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ABSTRACT: A field study of coral bleaching and coral com ­
munities was undertaken  spanning 8 countries and -35° of 
latitude in 2005. This was combined with studies in southern 
Kenya and northeast M adagascar in 1998 and M auritius in 
2004 to develop a synoptic analysis of coral community 
structure, bleaching response, susceptibility of the commu­
nities to bleaching, and the relative risk of extinctions in 
w estern Indian Ocean coral reefs. Cluster analysis identified 
8 distinct coral communities am ong the 91 sites sampled, 
w ith 2 distinct communities in northern South Africa and 
central M ozambique, a third in the central atolls of the M al­
dives, and 5 less differentiated groups, in a swath from 
southern Kenya to M auritius, including Tanzania, the 
granitic islands of the Seychelles, northeast M adagascar, 
and Réunion. Massive Porites, Pavona, and Pocillopora dom ­
inated the central and northern Indian Ocean sites and, from 
historical records, replaced dom inance by Acropora and 
Montipora. From southern Kenya to M auritius, coral com ­
munities w ere less disturbed, with Acropora and Montipora 
dominating, and a mix of subdominants including branching 
Porites, Fungia, Galaxea, massive Porites, Pocillopora, and 
Synarea. The survey identified an area from southernm ost 
Kenya to Tanzania as having the least disturbed and highest 
diversity reefs, and as being a regional priority for m anage­
ment. Taxa vulnerable to future extinction based on their 
response to warm  water, population density, and common­
ness include largely low-diversity genera with narrow  envi­
ronmental ranges, such as Gyrosmilia interrupta, Plesiastrea 
versipora, Plerogyra sinuosa, and Physogyra lichtensteini.
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D eg ree  H ea tin g  W eeks (DHW) in  th e  w e s te rn  Ind ian  
O cean  on A pril 30, 1998; m ag en ta : m axim um  DHW.

Data a n d  im age: N O A A /N E S D IS  Coral R e e f  W atch  
(h ttp ://co ra lree fw a tch .noaa .gov/sa te llite )

INTRODUCTION

The w estern  Indian Ocean experienced a rare 
and large-scale tem perature anomaly in 1998 that 
produced large-scale coral bleaching and mortality 
(Wilkinson et al. 1999, G oreau et al. 2000). Subse­
quently, there have been  other more spatially lim ­
ited tem perature anomalies and bleaching events, 
most notably in M auritius in 2004 (M cClanahan et
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al. 2005a) and much of the southern Indian O cean in 
2005 (M cClanahan et al. 2007). The 2005 anomalies 
produced degree-heating  w eeks (DHWs) sufficient 
enough to predict coral bleaching (Liu et al. 2005, 
M cClanahan et al. 2007). These w arm -w ater events 
are expected to increase in coming decades and have 
serious implications for the persistence of corals and 
associated organisms (Hoegh-Guldberg 1999, H ughes 
et al. 2003, Sheppard 2003, Graham  et al. 2006, Wilson 
et al. 2006). Consequently, understanding the diversity 
of responses of corals to bleaching, how this varies spa­
tially and how it is affected by previous bleaching 
events is a key concern for coral reef ecology and m an­
agem ent.

Despite the large spatial and taxonomic scale of most 
bleaching events, field studies of coral bleaching are 
often site- or nation- and taxon-specific and limited by 
the efforts of few investigators (Gleason 1993, M arshall 
& Baird 2000, M cClanahan et al. 2001, M cClanahan et 
al. 2005a). This may lead to a parochial view  of the 
bleaching effects that does not consider the larger spa­
tial and taxonomic extent of the impact as well as the 
m eta-population nature of coral populations (van Woe- 
sik 2000). This m akes it difficult to identify regional- 
level area and taxon priorities for m anagem ent. The 
research  reported  here provides a broad-scale view  of 
the response of a num ber of coral taxa and sites in the 
w estern  Indian O cean to the 1998 and 2005 anomalous 
w arm -w ater events. Additionally, our field-sampling 
m ethod allowed for a snapshot that reflects the current 
status of these coral communities in the context of past 
disturbances. We use these data  to evaluate structure 
and diversity of the coral communities on a broad scale 
as well as the expected vulnerability of affected taxa to 
future w arm -w ater disturbances.

MATERIALS AND METHODS

Study sites. Coral bleaching and community struc­
ture w ere investigated at representative shallow coral 
reef sites (<15 m deep) in the w estern Indian O cean 
(M cClanahan et al. 2007). Most study sites w ere shal­
low lagoon and reef edge sites (<3 m above datum). 
Surveys in w estern Réunion included reef slope sites at 
10 m depth, while a few sites in northern South Africa 
and central M ozam bique w ere sam pled in areas w here 
rock formations and living coral w ere only found 
below 10 m. However, depth  had little effect on the 
trends we found (M cClanahan 2007). Study sites 
covered -35° latitude and -52° longitude, representing 
8 countries (southern Kenya, Tanzania, central and 
southern Mozambique, northern South Africa, northeast 
M adagascar, w estern  Réunion [France], the granitic 
islands of the Seychelles [henceforth 'the Seychelles']

and the central atolls of the Maldives) and w ere inves­
tigated by 12 m arine scientists during the peak of the 
warm  season in 2005. This study along w ith studies in 
Kenya in 1998 (M cClanahan et al. 2001), M auritius in 
2004 (M cClanahan et al. 2005a) and observations in 
northeast M adagascar in 1998 (T. R. M cClanahan 
unpubl. data) produced a database of responses to 
warm  w ater for 37 675 coral colonies, 48 taxa, and 91 
reef sites, of w hich 71 sites w ere surveyed in 2005 
(M cClanahan et al. 2007). In order to achieve a broad 
and recent view  of the responses of corals and the state 
of these reefs, w e com bined these data sources for a 
num ber of the analyses.

Sampling and calculation of bleaching response. 
We used a single, simple, and cost-effective system for 
m onitoring bleaching, based  on haphazardly selecting 
coral colonies and classifying them  into 7 categories of 
coral bleaching, w hich allows scaling of the bleaching 
response by taxon and site (Gleason 1993, Edm unds et 
al. 2003, M cClanahan 2004, Siebeck et al. 2006). The 
original field m ethod was developed by Gleason (1993), 
modified by M cClanahan et al. (2001), tested betw een 
regions (M cClanahan et al. 2004), and a similar method 
has been tested for comparison betw een observers 
(Siebeck et al. 2006).

Taxa w ere identified to genus level, except for 
Porites, for which massive and branching forms w ere 
distinguished, and the sub-genus Synarea  was treated  
as a separate taxon. Investigators undertook the same 
set of bleaching, coral diversity, and community m ea­
surem ents close to peaks in the DHWs (M cClanahan et 
al. 2007). The data  allow for taxon- and site-specific 
estim ates of bleaching intensity. Further, based on the 
abundance of taxa at each site, and their response at 
all sites and times combined, a bleaching susceptibility 
index of the coral community was produced for each 
site (M cClanahan 2004, M cClanahan et al. 2007).

