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Coral Bleaching and Sea Surface 
Temperature Anomalies 

Large-scale coral bleaching has hap- 
pened repeatedly in the Pacific and In- 
dian oceans and the Caribbean since 
1982. Previously it was observed only 
on a small scale (Williams and Bunk- 
ley-Williams 1990;Jokiel & Coles 1990; 
Glynn 1988, 1991; Goreau et al. 1993; 
Goreau & Hayes 1994, 1995). The 
1998 bleaching event was globally the 
most extensive such event recorded 
except in the Caribbean and Central 
Pacific where a comparison of year-by- 
year temperature and bleaching maps 
show that it was comparable with the 
largest previous events (T.G. et al., un- 
published data). Global analyses of 
coral bleaching are rare, but critical to 
an understanding of the widespread 
ecological effect of bleaching events. 
We reviewed data, both published and 
unpublished, on the 1998 event and 
discuss the potential broad-scale impli- 
cations for coral reef conservation. 

Large-scale coral reef bleaching is 
triggered by positive sea surface tem- 
perature (SST) anomalies, although 
other stress factors also can cause 
small-scale bleaching. The term bleach- 
ing hotspot has been coined to de- 
scribe SST anomalies that approxi- 
mate or exceed by 1.0° C or more 
the SST expected climatologically 
during the warmest month of the 
year as seen from NOAA's satellite- 
derived observations (portrayed on 
monthly ocean features analysis maps 
[Goreau & Hayes 1994] or NOAA's 
new, twice-weekly Bleaching Hotspot 
Chart [Strong et al. 1997; Goreau et 
al. 1997]). Many areas of the tropical 
oceans were influenced by unprece- 
dented elevations in sea surface tem- 
perature during 1998 due to a severe 
El Nino Southern Oscillation (ENSO), 

and the Indian Ocean's 11-year oscil- 
lation, superimposed on a recently 
noted warming over the northern 
hemisphere tropics (Strong et al. 
1997). 

Maps showing the distribution of 
maximum monthly temperature anom- 
alies based on satellite-derived sea 
surface temperatures during 1998 
showed sea surface temperatures 
more than 0.9° C above normal in 
the warmest month (Figs. la-d, yel- 
low and orange areas on the maps). 
Coral bleaching events are repre- 
sented by points on the map; these 
reports are, for the most part, un- 
published. Hence, reference to re- 
searchers (Appendix) throughout this 
paper reflect personal communica- 
tions of unpublished data and are 
indicated by name alone in paren- 
theses. A handful of coral bleaching 
reports came from locations •where 
these temperatures were between 
0.7 and 0.9° C above normal (de- 
noted in Fig. 1 by blue); however, in 
many of these cases, in situ measure- 
ments showed that water tempera- 
tures were in fact warmer than those 
observed from satellite data (for ex- 
ample in the Andaman Islands, Ravin- 
dran et al. 1999). There are several 
explanations for these observed dif- 
ferences. For example, some areas 
were too small to be resolved by sat- 
ellite infrared thermal imagery; these 
include lagoons behind reefs where 
circulation was cut off by extreme 
low tides and small or narrowly dis- 
tributed reefs. Furthermore, small 
clouds that are typical around high 
islands during extremely strong, small- 
scale thunderstorm activities during 
unusually warm periods may bias 
satellite measurements. Our analyses 
of temperature records of individual 
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sites shows that many corals re- 
mained above bleaching thresholds 
for up to 5 months in the Indian 
Ocean and East Pacific, several months 
in areas of the West Pacific, and only 
for one or 2 months in the Caribbean. 

