locally common

ACANTHACEAE Avicennia integra VU B < 5 I L <5000 individuals, extent of occurrence<20,000 km2

ACANTHACEAE Avicennia marina LC 21 D I L M H common, fast growing, colonizing

ACANTHACEAE Avicennia officinalis LC 24 I M common, fast growing, colonizing

ACANTHACEAE Avicennia rumphiana VU A 30 D H uncommon to  rare, patchy distribution

ACANTHACEAE Avicennia schaueriana LC 6 D M H locally common

ARECACEAE Nypa fruticans LC 20 U L M H common

ARECACEAE Phoenix paludosa NT B 14 u H uncommon, area of occupancy<2000 km2

BIGNONIACEAE Dolichandrone spathacea LC 23 u M uncommon, fast-growing

BIGNONIACEAE Tabebuia palustris VU A 33 u L M rare, narrow habitat range, cryptic

COMBRETACEAE Conocarpus erectus LC 17 D H common

COMBRETACEAE Laguncularia racemosa LC 17 D I M H locally common, pioneering

COMBRETACEAE Lumnitzera littorea LC 22 I M common

COMBRETACEAE Lumnitzera racemosa LC 19 D M H common, colonizing, fast-growing

EBENACEAE Diospyros littorea LC 24 I u M H uncommon

EUPHORBIACEAE Excoecaria agallocha LC 21 D I u M H common, tolerant of disturbed areas

EUPHORBIACEAE Excoecaria indica DD 24 D I L M unknown, distribution not well-known

FABACEAE Cynometra ¡ripa LC 21 I u H locally common, slow-growing

FABACEAE Mora oleifera VU C 26 u H <10000 individuals

LYTHRACEAE Pemphis acidula LC 21 D H common, locally threatened by bonsai trade

LYTHRACEAE Sonneratia alba LC 20 D L common, fast-growing, pioneering, low seed viability

LYTHRACEAE Sonneratia apetala LC 7 u L M common, fast-growing, pioneering, low seed viability

LYTHRACEAE Sonneratia caseolaris LC 20 u L common, fast-growing, pioneering, low seed viability

LYTHRACEAE Sonneratia griffithii CR A 80 D L rare, locally extinct, low seed viability

LYTHRACEAE Sonneratia lanceolata LC 24 u L locally common, fast-growing, pioneering, low seed
viability
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LYTHRACEAE Sonneratia ovata NT A 28 D H locally common, low seed viability, severe loss a t range 
extremities

MALVACEAE Brownlowia argentata DD 26 U H unknown, distribution not well-known

MALVACEAE Brownlowia tersa NT A 26 U H locally common, severe loss a t range extremities

MALVACEAE Camptostemon philippinense EN C 30 I L <1200 individuals

MALVACEAE Camptostemon schultzii LC 24 D I L M locally common, uncommon,

MALVACEAE Heritiera fomes EN A 50-80 U H common to  uncommon, slow-growing

MALVACEAE Heritiera globosa EN B 29 U H rare, extent of occurrence <5,000 km2

MALVACEAE Heritiera littoralis LC 20 I H common

MELIACEAE Aglaia cucullata DD 23 u M unknown, distribution not well-known

MELIACEAE Xylocarpus granatum LC 21 I M H common, slow-growing

MELIACEAE Xylocarpus moluccensis LC 21 u H common, slow-growing

MYRSINACEAE Aegiceras corniculatum LC 21 I u L common

MYRSINACEAE Aegiceras floridum NT A 29 D L uncommon, narrow habitat tolerance

MYRTACEAE Osbornia octodonta LC 23 D M H uncommon, slow-growing, hardy

PLUMBAGINACEAE Aegialitis annulata LC 24 D M H common

PLUMBAGINACEAE Aegialitis rotundifolia NT B 24 D M H rare, area of occupancy<2000 km2

PTERIDACEAE Acrostichum aureum LC 19 I H common, fast-growing, hardy, colonizing

PTERIDACEAE Acrostichum danaeifolium LC 17 I H unknown, distribution not well-known

PTERIDACEAE Acrostichum speciosum LC 21 I U H common, fast-growing, hardy, colonizing

RHIZOPHORACEAE Bruguiera cylindrica LC 24 D I M H common, high regeneration potential, slow growth rate

RHIZOPHORACEAE Bruguiera exaristata LC 23 I U M H common

RHIZOPHORACEAE Bruguiera gymnorhiza LC 20 D I M H common, slow-growing, low regeneration

RHIZOPHORACEAE Bruguiera hainesii CR C 27 I H —250 individuals, slow-growing, low propagation and 
germination