Field observations w ere m ade in shallow (<3 m) and 
deeper (> 3 m) sites by snorkeling and SCUBA diving. 
O bservers moved in haphazardly chosen directions 
and distances and periodically or haphazardly selected 
areas. All coral colonies w ithin about 2 m radius w ere 
identified to the genus, counted, and assigned into 7 
categories of bleaching intensity: c l = norm al and c2 = 
pale live coral, c3 = 0 -20% , c4 = 20-50% , c5 = 
50-80% , c6 = 80-100%  of the live coral surface area 
fully bleached, and c7 = recently dead  (M cClanahan 
2004). This haphazard  sampling of 2 m radius was 
repeated  m any times at sites for -40 minutes. Each site 
included betw een 47 and 1096 colonies w ith a m ean 
sample size of 380 ± 1 6 7  (SD) colonies per site. The 
total num ber of colonies sam pled at a site was the basis 
of replication used in the statistical analyses. The p e r­
centage of individuals per taxon in each category was 
determ ined and the bleaching response (BR) for a site
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was calculated as a w eighted average, and normalized 
according to the following formula:

BR = (Ocl + lc2 + 2c3 + 3c4 + 4c5 + 5c6 + 6c7)/6 (1)

Summing all colonies in each category and applying 
the above formula gave the site-specific BR. Addition­
ally, the taxon-specific BR was determ ined by calculat­
ing the m ean BR based on all sites w here the taxon was 
recorded. Taking this m ean taxon-specific BR, m ulti­
plying it by the taxon's relative density, summing for 
all taxa at each site, and scaling to 100 determ ined 
the site-specific bleaching susceptibility m easure (Mc­
C lanahan et al. 2007). Some sites that w ere very close 
to each other w ere pooled and m ean values of the 
relative abundances and bleaching responses w ere 
used in subsequent analysis of community structure 
and susceptibility (M cClanahan et al. 2007).

Data analyses. Sites w ere subjected to correlation- 
based W ard's hierarchical cluster analysis (Statistica) 
in order to assess relationships in community structure 
am ong reefs. Relative abundance of corals in the clus­
ter groupings was used in a Correspondence Analysis 
of cluster group and taxon in order to distinguish the 
taxa contributing the most to the classification. Sites 
w ere pooled into cluster groups and the diversity, re la ­
tive abundance, m ean bleaching response and suscep­
tibility for each cluster w ere calculated and tested  for 
significance based on a general linear model ANOVA 
and Tukey-Kramer test of Honestly Significant Differ­
ences (Sail et al. 2001).

Estimates of diversity w ere based on the rarefaction 
m ethod (Hurlbert 1971, M cAleece et al. 1997). This 
m ethod was chosen because of non-uniform sampling 
of the num bers of coral colonies and area. The rarefac­
tion m ethod back-calculates num ber of species in 
order to account for such differences in the num ber of 
individuals surveyed. Expected num ber of genera 
(richness) can thus be com pared am ong locations for a 
sample size in common. O ther conventionally used 
diversity indices w ere also calculated for comparison: 
num ber of taxa, Hill's num bers (N1 and N2), Shannon- 
W iener (H') and evenness (N2/N1) (Hill 1973).

To further test differences in biodiversity among clus­
ters, we used a technique that takes into account species 
taxonomic relatedness and also accounts for variable 
sample sizes betw een locations. For each cluster we 
calculated average taxonomic distinctness (AvTD; 
degree to w hich species in a sample are related  taxo- 
nomically to each other), m easuring the average path 
length betw een every pair of genera  through a taxo­
nomic tree (Clarke & Warwick 1998) and variation in 
taxonomic distinctness (VarTD: evenness to w hich the 
taxa are spread across the tree; Clarke & Warwick 2001) 
of coral assem blages using taxonomic aggregation files 
constructed following Veron (2000). Funnel plots w ere

constructed for both variables w ith expected m ean and 
95 % confidence limits constructed from a simulation dis­
tribution using random  subsets of the m aster taxonomy 
list. Any departure  from expected values could thus be 
identified, low AvTD and low to normal VarTD indi­
cating taxonomically degraded  locations (Clarke & 
W arwick 2001). Taxonomic distinctness is based on 
evolutionary relatedness and is distinct from, but som e­
times related to, other m easures of diversity, as found 
for Indian O cean algae (Price et al. 2006).

The relationship betw een the relative abundance of 
the 10 most abundant coral genera  and the DHWs that 
the sites experienced in 1998 was investigated with 
regression analysis. DHWs are defined as the cum ula­
tive degrees of tem perature for the w eeks that a tem ­
perature  is >1°C above the m ean tem perature of the 
climatologically w arm est m onth for a specific site; it 
is often used to predict bleaching (Liu et al. 2005, 
M cClanahan et al. 2007) and is posted by NOAA 
(http://coralreefw atch.noaa.gov/satellite). Additionally, 
DHWs w ere calculated from SST data provided in 
the JCOM M  w eb site (http://iri.colum bia.edu/clim ate/ 
monitoring/ipb/), which uses satellite and in situ 
m easurem ents presen ted  in 1 x I o latitude-longitude 
squares (Reynolds et al. 2005). M cClanahan et al. 
(2007) investigated the relationship betw een (1) 
bleaching response, bleaching susceptibility, depth, 
latitude, and coral community composition and (2) 
NOAA and JCOM M  DHWs from 1998 and 2005; the 
JCOM M  DHWs gave a better fit. The cumulative posi­
tive anomalies from the m ean summer maximum SST 
climatology (mean climatology of the 3 w arm est 
months; Barton & Casey 2005) w ere used for the n ea r­
est square for each location in calculating DHWs from 
the JCOM M  data. The relationship betw een the BR of 
the 10 most dom inant taxa and DHWs in 1998 and 2005 
w as also investigated w ith regression analysis. A cro­
pora was one of the taxa most affected by the 1998 
bleaching throughout the Indian O cean and one of the 
dom inant genera before this event. Change in relative 
abundance of the 9 other taxa in comparison to that of 
Acropora may indicate change in the degree of com ­
petitive dom inance following a major disturbance that 
affects a superior competitor (Baird & H ughes 2000) 
and was analyzed w ith regression analysis.