Bleaching reports plotted on the 
maps (Fig. 1) are primarily from long- 
term observers who assessed the 
reefs both before and after the bleach- 
ing events, followed the event for a 
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Figure 1. Maximum warm season temperature anomalies in the (a) Indian Ocean (b) West Pacific, (c) Et 
Pacific and Greater Atlantic, and (d) Caribbean. Areas shown in white are <0.3° C above the long-term, 
seasonal maximum monthly average temperature, purple areas reached between 0.3 to 0.7° C above, blue 
areas reached between 0.7 and 0.9° C above, yellow areas reached from 0.9 to 1.3° C above, and orange 
areas reached more than 1.3° C above historic maximum averages. Bleaching reports are shown as red dots. 
Source of observations in Appendix. 
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The lack of hurricane activity dur- 

ing the early summer allowed SSTs 
to climb; this elevation in SSTs was 
followed by three hurricanes, Bon- 
nie (19-30 August), Georges (15 
September - 1 October), and Mitch 
(24 November - 1 December). These 
hurricanes brought cold and deep 
water to the surface, produced heavy 
rainfall, and limited the duration of 
anomalous temperature exposures 
to coral reefs along their respective 
paths. For example, within 2 days of 
the passage of Hurricane Bonnie, sea 
temperatures in the Bahamas fell by 
2.0° C. Hurricanes resulted in exten- 
sive breakage of branching coral spe- 
cies throughout the region, -where 
branching species, such usAcropora 

cervicornis, had yet to recover from 
a devastating disease in the mid-1980s 
(Aronson & Precht 1997; Goreau et 
al. 1998). 

In previous years, Caribbean bleach- 
ing episodes were most evident in 
the northern sectors. The Cayman Is- 
lands, Jamaica, Cuba, the Bahamas, 
and Mexico were severely affected 
by bleaching in 1987, 1990, and 
1995. In 1995 the barrier reef of Bel- 
ize experienced mass bleaching for 
the first time (McField 1999). In 
1998, however, southern sectors 
were most severely influenced. This 
shift may be due to the hurricanes 
tracking through the northern Carib- 
bean sectors in 1998. 
 
Bleaching in the Greater Atlantic 

Bleaching was reported in the north- 
ern and western Bahamas near An- 
dros and New Providence and in 
Bermuda. Bleaching took place in 
the north-east of Brazil and in a small 
hotspot at the extreme southern 
fringe of Atlantic corals in Brazil. 
Bleaching took place in the eastern 
Mediterranean coast of Israel, affect- 

ing the naturalized introduced spe- 
cies Oculina patagonica. Hotspots 
also affected the Cape Verde Islands 
and the islands of the Gulf of Guinea 
(Fig. Ic), but no bleaching reports 
were available from these areas. 
 
Coral Mortality 

Across the Indian Ocean bleaching 
was correlated with high coral mor- 
tality (Table 1). Mortalities generally 
ranged from 70-99, with esti- 
mates around 90 most common 
across the region. Researchers re- 
ported that virtually all species in 
the genera Acropora, Seriatopora, 
Stylophora, Millepora, and Pocillo- 
pora were killed over large regions. 
Table 1 presents a partial list of mor- 
tality estimates for the aggregate 
coral cover. Low mortality was noted 
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only in South Africa, where the reefs 
are deep and species poor, in Re- 
union and Gulf of Kutch, where cor- 
als are subjected to high sedimen- 
tation stress, and inside the reef 
lagoons of Mauritius, which are af- 
fected by high sedimentation and 
high fertilizer and sewage runoff. 

Extremely high coral mortality 
was noted from areas of the Saudi 
Arabian Red Sea (Fadlallah, Devantier, 
Sheppard), Socotra (Devantier), Co- 
moros (Thomassin), Sri Lanka (Eka- 
ratne, Weerakkoddy, Rajasuriya), Lak- 
shadweep (Raghukumar, Ravindran, 
Arthur), Chagos (Sheppard), and the 
reefs of Western Australia (Luke Smith, 
Heyward). Repeated photographic 
censuses around an entire Maldivian 
island found approximately 99 coral 
mortality (Goreau, Hilbertz, Azeez 
Hakeem). Other surveys of other 
Maldivian islands and atolls indicate 
nearly as high mortality (Clarke & Mc- 
Clanahan, unpublished data). Line 
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transects filmed before, during, and 
after bleaching in more than 20 reef 
sites around the high islands of the 
Seychelles showed mortality ranging 
from 70-99, averaging around 90 
(Goreau 1998a, 1998&). The highest 
mortality was observed in reefs with 
highest coral cover and the lowest 
mortality in the most stressed habi- 
tats (Goreau 1998o, 1998&, and 
1998c). 