RHIZOPHORACEAE Bruguiera parviflora LC 21 D I M common, slow-growing

RHIZOPHORACEAE Bruguiera sexangula LC 21 I U M H uncommon, slow-growing

RHIZOPHORACEAE Ceriops australis LC 24 D I H common, slow-growing, hardy

RHIZOPHORACEAE Ceriops decandra NT B 12 I M H rare, slow-growing, area of occupancy <4500 km2

RHIZOPHORACEAE Ceriops tagal LC 18 D I M H common, slow-growing, hardy

RHIZOPHORACEAE Ceriops zippeliana [52] LC 23 I M H common, slow-growing

RHIZOPHORACEAE Kandelia candel LC 23 D L locally common, lower regeneration, hardy

RHIZOPHORACEAE Kandelia obovata LC 29 D L common, hardy, easily propagated, range increasing in 
Japan
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Rhizophora apiculata very common, hardy, fast-growingRHIZOPHORACEAE 20

Rhizophora mucronata common, hardy, fast-growingRHIZOPHORACEAE 20

Rhizophora samoensis common to rare, locally threatened by intensive 
harvesting

RHIZOPHORACEAE NT 29

Scyphiphora hydrophylaceaRUBIACEAE 20

RHIZOPHORACEAE Rhizophora stylosa 20 common, hardy, fast-growing

RHIZOPHORACEAE Rhizophora mangle common, hardy, fast-growing

TETRAMERISTACEAE Pelliciera rhizophorae VU 27 relict and rare, area of occupancy<2000 km'

Family Species Category Applied- %  Loss Position Position Generalized Abundance and Life History

RHIZOPHORACEAE Rhizophora racemosa locally common, can form large stands with patch 
distribution

Estuarine (D = downstream, I = intermediate, U = upstream) and intertidal (L = low, M = medium, H = high) positions are modified from [51]. 
*see main text for criterion definitions. 
doi:10.1371/journal.pone.0010095.t001
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Figure 1. Mangrove Species Richness: Native distributions of m angrove species. Not sh o w n  are  in tro d u ce d  ranges: R hizophora stylosa  in 
French Polynesia, Bruguiera sexangula , Conocarpus erectus, an d  Rhizophora m a n g le  in Hawaii, Sonneratia  ape la ta  in China, a n d  N ypa fru ticans  in 
C am ero o n  an d  Nigeria. 
do i:10 .1371/jou rnal.pone .0010095 .g001

prim arily  th rea tened  by clearing for the creation  o f shrim p and  
fish ponds [63], for exam ple, approxim ately ha lf o f the 279,000 ha 
o f m angroves in the Philippines lost from  1951 to 1988 were 
developed into fish /shrim p culture ponds [64]. Camptostemon 
philippinense, listed as Endangered , has an  estim ated 1200 or less 
individuals rem aining due to the extensive rem oval o f m angrove 
areas for bo th  aquaculture and  fuelwood w ithin its range. T he 
E ndangered  Heritiera globosa has the m ost restricted distribution in 
this region (extent o f o ccurrence< 5 ,000  km~) as it is only known 
from  w estern Borneo, w here its patchily distributed, prim arily  
riverine hab ita t has been  extensively cleared by logging activities 
and  for the creation o f tim ber and  oil pain i plantations.

G eographic areas w ith a  high num bers o f m angrove species at 
elevated risk o f extinction are likely to exhibit loss o f ecosystem 
function, especially in areas o f low m angrove diversity. Globally, 
the highest p roportion  o f th reatened  m angrove species is found 
along the Atlantic an d  Pacific coasts o f  C entra l A m erica (Figure 2). 
Four o f the 10 (40%) m angrove species present along the Pacific 
coasts o f  C osta Rica, P anam a an d  C olom bia are listed in one of 
the three  th reatened  categories, and  a  fifth species Rhizophora 
samoensis is listed as N ear T hrea tened . T h ree  o f these species, 
Avicennia bicolor, Mora oleifera and  Tabebuia palustris all listed as 
V ulnerable, are ra re  o r uncom m on species only know n from  the 
Pacific coast o f  C entra l Am erica. Extensive clearing o f m angroves

for settlement, agriculture and  shrim p ponds are the m ajor causes 
o f m angrove decline in Latin  Am erica [65], even though there is 
little com pensating econom ic re tu rn  from  conversion of m angrove 
areas to agriculture [66],