Extinction estim ates are usually based on m easures 
of vulnerability, sparseness, and rareness of the vul­
nerable populations (IUCN 1999). We m ade an esti­
m ate of the relative susceptibility to extinction (RE) of 
the taxa based  on their bleaching response (BR), abun­
dance or num ber of colonies (NC), and commonness or 
num ber of reef sites w here a taxon was found (NR). 
Values w ere norm alized (0 to 1) using the taxa (i) with 
the most extrem e value (max.) for each m easure such 
that the formula is an estim ate of extinction suscepti-
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bility relative to the most bleached (BRmax = Alveopora), 
most abundant (NCmax = Acropora), and most common 
(NRmax = Acropora) taxa. The formula is the logarithm 
of average of these 2 quotients and calculated as:

log, f  BR, /BR„

RE; = VNC.-/NCL
-log,, BR ;/B R m

N R ,/N R „
(2 )

We also plotted the BR as a function of the abun­
dance and commonness of the taxa and tested  for re la ­
tionships using regression analysis.

RESULTS 

Community structure and diversity

Eighteen taxa had  overall m ean abundance > 1 % and 
composed 92% of the community (Table 1). The 10 
most abundant taxa comprised 75%, and the first 4 
comprised -50%  of the relative abundance. Acropora 
was the most dom inant genus, followed by massive 
Porites and Pocillopora. Analysis of the community 
structure data indicates distinct patterns in the com m u­
nity composition w ith 8 clusters that fall into 3 main ca t­
egories; northern South Africa/southern and central 
M ozambique, the central atolls of the Maldives, and the 
central and southern tropical w estern  Indian O cean 
(Figs. 1 & 2). N orthern South A frica/southern M ozam ­
bique and central M ozam bique (Clusters 1 and 2) are 
typified mainly by bleaching-susceptible taxa (Table 1), 
including Acropora, Pocillopora, Montipora, and A can­

thastrea, m oderate abundance of various faviids and an 
absence of a num ber of taxa found elsew here, includ­
ing Millepora, Pavona, and Synarea. Cluster 2 is similar 
to Cluster 1 but has high Stylophora abundance. The 
central atolls of the M aldives (Cluster 3) are dom inated 
by massive Porites, some Pavona, both w ith m oderate 
to low bleaching susceptibility, while other taxa are 
present but sparsely distributed. Clusters 4 to 8 are sim­
ilar and distinguished by their unique subdominants. 
Cluster 4 includes shallow reef flat communities in 
w estern  Réunion that are dom inated by Acropora, 
Montipora, and Millepora. Reef slope sites in Réunion, 
shallow sites in the Seychelles, and m arine protected 
areas (MPAs) of southern Kenya in 2005 are found in 
Cluster 5 and have high dom inance of Pocillopora and 
massive Porites. C luster 6 includes reefs scattered 
throughout this central and southern belt that are dom ­
inated  by Acropora and massive Porites but are charac­
terized by high subdom inance of Montipora, Galaxea, 
Fungia, and Pocillopora. C luster 7 is composed of heav ­
ily fished reefs in southern Kenya that have high dom i­
nance of branching Porites, followed by massive 
Porites, Galaxea, Favia, Pavona, and Stylophora. C en­
tral and northern Tanzania and Kenya's most southern 
reefs are in Cluster 8 and have a high abundance of the 
subdom inants Synarea, Fungia, Galaxea, and massive 
Porites. Relationships betw een the relative abundance 
of Acropora and the other dom inant genera  indicate 
only 2 statistically significant relationships, the strongest 
being a negative relationship w ith massive Porites 
(r2 = 0.31) and the second being a w eak positive re la ­
tionship with Montipora (r2 = 0.10).

T ab le  1. R elative p e rc e n ta g e  a b u n d an c e  (m ean  ± SE) of th e  18 m ost a b u n d an t coral tax a  in  th e  d ifferen t clusters an d  overall ab u n d an ce . 
C lusters: 1 = n o rth e rn  Sou th  Africa, so u th e rn  M o zam bique  (2005); 2 = cen tra l M o zam bique  (2005); 3 = cen tra l atolls of th e  M ald ives (2005); 
4 = w e s te rn  R éunion  (2005); 5 = w e s te rn  R éunion, g ran itic  is lands of th e  Seychelles, so u th e rn  K en y a— M arine  P ro tec ted  A reas (MPAs) 
(2005); 6 = n o rth eas t M ad ag asca r (1998, 2005), granitic  Seychelles (2005), M auritius (2004), K enya (1998); 7 = so u th e rn  K en y a— fished  (2005); 

8 = T an zan ia  an d  sou th ern m o st K enya (2005) (see also Fig. 1). m ass: m assive; b ran : b ran ch in g

G enus C luster 1 C luster 2 C luster 3 C luster 4 C luster 5 C luster 6 C luster 7 C luster 8 O verall