Extremely severe mortality was 
found in the reefs of Western Austra- 
lia, including Scott, Ashmore, and 
Seringapatnam reefs, with near total 
mortality (Luke Smith). Heyward 
found 75 mortality on three West- 
ern Australian reefs. Severe coral 
mortality of up to 90, with near to- 
tal mortality of branching corals, 
was also reported for Palau (Colin, 
Idechong, Bruno), Northern and Cen- 
tral Philippines (Alino, Wegmann), 
Okinawa (Yamazoto, Loya), Iriomote 
(Van Woesik), Ishigaki (Van Woesik), 
and Vietnam (Tuan). Mortality also 
appears to have been severe in the 
Gulf of Thailand, Cambodia, and Tai- 
wan. Palau, which had never before 
had a severe bleaching event, lost 
most branching and plate corals 
(Colin, Idechong, Bruno). Up to 90 
of branching coral died in areas of 
the inner and southern Great Barrier 
Reef (Berkelmans & Oliver 1999); 
however, only Acropora in the 3- to 
5-m depths was severely affected 
(90 mortality). Other branching cor- 
als (Porites) and corals that were 
deeper (>5m) had high survival 
rates of all forms. Much milder 
bleaching was seen in Yap, at the 
edge of the hotspot, mainly inside 
the lagoon (Romano) but was not re- 
ported from islands to the north or 
east that lay outside the hotspot. 

Mortality rates in Indonesia were 
around 50 in Bali (Goreau), but 
lower in islands to the east (Larry 

Smith) and in Sulawesi (Harahap, Erd- 
mann, Hoeksma). Lower mortality 
•was found at Rowley Shoals and 
Houtman-Abrolhos that were located 
in small, cooler areas of water (Done). 
Lower mortality was also found in 
very turbid waters in the Gulf of 
Kutch (Arthur), Southwestern Sri 
Lanka (Weerakkody), Mahe (Goreau 
WSa, 1998&), and inside the lagoon 
ofAlfonse atoll (Goreau 1998c). Some 
areas affected by strong upwelling 
also showed lower mortality, such as 
the outer reefs ofAlfonse, St. Francois, 
and Bijoutier atolls (Goreau 1998c) 
and certain locations in the Maldives 
(Kahleel) and Western Zanzibar (Re- 
idemiller). In many of the reported 
cases upwelling episodes and high tur- 
bidity appear to have protected corals, 
to some degree, from severe mortality. 

Overall, coral mortality following 
bleaching was extensive except for 
the extreme southernmost fringe, the 
cooler waters of the Andaman Sea, 
off Burma, western Thailand, west- 
ern Malaya, and northern Sumatra, 
and the northernmost Red Sea, in- 
cluding Hurghada and Sinai. Al- 
though being surrounded by cooler 
water, reefs in the Andaman Islands 
were severely bleached, and temper- 
atures within reef waters reached 
30-31° C (Ravindran et al. 1999), but 
the area affected apparently was too 
small to show on satellite images. 
Here the time interval for bleaching 
may have been shorter than 1 month: 
hotspots did not show up in the 
twice-weekly NOAA charts. The Indo- 
Pacific species most affected by mor- 
tality were the most abundant, fast- 
est growing, and fastest recruiting 
branching and table coral species. 
These are the most important coral 
species in terms of providing shelter 
for fish and in breaking waves and 
protecting the coastline. 

The overwhelming majority of sur- 
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vivors in severely bleached Indo- 
Pacific reefs were massive corals in 
the family Poritidae, followed by the 
Favidae, but many or most of these 
showed partial mortality, often with 
only small portions surviving. Many 
post-bleaching field surveys in the In- 
dian Ocean found that reefs through- 
out the region presently have only 
around 10 or less live coral cover. 
Previous studies suggest that some 
loss in coral cover in some of the re- 
mote atolls took place during the 
1987/88 event (Allison 1995; Shep- 
pard 2000«). The 1997/1998 event, 
however, was particularly devastat- 
ing to many species (T.M., unpub- 
lished data). 