A fter the Indo-M alay  Philippine A rchipelago, the  C arib b ean  
region has the second highest m angrove a rea  loss relative to 
o th er global regions, w ith approxim ately  24%  o f m angrove a rea  
lost over the past q u arte r-cen tu ry  [27]. Several surveys o f 
C a rib b ean  m angroves rep o rt significant regional declines due to 
a  m yriad  o f th rea ts including coastal developm ent, up lan d  runoff 
o f  pollu tants, sewage, an d  sedim ents, pe tro leum  pollution, 
storm s an d  hurricanes, solid waste, small-scale ex traction  for 
fuelw ood an d  m inor c learcutting , conversion to aquacu ltu re , 
conversion to landfills, conversion for terrestria l agriculture, 
tourism  (involving construction  o f boardw alks a n d  m oorings, as 
well as boat wakes), an d  prospecting  for pharm aceuticals 
[67,68], Flowever, w ith the  exception  o f the C en tra l A m erican  
endem ic Pelliciera rhizophorae listed as V ulnerab le, the  8 o th er 
m angrove species p resen t in the  C arib b ean  region did no t 
qualify for a  th rea ten ed  category  because they  are  relatively 
w idespread  an d  found in o th er regions such as W est A frica or 
Brazil. A fter Indonesia, A ustralia, a n d  M exico, Brazil has the 
fourth  largest a rea  o f m angroves [27,69], an d  a lthough  some 
areas are  affected by  aq uacu ltu re , h u m an  settlem ent an d  w ater

1 - 4% 5 -1 4 % 15 - 24% 25 - 40%

Figure 2. Proportion of Threatened (Critically Endangered, Endangered, and Vulnerable) Mangrove Species.
doi:10 .1371/jo u rn a l.p o n e .0 0 1 0 0 9 5 .g 0 0 2
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pollu tion  [70,71], there  has been  very little estim ated  m angrove 
a rea  loss in Brazil since 1980 [27].

M angrove diversity is naturally  low a t the n o rth ern  and  
southern extrem ities o f m angrove global range, such as southern 
Brazil, the A rab ian  Peninsula, an d  the n o rthern  and  southern 
A dantic  coasts o f Africa, as well as on  islands in the South Pacific 
[72] and  the E astern T ropical Pacific. A lthough the m ajority o f 
species p resent a t these extrem es o f m angrove global distribution 
have very w idespread global ranges, an d  have no t been listed in 
th reatened  categories, populations are m ore a t risk from  area  
declines a t these extrem es of their distribution w here m angrove 
diversity is lowest [51].

The Cost o f Mangrove Species Loss
T h e  loss o f individual m angroves species an d  associated 

ecosystem services has direct econom ic consequences for hum an 
livelihoods, especially in regions w ith low m angrove species 
diversity and  low ecosystem resilience to species loss. In  the G ulf 
o f  California, for exam ple, w here there are only 4 m angrove 
species p resent (Avicennia germinans, Rhizophora samoensis, Laguncularia 
racemosa, Conocarpus erectus), it is estim ated th a t one linear kilom eter 
o f  the species R. samoensis, listed as N ear T hrea tened , provides up 
to 1 h a  o f essential m arine  hab ita t and  provides a  m edian annual 
value o f U S$37,000 in the fish an d  blue crab  fisheries [73].

N utrients and  carbon  from  m angrove forests provide essential 
support to o ther n ear shore m arine ecosystems such as coral reefs 
and  seagrass areas, an d  enrich  coastal food webs an d  fishery 
production  [1,28]. Avicennia species are dom inan t in inland or 
basin m angrove forests in m any  parts o f  the world. H ow ever, 3 o f 
8 (38%) species in this genus are in th rea tened  or N ear T h rea tened  
categories. Loss o f these species and  the m angrove forests they 
dom inate will have far reaching consequences for w ater quality 
and  o ther n ear shore ecosystems in  coastal com m unities a round  
the globe. For exam ple, w ater purification services provided by 
these m angrove species in the M uthurajaw ela M arsh, Sri Lanka 
are valued a t m ore than  $US 1.8 m illion pe r year [74],

R iverine o r freshw ater-preferring species, such as the E ndan­
gered Heritiera fomes an d  Heritiera globosa, buffer coastal rivers and  
freshwater com m unities from  sedim entation, erosion and  excess 
nutrients. Heritiera globosa is a  very ra re  species confined to western 
Borneo, while Heritiera fomes is m ore w idespread in south Asia, bu t 
has experienced significant declines in m any parts o f its range. 
Localized or regional loss o f these coastal o r fringe m angrove 
species reduces protection  for coastal areas from  storms, erosion, 
tidal waves, and  floods [6,9], w ith the level o f p ro tection  also 
dependent on  the quality o f rem aining hab ita t [8]. Tw o o f 4 (50%) 
fringe m angrove species p resent in Southeastern  Asia (Sonneratia 
griffithii, Aegiceras floridum) are listed in th rea tened  or N ear 
T h rea ten ed  categories. In  o ther areas, such as Brazil, the central 
Pacific islands, o r W est Africa, fringe m angrove forests are often 
com prised o f only one or two species. Even though these species 
are globally listed as Least C oncern, local and  regional loss o f 
m angroves in these areas will have devastating im pacts for coastal 
com m unities. T h e  loss o f species m ay indeed be o f greatest 
econom ic concern in rural, h igh-poverty areas w here subsistence 
com m unities rely on m angrove areas for fishing and  for direct 
harvesting o f m angroves for fuel, construction o r o ther econom ic 
products [17,75-77].