Acropora 28.34 ± 4.11 22.76 ± 5.34 7.43 ± 1.80 42.19 ± 8.10 10.27 ± 2.83 22.74 ± 2.03 1.20 ± 0.67 17.86 ± 2.19 17.50 ± 1.57
Porites (mass) 6.53 ± 1.29 7.99 ± 1.23 32.06 ± 4.76 4.00 ± 1.02 16.06 ± 2.81 10.67 ± 1.40 15.77 ± 1.40 10.92 ± 3.52 14.95 ± 1.57
Pocillopora 8.87 ± 1.22 21.26 ± 5.45 9.43 ± 1.70 6.71 ± 1.42 20.96 ± 4.46 7.21 ± 2.05 4.47 ± 2.52 5.28 ± 0.99 10.92 ± 1.26
Alontipora 9.71 ± 2.12 10.00 ± 2.06 1.91 ± 0.60 11.31 ± 4.25 2.98 ± 1.50 9.38 ± 2.39 0.10 ± 0.10 3.59 ± 2.36 6.04 ± 0.83
Galaxea 6.85 ± 1.87 0.79 ± 0.43 1.00 ± 0.21 0.07 ± 0.07 6.77 ± 2.54 9.11 ± 1.56 11.33 ± 2.72 11.08 ± 3.37 5.92 ± 0.85
Porites (bran) 0.21 ± 0.15 0.00 ± 0.00 3.25 ± 1.92 4.46 ± 3.62 2.81 ± 1.66 4.36 ± 1.17 25.65 ± 4.67 3.93 ± 2.02 4.66 ± 0.94
Pavona 0.00 ± 0.00 0.00 ± 0.00 13.27 ± 3.39 8.78 ± 6.01 1.97 ± 1.07 3.84 ± 0.94 7.87 ± 2.27 0.56 ± 0.22 4.25 ± 0.93
Fa via 7.08 ± 0.52 4.52 ± 1.22 2.33 ± 0.41 0.07 ± 0.07 3.75 ± 1.17 3.65 ± 0.74 9.24 ± 1.59 1.34 ± 0.38 4.15 ± 0.75
Fa vites 8.86 ± 0.43 5.03 ± 1.28 3.58 ± 0.34 0.00 ± 0.00 4.81 ± 0.97 2.31 ± 0.54 1.45 ± 0.78 1.20 ± 0.63 3.76 ± 0.40
Fungia 1.12 ± 0.29 0.50 ± 0.23 4.09 ± 1.58 0.00 ± 0.00 0.09 ± 0.05 7.90 ± 1.58 1.43 ± 0.62 11.10 ± 3.24 3.61 ± 0.37
Synarea 0.00 ± 0.00 0.00 ± 0.00 0.94 ± 0.61 8.28 ± 0.44 3.86 ± 1.40 0.52 ± 0.47 0.10 ± 0.10 11.30 ± 5.32 3.42 ± 0.58
Stylophora 0.80 ± 0.58 12.74 ± 4.40 0.01 ± 0.01 0.00 ± 0.00 0.49 ± 0.31 0.62 ± 0.40 5.43 ± 3.16 2.35 ± 1.76 2.60 ± 0.80
Goniastrea 2.52 ± 0.74 2.20 ± 0.98 5.98 ± 0.92 0.00 ± 0.00 8.17 ± 2.96 1.59 ± 0.37 0.30 ± 0.19 1.44 ± 0.49 2.28 ± 0.30
Alillepora 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 10.20 ± 1.11 0.99 ± 0.39 2.71 ± 0.66 3.28 ± 2.08 0.87 ± 0.34 2.23 ± 0.70
Platygyra 2.92 ± 0.61 0.00 ± 0.00 1.97 ± 0.66 0.15 ± 0.15 3.20 ± 1.16 3.15 ± 0.61 3.82 ± 1.07 1.50 ± 0.49 1.52 ± 0.25
Echinopora 2.17 ± 0.51 2.12 ± 1.14 0.39 ± 0.11 0.07 ± 0.07 2.06 ± 0.75 0.84 ± 0.23 1.71 ± 1.22 3.33 ± 1.06 1.51 ± 0.34
A streopora 3.14 ± 0.62 1.00 ± 0.42 1.22 ± 0.41 0.00 ± 0.00 1.61 ± 1.02 1.07 ± 0.52 1.61 ± 1.14 0.81 ± 0.46 1.34 ± 0.24
A can thastrea 5.35 ± 1.08 2.87 ± 0.99 0.00 ± 0.00 0.00 ± 0.00 1.91 ± 0.99 0.18 ± 0.06 0.00 ± 0.00 0.06 ± 0.04 1.19 ± 0.29



M cC lanahan et al.: Coral communities of the w estern Indian Ocean 5

Linkage Distance (%) 
100 80 60 40 20

SA- Timm’s Tridacna
SA- Nine Mile Reef
SA- Chain Reef
SA- Rabbit Reef
SA- Leadsman
SA- Cora Gardens
MZ- Virginity Reef
MZ- Zambia Pinnacle
MZ- Silvia Shallow
MZ- Mike’s Cupboard
MZ- Zambezi Breakfast
MZ- The Creche
MZ- Lagoa Pinnacle
MZ- Etienne’s Pinnacle
ML- Rasfari
ML- Lohifushi
ML- Kodiparu
ML- Kikki
ML- Galu Falhu
ML- 3 Palms, Kuramati
ML- Rashdoo
ML- Madivaru
ML- Fan Reef, Kuramati
ML- Thulhaagiri
ML- Kalhuga
ML- Vabbin
ML- Angsana
RU- St. Gilles (Toboggan)
RU- St. Leu (Kioske)
RU- La Saline (Petit Trou d ’Eau)
SY- Ile Coco
SY- Baie Laizare
SY- Beau Vallon
RU- St. Leu (Varangue, Sud)
RU- St. Leu (Varangue, Nord)
RU- La Possession (Banc de Lataniers) 
SY- Baie Ternay 
KE- Mombasa (2005)
KE- Watamu (2005)
KE- Malindi
MD- Tampolo (2005)
MD- Tanjona (2005)
SY- La Réserve 
MD- Masoala (2005)
MU-GRSE 
MU- Bel Ombre 
MU- Flic & Flac 
MU- Blue Bay 
MU- Balaclava 
MU- Anse la Raie 
MD- Tanjona (1998)
MD- Masoala (1998)
MU- Le Morne 
KE- Mombasa (1998)
KE-Watamu (1998 
KE- Vipingo 
KE- Kanamai 
KE- Ras Iwatine 
KE- Diani
TN-ZN- Chapwani 
TN-ZN- Canguu 
TN-MA- Kitutia 
KE- Mpunguti 
TN-ZN- Chumbe 
KE- Kisite 
TN-DR- Mbudya 
TN-DR- Bongoyo

South Africa N 
Mozambique S

Mozambique C

1 4

8

Maldives 
Central Atolls 

(2005)

Reunion W 
(2005)

Reunion W 
Granitic Seychelles 

Kenya S-MPAs 
(2005)

Madagascar NE 
Granitic Seychelles 

(2005)

Mauritius
(2004)

Madagascar NE 
Kenya S 

(1998)

Kenya S- fished 
(2005)

Tanzania 
Kenya- Southernmost 

(2005)

Fig. 1. C om m unity  s tru c tu re  of corals in  th e  w e s te rn  In d ian  O cean  from  field  s tud ies u n d e r ta k e n  in  1998, 2004 a n d  2005. D en d ro ­
g ram  of co rre la tion  b a se d  on W ard 's h ie ra rch ica l c luster analysis, g iv ing  n am es of reefs, c luster n u m b ers  a n d  locations (country 
regions) of m ain  c luster g roups. D ash ed  line: cut leve l (25 %) w h e re  th e  m ajor c luster g ro u p s w e re  iden tified . Y ear of sam p lin g  in ­
d ica ted  for reefs  th a t w e re  su rv ey ed  b o th  in  1998 a n d  2005, reefs  w ith  no  y ear w e re  all su rv ey ed  in  2005. ZN: Z anzibar Island,

MA: M afia Island, DR: D ar es Sa laam  R eserve



6 M ar Ecol Prog Ser 337: 1-13, 2007

Rarefaction diversity analysis indicates that the h igh­
est num bers of coral taxa are in Clusters 6 and 8 in 
Tanzania and southern Kenya, in Cluster 3 in the cen ­
tral Maldives, and a mixture of post-1998 sites in the 
Seychelles, Réunion, and Kenya's m arine parks dom i­
nated  by massive Porites and Pocillopora that form 
Cluster 5 (Fig. 3). Interm ediate taxonomic richness was 
found in the northern South A frica/southern M ozam ­
bique and central M ozam bique regions (Clusters 1 and 
2) and Kenya's fished reefs (Cluster 7). The lowest 
diversity reefs w ere found in Réunion reef flats (Clus­
ter 4) and w ere dom inated by Acropora. The diversity 
from rarefaction m ethod was also supported by results 
from other diversity m easures (Table 2), w here the 
central M aldives and Tanzania had  the highest generic 
richness, but the M aldives was also characterized by 
a high dom inance and low evenness. Average taxo­
nomic distinctness identified the central M aldives 
(Cluster 3) to be below the confidence intervals of 
distinctness for the num ber of genera found in these 
sites (Fig. 4).