In terms of overall mortality, the ef- 
fects of 1998 were greater than any 
previous year because of the unprec- 
edented size of the Indian Ocean, 
Northwest Pacific, and Southwest 
Pacific hotspots and the high coral 
mortality that followed. Fortunately, 
however, the limited impact in the 
central Indonesia species coral reef 
diversity center in the Banda and 
Flores Seas may allow transport of 
coral larvae to nearby damaged re- 
gions. Although recovery may be ex- 
pected to be slow even in areas un- 
damaged by human activities, there 
is some hope of eventual recovery 
only if the central Indonesian area 
can be protected from further dam- 
age by high temperatures, dynamite, 
poisons, sedimentation, and nutrient 
buildup. Areas escaping thermal dam- 
age in 1998 in the West Pacific in- 
clude the Marianas, most of Microne- 
sia, Melanesia, and most of Polynesia 
except the Tuamotos. 

Mortality from bleaching in the Car- 
ibbean was fairly minor compared 
Issues in International Conservation 
with the Indian and Pacific Oceans. 
Estimated losses of coral cover from 
mortality in the Caribbean due to 

the 1998 bleaching event do not 
exceed 5-10, although higher val- 
ues up to 25 have been found in 
patch reefs of Glovers Reef Atoll 
(McClanahan, McField, and Huitric). 
Nevertheless, coral cover across the 
region is continuing to decline rap- 
idly as the result of algae overgrowth 
and coral diseases (McClanahan & 
Muthiga 1998; Shulman & Robertson 
1997; Goreau et al. 1998; Jaap et al. 
1999). Diseases, including white band 
and yellow band, were widespread 
in distribution throughout the re- 
gion before the 1998 bleaching epi- 
sode. Although diseases are continu- 
ing to increase, there seems to be 
little consensus on the relation of 
disease to coral bleaching (Goreau 
et al. 1998; L. Richardson, personal 
communication). Some experimen- 
tal evidence from a Mediterranean 
coral suggests a causal link between 
infections and bleaching (Kushmaro 
et al. 1996). 

In strong contrast to the Indo- 
Pacific, where Acropora species of- 
ten have been observed among the 
first to bleach and die, the Caribbean 
Acropora were among the last to 
bleach (McField 1999). Although re- 
covery of Caribbean species gener- 
ally has been high following bleach- 
ing there are clear differences between 
species in terms of both duration of 
recovery and mortality. Montastrea 
cavemosa, Siderastrea siderea, and 
Montastrea annularis are usually 
among the slowest to recover and 
appear to have their growth de- 
pressed for the longest intervals, of- 
ten showing partial mortality around 
colony edges after prolonged bleach- 
ing events. This makes them more 
susceptible to reduced recovery in- 
tervals between bleaching events. 
The deep-water Agaricia species 
show fairly high mortality, but the 
shallow-water species, especially A. 
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tenuifolia, are less affected. Mille- 
pora complanata and M. alcicomis 
show high mortality during severe 
events even though they are among 

the first to recover from mild bleach- 
ing events. Differential mortality and 
susceptibility to prolonged recovery 
intervals would be expected to even- 
tually cause noticeable changes in 
Caribbean reef species composition 
following repeated bleaching even 
without severe mortality. 
 
Potential for Ecosystem Recovery 

In most observed locations, coral 
killed by bleaching was rapidly over- 
grown by filamentous algae. Waters 
turned green in many places, appar- 
ently fertilized by nutrients from 
the decomposing corals. The phyto- 
plankton blooms and filamentous al- 
gae overgrowth on dead corals usu- 
ally disappeared in a few months. 
Following this, in areas of high nutri- 
ent input and with low fishing pres- 
sure (and therefore higher fish abun- 
dance) an algal turf was commonly 
observed. In areas with low nutrient 
inputs, encrusting calcareous red al- 
gae were more common. In loca- 
tions with strong nutrient inputs 
(near land with high surface runoff 
or upwelling areas) and where fish- 
ing effort is high, die-offs of phy- 
toplankton blooms and filamentous 
algae were followed by fleshy mac- 
rophytic algae overgrowth. In some 
areas of the Indian Ocean and Indo- 
nesia with high nutrient inputs, dead 
corals were overgrown by ascidians 
or sponges. Areas subject to nutrient 
inputs will probably remain algae 
dominated even if new coral recruit- 
ment is high. Recovery most likely 
will be on cleaner, encrusting, coral- 
line algae-dominated areas when and 
if coral recruitment resumes. 