Finally it is im portan t to note th a t the am oun t o f m angrove area  
in some countries is increasing due to reforestation and  restoration 
efforts [27,29]. A lthough regeneration  o f degraded m angrove 
areas is thought to be a  viable option in some areas [17,78], 
successful regeneration  is generally only achieved by the planting  
o f m onocultures o f  fast-growing species, such as Rhizophora or

Avicenna species. M any rare  and  slow growing species are not 
replaced [29], and  m any  species canno t be easily rep lan ted  with 
success. In  sum, m angrove areas m ay be able to be rehabilitated  in 
some regions, b u t species and  ecosystems canno t be effectively 
restored.

Conclusions and Recom m endations
T h ere  are currendy  eleven international treaties and  instru­

m ents th a t afford some protection, a t least on paper, to m angroves 
in general, some o f w hich have been  in force for over 50 years. 
These treaties an d  instrum ents include the R A M SA R  C onvention, 
the C onvention on  the Prevention o f M arine  Pollution, C IT ES , 
the In ternational T ropical T im ber A greem ent, the C onvention for 
the Protection an d  D evelopm ent o f the M arine  E nvironm ent o f 
the W ider C aribbean  R egion an d  the C onvention on  Biological 
Diversity [70,79]. How ever, these treaties and  instrum ents do not 
necessarily confer legal p ro tection  to m angrove ecosystems, and  
none o f them  address conservation, preservation, or m anagem ent 
o f particu lar m angrove species. Similarly, the cu rren t trend  of 
global decline o f m angrove a rea  [27] indicates th a t exploitation 
continues unabated  despite the presence o f these laws and  treaties.

W ith  some exceptions, m angrove areas an d  species o f concern 
are generally no t adequately represented  w ithin pro tected  areas. 
In  addition to legislative actions, initiatives are needed on the pa rt 
o f  governm ents, N G O s, and  private individuals to acquire and  
pro tec t privately-ow ned parcels o f coastal land, especially those 
th a t contain viable populations o f th reatened  m angrove species. 
N ational legislation and  m anagem ent plans are in place in some 
countries, b u t enforcem ent and  further p lann ing  are requ ired  to 
p ro tec t individual species th a t m ay be locally uncom m on or 
threatened, as well as to p ro tec t the entire m angrove areas and  
im portan t ecosystem functions.

IU C N  R ed  List assessments for species can be regularly 
updated, depending on the availability o f  bette r o r new  data, 
and  any subsequent changes in a  species R ed  List C ategory can be 
an  im portan t indicator o f the success or failure o f conservation 
actions. As the im pacts o f m angrove a rea  loss on  m angrove species 
can be variable, estim ation of species com position, individual 
species decline, o r population  size in a  given area  can  be  better 
refined by available rem ote sensing techniques [80-85]. Similarly, 
dem ographic m odeling [86] is needed  to establish a m inim um  
viable population  size for m angrove species, especially for those 
th a t are highly th reatened. As ecosystem values can be 
overestim ated o r underestim ated, additional studies and  co st/ 
benefit analyses are needed to determ ine the econom ic and  
ecological im pacts o f harvesting, h ab ita t loss, and  hab ita t 
deterioration  on populations o f individual m angrove species.

A t least two m angrove species are a t high risk o f  extinction and  
m ay disappear w ithin the next decade if protective m easures are 
no t enforced. A lthough no t form ally assessed by IU C N  R ed  List 
Categories and  C riteria, hybrid species face the same threats and  
provide ecosystem services equivalent to true m angrove species. 
T heir conservation should no t be overlooked, especially as they 
are im portan t for spéciation and  can  be significant drivers o f 
diversification over tim e. W e m aintain  th a t the loss o f  individual 
species will no t only contribute to the rap id  loss o f biodiversity and  
ecosystem function, b u t will also negatively im pact hum an  
livelihoods an d  ecosystem function, especially in areas with low 
species diversity a n d /o r  high area  loss.
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