Susceptibility to extinction
-1 .5  2^0

The occurrence of genera  (number of sites) in- 
Fig. 2. C o rresp o n d en ce  analysis p lo ttin g  th e  8 m ain  clusters ( • )  , ,
a n d  re la tiv e  a b u n d an c e  of coral tax a  (■) sam p led  in  1998 an d  creased logarithmically as a function of the num ber of
2005. N ote th a t Ctenactis a n d  Pachyseris are  re p re se n te d  b y  th e  individual colonies or solitary corals sam pled (Fig. 5A).

sam e p o in t M aximum num ber of sites w as reached at -1500
colonies and there was a very low increase beyond this 

value. The bleaching response of the 
taxa was w eakly but positively associ­
ated  w ith their occurrence, or num ber 
of sites (Fig. 5B). Acropora and M on­
tipora w ere both common and had 
high BRs w hereas Pavona, Galaxea, 
Echinopora, and Fungia also had  high 
occurrences but low BRs. The relation­
ship showed considerable spread and 
m any taxa w ere outliers from the 
relationship at the 95 % confidence 
interval. For example, Alveopora  and 
Stylophora had  the highest BR, yet 
w ere only m oderately common. Con­
versely, Gyrosmilia, Oxypora, Pachy­
seris, Physogyra, Plerogyra, and Plesi­
astrea w ere uncommon but had  high 
BR. The com bination of relative rarity 
and high BR m ade these taxa the 
most extinction-susceptible (Table 3). 
O ther uncommon taxa such as Cte­
nactis, Diploastrea, Halomitra, Herpo­
litha, Leptoseris, Merulina, Montastrea, 
Oulophyllia, and Podabacia had  low 
or no BRs.

40 -,

3 5 -

3 0 -
Cluster

a) 2 5 -

0 100 200 300 400 500 600
Number of individuals

Fig. 3. N um bers of coral g e n e ra  as a  func tion  of sam p lin g  b a se d  on th e  ra re fac tio n  
analysis w h e re  th e  analysis w as p e rfo rm ed  by  poo ling  sites b y  coun try  a n d  year 
of sam pling . R arefaction  allow s p ro jec tio n  b a c k  from  counts of to ta l ind iv iduals to 
estim ate  ho w  m an y  g e n e ra  (ESn) w o u ld  h a v e  b e e n  'e x p ec te d ' h a d  w e o b se rv ed  a 
sm aller n u m b er of ind iv iduals. This allow s counts of d iffering  sam ple  size to b e  
com pared . T he m ore  d iverse  th e  com m unity  is, th e  s te ep e r a n d  m ore e lev a ted

th e  ra re fac tio n  curve
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T able  2. D iversity  of coral ta x a  (m ean  ± SE) in  th e  8 m ain  clusters (see T able  1, 
Fig. 1 for c luste r location)

Relationships to temperature

C luster No. 
of tax a

E venness
(N2/N d(S hannon 's H ' (Hill's N J (Hill's N 2)

1 19.86 ± 1.18 2.35 ± 0.10 10.80 ± 1.03 7.69 ± 0.96 0.70 ± 0.03
2 12.86 ± 0.86 2.00 ± 0.13 7.75 ± 0.95 6.13 ± 0.94 0.77 ± 0.04
3 22.62 ± 0.95 2.15 ± 0.08 8.95 ± 0.77 5.59 ± 0.61 0.61 ± 0.02
4 10.00 ± 2.08 1.73 ± 0.16 5.81 ± 0.87 4.34 ± 0.88 0.73 ± 0.05
5 19.36 ± 1.06 2.17 ± 0.07 8.94 ± 0.60 6.34 ± 0.44 0.71 ± 0.02
6 21.62 ± 0.96 2.36 ± 0.05 10.71 ± 0.49 7.88 ± 0.46 0.73 ± 0.02
7 19.50 ± 1.55 2.23 ± 0.12 9.54 ± 1.10 7.03 ± 0.72 0.74 ± 0.03
8 22.25 ± 1.96 2.27 ± 0.14 10.31 ± 1.27 7.29 ± 0.90 0.71 ± 0.02

V)
V)
£  50 -X B a
c  

<D £
W-■ <f> 4c . .

2 =5

10 20 25 30 35 4015
250 T

2 0 0 -

150-

100  -

20 25 30
Number of genera

Fig. 4. (A) A v erage  a n d  (B) va ria tio n  in  taxonom ic d istinctness 
in  coral g en eric  d iversity  in  th e  In d ian  O cean . D iversity  is 
an a ly zed  b a se d  on av erag e  n u m b er of g e n e ra  of th e  8 m ajor 

clusters. T h in  lines in d ica te  95 % confidence in te rvals

The relationship betw een relative 
abundance of the dom inant taxa of corals 
in the 8 clusters and DHW in 1998 indi­
cates that the relative abundance of Acro­
pora and Montipora decreased while 
massive Porites increased significantly 
(Fig. 6). Tests of significance found that 
the BR during the 2005 anomaly was 
highest in Clusters 2 and 6 and lowest in 
Clusters 7 and 8 (p < 0.05) (Table 4). Site- 
specific susceptibility of taxa to bleaching 
was higher in Cluster 2 than  in Clusters 3 

and 7 (p < 0.05). The BR of 6 of the dominant taxa and all 
taxa com bined increased as a function of DHWs in 2005 
w ith Acropora and branching Porites showing the high­
est and Fungia the lowest responses (Fig. 7). For these 
same dom inant taxa, w ith the exception of Fungia, 
Galaxea and branching Porites, and for all taxa com ­
bined their BR in 2005 declined as a function of the 
previous DHWs in 1998 in each site.

DISCUSSION

This study provides a snapshot of w estern  Indian 
O cean coral communities and their response to a 
w arm -w ater anomaly in 2005, and indirectly of the 
community level effects of the 1998 bleaching event. 
The 2 bleaching events affected much of the w estern 
Indian Ocean, but the 1998 event was stronger in the 
north and the 2005 event was stronger in the south 
(M cClanahan et al. 2007). This regional variation is 
notable in both the bleaching responses and the com ­
munity structure, as reflected in relationships betw een
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Fig. 5. B leach ing  re sp o n se  a n d  th e  a b u n d an c e  a n d  com m onness of coral g en era . (A) R elationsh ip  b e tw e e n  n u m b er of sites as a 
function  of th e  n u m b er of coral colonies sam p led  a n d  (B) b lea ch in g  re sp o n se  of th e  tax a  as a  function  of th e  n u m b er of sites w h e re  

th e  tax a  w e re  observed . Solid line: b e s t fit, d a sh e d  lines: 95 % Cl for th e  reg ress io n . C odes of tax a  g iv en  in  T able  3
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T able  3. R elative ex tinction  risk  of th e  coral g e n e ra  b a se d  on 
th e ir  b lea ch in g  resp o n se , a b u n d an ce , com m onness, a n d  th e  
av erag e  of b o th  m easu res. E xtinction  r isk  (ER) w as calcu la ted  
as th e  av erag e  of th e  ra n k e d  re la tiv e  b lea ch in g  re sp o n se  (BR) 
by  th e  n u m b er of colonies (NC) a n d  th e  n u m b er of reefs 
(NR). ER w as ca lcu la ted  re la tiv e  to th e  tax o n  w ith  th e  h ig h es t 
BR (A lveopora ), N C  an d  NR (Acropora ) (see 'M aterials an d  

m eth o d s ', Eqs. 1 & 2). m ass: m assive; b ran : b ran ch in g

Taxon Code BR (m ean ± SD) NC NR ER

Gyrosmilia Gyrosm 25.00 ±35.36 2 1 1.00
Oxypora O xypor 13.89 6 1 0.81
Pachyseris Pachys 8.33 2 1 0.79
Plesiastrea Plesia 27.08 17 1 0.79
Physogyra Physog 16.67 ± 0.000 5 2 0.77
Plerogyra Plerog 30.95 ±39.79 56 3 0.68
M erulina M eruli 3.33 ±4.71 7 2 0.46
Seriatopora Seriat 30.86 ±38.10 121 13 0.46
Alveopora A lveop 41.13 ± 33.94 267 21 0.41
M ontastrea M ontas 7.92 ±20.83 17 9 0.40
Diploastrea Diploa 5.56 ± 13.61 14 8 0.38
Oulophyllia Ouloph 6.29 ± 15.62 22 8 0.36
Turbinaria Turbin 16.55 ±24.91 76 24 0.34
Stylophora Stylop 39.73 ±37.69 530 29 0.33
Coscinaraea Coscin 18.38 ± 19.56 159 24 0.30
Herpolitha H erpol 5.66 ±9.41 86 7 0.27
Gardineroseris Gardin 7.68 ± 19.46 59 19 0.27
Lobophyllia Loboph 19.72 ±21.41 371 22 0.27
Leptastrea Leptas 11.60 ±21.25 103 28 0.26
Goniopora Goniop 19.63 ±23.73 224 36 0.26
Leptoria Leptor 24.16 ±26.64 412 41 0.24
M illepora M illep 23.06 ±31.91 654 33 0.23
Echinophyllia E chnph 4.76 ± 11.52 63 15 0.22
Hydnophora H ydnop 13.61 ± 16.15 228 36 0.22
Acanthastrea Acanth 14.36 ± 12.93 304 31 0.22
Podabacia Podaba 1.92 ±3.59 28 7 0.21
Sym phyllia Sym p h y 9.98 ± 10.05 282 21 0.20
Cyphastrea Cyphas 15.05 ± 22.24 488 32 0.19
Astreopora Astreo 16.20 ± 14.97 450 40 0.19
Porites (bran) Por-brn 28.67 ±33.87 1924 39 0.19
M ontipora M ontip 34.87 ±28.41 2530 56 0.17
Echinopora Echnpr 14.15 ± 19.44 512 55 0.16
Platygyra Platyg 19.36 ± 18.63 907 56 0.16
Goniastrea Gonias 22.79 ±21.49 1070 58 0.16
Favia Favia 24.19 ± 22.99 1376 64 0.15
Favites Favite 20.42 ± 18.09 1203 61 0.14
Synarea  

(Porites rus) Synare 8.58 ± 13.89 786 26 0.12
Pocillopora Pocilio 27.40 ±30.85 3779 65 0.12
Acropora Acropo 28.90 ±26.22 6558 67 0.11
Fungia Fungia 14.84 ±20.93 2031 50 0.10
Psammocora Psaimno 2.74 ±5.16 336 27 0.08
Galaxea Galaxe 14.15 ± 17.94 2781 59 0.08
Pavona Pavona 8.59 ± 17.34 1631 48 0.07
Porites (mass) Por-mas 15.49 ± 19.29 5184 66 0.07
Ctenactis C tenac 0.00 1 1 0.00
Halomitra Halom i 0.00 ± 0.00 10 3 0.00
Leptoseris Leptos 0.00 ± 0.00 2 2 0.00
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Fig. 6. R elative a b u n d an c e  as a  function  of d e g ree  h e a tin g  
w e ek s  in  1998 (DHW-98) for th e  3 tax a  w ith  sta tistically  s ig ­
n ifican t (p < 0.05) lin ea r re la tionsh ips. JC O M M  DHW  w as 
u se d  as it gave  a b e tte r  fit th a n  NO AA DHW  in  a  p rev ious 

analysis. C lusters d e fin ed  as in  Fig. 1

T ab le  4. B leach ing  re sp o n se  a n d  suscep tib ility  (m ean  ± SE) of 
reefs  in  th e  8 clusters in  2005. AN O  VA sum m aries a n d  T ukey- 
K ram er post hoc te s t of sign ifican t d ifferences included . 
C luster locations as in  T able  1 a n d  Fig. 1. C lusters w ith  th e  

sam e le tte r  a re  no t sta tistica lly  d ifferen t from  eac h  o ther

C luster N B leach ing  re sp o n se  
(ANOVA F  = 19.0,

p  < 0.0001)

Susceptib ility  
(ANOVA F  = 24.0,

p  < 0.0001)

1 8 17.2 ± 3.2 a 23.04 ± 0.58 b
2 8 39.0 ± 3.2 b 26.61 ± 0.65 a
3 14 10.0 ± 2.4 a 17.89 ± 0.43 d
4 3 12.6 ± 5.2 a 23.68 ± 1.01 abc
5 11 13.9 ± 2.7 a 21.34 ± 0.49 bc
6 24 34.9 ± 2.5 b 22.32 ± 0.35 b
7 4 4.7 ± 4.5 a 21.56 ± 0.85 bc
8 10 5.6 ± 2.8 a 19.30 ± 0.55 cd

C lu s te r 0  A c ropora  
R 2 = 0.82 
F = 27.6

, p = 0.002

M ontipora  
R 2 = 0.77 
F = 19.99 
p = 0.004

P orites  m ass ive  
R2 = 0.54 
F = 6.98 
p = 0.038
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DHWs in 1998 and the abundance of the dom inant 
coral taxa and the bleaching responses in 2005. Com­
m unity structure of southern sites, w ith high relative 
cover of Acropora and Montipora, reflected com m uni­
ties that w ere not greatly altered by the 1998 event.

Regional patterns

The 2 communities that most represent reefs affected 
by bleaching and high levels of mortality w ere Cluster 
3 of the central M aldives and Cluster 5, mostly in 
Kenya's MPAs and the Seychelles, but also outer reef 
slopes in w estern  Réunion. These sites are dom inated 
by massive Porites followed by either Pocillopora or 
Pavona. The sites in the central Maldives, Kenya, and 
granitic islands of the Seychelles had  high levels of 
mortality (M cClanahan 2000, Edwards et al. 2001, 
M cClanahan et al. 2001, G raham  et al. 2006). In some 
areas of the southern M aldives Acropora has recently 
been  observed in high abundance and a num ber of 
species are reported  (Pichón & Benzoni 2007, Wallace 
& Zahir 2007). Massive Porites and Pavona are 
m oderately resistant to bleaching (Mumby et al. 2001, 
M cClanahan 2004) and Pocillopora and Pavona appear 
to recruit well after bleaching events (M cClanahan 
2000, Loch et al. 2002, 2004). The inclusion of w estern 
Réunion reef slope sites into Cluster 5 is less clear but 
may reflect past disturbances from Hurricane Firinga 
in 1989 (Naim et al. 2000).

From southernm ost Kenya to the south and east the 
coral communities are more representative of reefs 
that have experienced less mortality through b leach­
ing, having m oderate to high dom inance by Acropora 
and other subdom inant taxa that are less resistant to 
bleaching. Clusters 1 and 2 in South Africa and south­
ern/central M ozam bique represent 2 unique faunas in 
that they have some of the same dom inant taxa as 
other reefs in the region, but have high values for some 
unusual subdom inants, such as Acanthastrea  and 
other faviids. They also lack (or have very low abun­
dance of) taxa such as Millepora, Pavona, and Synarea 
that are more common in reefs to the north. The belt 
from Tanzania via M adagascar to M auritius contains 
the most typical tropical coral communities for this 
region. It is characterized by high dominance of bleach- 
ing-sensitive taxa such as Acropora and Montipora, 
and the differences that distinguish the communities 
are in the abundance of the subdom inants, including 
branching Porites, Fungia, Galaxea, massive Porites, 
Pocillopora and Synarea. Our data  suggest that the 
higher cover of Acropora and Montipora indicates 
w eaker effects of bleaching and less mortality in these 
reefs, as the relative abundance of these 2 taxa are 
found largely in direct proportion to the 1998 DHWs.

Cluster 7, dom inated by branching Porites in Kenya's 
heavily fished reefs, is som ewhat paradoxical, as this 
taxon was shown to be very sensitive to w arm -w ater 
anomalies in one of Kenya's parks (M cClanahan et al. 
2001) and to predation by fishes (M cClanahan et al. 
2005b). Furtherm ore, it has not recovered well after 
the 1998 event in Kenya's MPAs (T. R. M cClanahan 
unpubl. data). It is possible that it has g reater acclim a­
tion or adaptation potential to warm  w ater than  recog­
nized in the original site-specific study, and responds 
well to disturbances under different fishing or grazing 
conditions. Research into these and other possibilities 
will be needed  to better understand the unusual 
response of this taxon.

It should be recognized that these data are relative 
abundances based  on num bers of colonies and do not 
include estim ates of colony size or absolute cover, and 
cannot be used to estim ate recovery as m easured by 
cover or population density per unit area of space. This 
sets limits to the usefulness of the study for determ in­
ing recovery of ecological function, apart from the use 
of an expected community structure as a surrogate for 
recovery. Studies of coral cover in Kenya and the 
M aldives using benthic line transects suggest that the 
absolute cover of corals has increased on these reefs 
since 1998, albeit slowly (M cClanahan 2000, M cClana­
han et al. 2005b, unpubl. data). However, there has 
been  less recovery in the Seychelles reefs studied 
(Graham et al. 2006). Consequently, reefs are expected 
to change their taxonomic composition in response to 
past tem perature anomalies and other disturbances 
(Berumen & Pratchett 2006, M cClanahan et al. 2007), 
while others are expected to lose coral cover and its 
function in the benthic community in response to 
rapidly w arm ing climate (Gardner et al. 2003, H ughes 
et al. 2003, Sheppard 2003).

The findings from the atolls of the central M aldives 
indicate that, despite a very large change in the 
dom inant taxa and community structure of these reefs 
(M cClanahan 2000), they can m aintain high num bers 
of taxa. Prior studies of coral biodiversity in the central 
Indian Ocean islands (the Maldives, Chagos, and 
Seychelles) indicated that reefs in this region w ere 
the center of coral biodiversity in the Indian Ocean, a l­
though East African reefs w ere probably considerably 
under-sam pled at the times of these taxonomic com pi­
lations (Rosen 1971, Sheppard 1998). Nonetheless, the 
average taxonomic distinctness analysis identified the 
central M aldives as more taxonomically depauperate in 
term s of evolutionary relationships than expected for 
their level of richness. In contrast, the granitic islands of 
the Seychelles and Kenyan sites had high expected val­
ues for distinctness, but w ith lower num bers of taxa by 
the rarefaction method. There are no com parable data 
from the Seychelles sites prior to 1998, which m akes it
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difficult to quantify changes. However, given that the 
num ber of taxa reported  for the Seychelles in this study 
is lower than  for the M aldives and there has been  poor 
recovery, it seems reasonable to assume that there has 
been  some loss of taxa.

Management implications

The findings of the study suggest a num ber of m an­
agem ent priorities for sites and taxa in the region. First, 
southernm ost Kenya and Tanzanian reefs stand out 
because of their high diversity and m oderate bleaching 
effects, resulting in a community structure that still 
reflects the expected dom inance of branching, solitary, 
and encrusting taxa. Tanzanian and southern Indian 
O cean sites that have escaped catastrophic dam age 
are a high priority for increased m anagem ent in order 
to reduce synergistic stresses to corals (Moothien-Pillay 
et al. 2002, M cClanahan et al. 2005a). Analysis of 
mortality after 1998 in this region indicates that high 
tem perature variation in this region may provide some 
acclimation or adaptation potential, and thus resis­
tance to w arm er tem perature expected under current 
climate change scenarios (M cClanahan et al. in press).

Taxa w ith high bleaching responses and low occur­
rence are also taxa of special concern, as their rarity 
and susceptibility should increase the chances of their 
regional extirpation. Extinction in m arine organism s is 
uncommon and difficult to predict (Vermeij 1993) and 
our estim ate depends greatly on a num ber of assum p­
tions, primarily that bleaching susceptibility is propor­
tional to mortality, that the genus reflects the responses 
for the species, and that low abundance or occur­
rence on reefs increases extinction probabilities. These 
assumptions can all be challenged by past studies 
(Vermeij 1993, Baker et al. 2004, M cClanahan 2004). 
An additional problem  is under-sam pling of rare taxa, 
which is unavoidable by this and most sam pling m eth­
ods, and this could influence estim ates of bleaching 
responses that might be due to site-specific variables. 
A compilation of common genera responses suggested 
that while most corals that bleach do die in response to 
w arm -w ater anomalies, there are also some taxa that 
bleach but survive (e.g. Astreopora, Favia, Favites, 
Goniopora and Leptoria), and others that do not bleach 
but die in m oderate num bers (e.g. Cyphastrea and 
Millepora) (M cClanahan 2004). Those taxa that bleach 
and survive are of less concern, but genera such as 
Cyphastrea and Millepora are of special concern, as 
they may often die w ithout significant bleaching. The 
bleaching response of Millepora appears to vary with 
region (authors' pers. obs.), and a few rare species of 
Millepora w ere reported to have gone extinct or nearly 
extinct in the eastern  Pacific during the 1983 and 1998

bleaching events (Glynn & Feingold 1992, Glynn & 
Ault 2000).

The analysis p resen ted  here provides some inform a­
tion for identifying taxa at risk that might benefit from 
captive or other forms of m anagem ent. The assumption 
that genus-level m easures reflect species responses is 
not critical, because 5 of the 6 taxa identified as p re ­
dicted to have a high relative extinction rate are mono- 
specific genera in this region (Gyrosmilia = G. inter­
rupta, Oxypora = O. lacera, Plesiastrea = P. versipora, 
Plerogyra = P. sinuosa and Physogyra = P. lichtensteini) 
(Veron 2000) and Pachyseris has only 2 species 
(P. rugosa and P. speciosa). Consequently, here the use 
of genera is sufficient to identify taxa at risk. The 2 taxa 
Oxypora and Pachyseris have been  observed in other 
reefs to be bleaching tolerant (C. R. C. Sheppard pers. 
comm.) and their classification as extinction suscepti­
ble here may be due to small and restricted samples. 
Plerogyra and Physogyra are bubble corals, w ith big 
polyps, that w ithstand high turbidity and low light 
levels. Turbid conditions may protect these taxa from 
strong radiation and subsequent bleaching com pared 
to shallow-water corals in non-turbid environm ents. In 
contrast, turbid conditions may create narrow  environ­
m ental tolerance limits that do not favor acclimation or 
adaptation to anomalous conditions, as has been sug­
gested for shallow and exposed corals (M cClanahan et 
al. 2005a, in press). Plerogyra is in the list of the 10 
most exported coral species by the aquarium  trade 
(Wabnitz et al. 2003), which is very high for a naturally 
rare taxon (13 900 to 60 700 pieces yr_1). Excessive 
exploitation of the species could increase extinction 
risk, w hich is already suggested from the high suscep­
tibility to bleaching and rareness. On the other hand, 
aquarium  colonies could also be used in conservation 
as captive sources of 'seed ' for th reatened  populations. 
The under-sam pling problem  may be more serious for 
other rare genera, some of w hich are monospecific 
(Diploastrea, Gardineroseris, and Leptoria). More effort 
to sample and understand their responses to tem pera­
ture anomalies will be needed  to determ ine their needs 
for special m anagem ent.

The positive relationship betw een the bleaching re ­
sponse w ith abundance and commonness of corals is 
why many of the most bleaching-susceptible taxa have 
low risks of extinction in our model. Rare and site- 
restricted taxa w ere those most likely to go extinct in the 
eastern  Pacific, associated w ith the 1982-83 ENSO 
(Glynn & Ault 2000). Although vulnerability, declining 
populations, and aspects of small and sparsely distrib­
uted  populations are am ong the main criteria for evalu­
ating risk of extinction (IUCN 1999, Roberts et al. 2002), 
there are past exam ples of abundant and widely distri­
buted species going extinct (Carlton et al. 1991) and 
reasons to believe this can happen  in the marine envi-
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ronm ent (Hutchings 2001). It is, however, difficult to 
identify these taxa a priori, since all taxa included here 
(but one: Millepora) are scleractinians, and all have sym­
bionts and associated life histories. Nonetheless, taxa 
w ith narrow  environm ental limits, restricted ranges, 
small population sizes, low dispersal capabilities, and 
slow grow th are likely to be most vulnerable (Glynn 
2000), and many of these attributes are identified above.

This study provides further support for the hypothesis 
that past bleaching episodes and associated changes in 
taxa and community structure provide some resistance 
to w arm -w ater anomalies (Baker et al. 2004, M cClana­
han  et al. 2007). The sites we studied in the northern In­
dian O cean displayed resistance through reduced 
taxon-specific bleaching responses as a function of 
DHWs experienced in 1998, as well as resilience due to 
a change in the dom inant taxa (M cClanahan et al. 
2007), with increased relative abundance of those taxa 
w ith either g reater resistance to w arm -w ater anom ­
alies, such as massive Porites and Pavona, or distur­
bance-adapted  life histories, such as Pocillopora. This is 
associated w ith major losses in previously dom inant 
taxa, such as Acropora and Montipora, and possibly 
some losses in those taxa that are difficult to quantify 
but likely to include those we identified as extinction- 
prone. There are still a num ber of sites in this region 
that display communities and diversity that reflect less 
catastrophic disturbance effects, and they are among 
the highest regional priorities for m anagem ent.

Monitoring

With the urgency to understand the threats posed by 
climate change, one of the main challenges in monitor­
ing bleaching and coral communities has been  in coor­
dinating m ethods and the synthesis and comparison of 
data on an appropriately large scale. To our know l­
edge, our survey is the largest coordinated bleaching 
study yet carried out. Coordinated am ong 12 coral reef 
scientists, it covered 8 countries and 71 reef sites in one 
w arm  season. A quick and simple technique was used, 
which has the advantage of monitoring corals in a 
com parable, consistent, and standardized way in a 
relatively short period of time. This study also dem on­
strates that it is possible to investigate oceanographic 
anomalies and w arm ing responses at a scale beyond 
the reef or country level (M cClanahan et al. 2007). 
Such smaller-scale studies often use a w ide variety of 
techniques, often sem i-quantitative, and comparison 
betw een m ethods and observers is difficult. With the 
increased uncertainties in the global synopsis of corals 
and possible extinctions, our simple and cost-effective 
m ethod can be used as a global protocol for assessm ent 
and monitoring of coral communities and bleaching.
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