The major surviving corals in Indo- 
Pacific reefs, the large head Porites 

species, became dominant corals in 
many reefs after bleaching because 
of their high survival; a further con- 
cern is that most of these corals are 
dying back at a few centimeters a 
month from Porites line disease 
(Ravindran et al. 1999). This has been 
noted in Seychelles (Goreau), Mal- 
dives (Goreau & Hilbertz), Sri Lanka 
(Weerakkody), and India (Ravindran, 
Raghukumar), but the distribution 
of the disease spans the Indo-Pacific 
(T.G., unpublished data). Multiple 
catastrophes (higher SSTs, more pro- 
nounced ENSOs, and disease) •will 
slow recovery to significantly longer 
than the decade recovery time typi- 
cal of catastrophic local damage (such 
as from hurricanes or ship ground- 
ings) in areas with recruitment from 
nearby undamaged areas. 

Recovery of corals depends on fu- 
ture temperature regimes and the 
ability of species, taxonomic groups, 
and ecological communities to adapt 
to external environmental and inter- 
nal ecological changes. The Kenyan 
monitoring study suggests that the 
ecological outcome of coral mortal- 
ity depends on the amount of mor- 
tality interacting with the levels of 
herbivory and nutrient inputs. Reefs 
•with low herbivory and high coral 
mortality experienced the greatest 
ecological changes, with those reefs 
customarily becoming dominated with 
large, fleshy algae (T.M., unpublished 
data). Large, erect, fleshy algae have 
been shown to suppress coral growth 
and recovery (Tanner 1995) as well 
as the abundance and diversity of 
fishes (McClanahan et al. 1999). 
Even remote reefs with high levels of 
herbivory had increased erect algal 
and sponge cover (Sheppard 2000a; 
T.M., unpublished data). Preliminary 
coral recruitment studies have found 
that some of the reefs with high lev- 
els of herbivory also have low levels 
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of coral recruitment. It is possible 
that predators of corals (high level of 
herbivory) are now feeding on small 
coral recruits due to the lack of older 
corals to feed on (McClanahan & 
Dusek, unpublished data). 

Because it appears that most of the 
entire Indian Ocean was affected by 
high bleaching mortality in 1998, 
there is likely to be minimal recruit- 
ment of branching corals in the next 
few years because virtually every po- 
tential source area, with sexually ma- 
ture branching coral populations, 
was affected by catastrophic mortal- 
ity. So great is the observed mortal- 
ity that local, if not regional, extinc- 
tion of many species of branching 
corals is likely. Extinction may have 
extended to regional endemics be- 
cause the entire central area of coral 
reef species diversity was affected 
along with most outlying areas. Re- 
covery is likely to be prolonged due 
to lack of enough mature corals to 
provide new recruits and is even less 
likely in areas that are anthropogeni- 
cally perturbed. If bleaching events 
recur in the coming years, even the 
cleanest and most remote reef areas 
may fail to recover. 

Despite the severe coral mortality 
that affected large areas of the West- 
ern and Eastern Pacific, eventual re- 
covery is possible because coral lar- 
vae may, in fact, be supplied from 
remote, unaffected source regions 
by currents. Large areas of the cen- 
tral Pacific and central Indonesia es- 
caped damage from bleaching in 
1998 as did some localized areas af- 
fected by sediment stress and/or up- 
welling. Ironically these stressed ar- 
eas may be the larval source for the 
recovering reefs; unfortunately, these 
stressed environments do not have 
the full diversity of species. Many 
scientists, however, are concerned 
that continued global warming would 

cause hotspots to become more fre- 
quent, widespread, and intense. Such 
a scenario would only cause more se- 
vere bleaching (Goreau & Hayes 1994; 
Hoegh-Guldberg 1999) that could 
eventually lead to large-scale, mass 
extinction of many coral' reef spe- 
cies. Even in the best-case scenarios 
it is expected that recovery will be 
slow, particularly in areas with other 
stressful influences, such as sewage 
and fertilizer nutrients, sedimenta- 
tion, and overfishing. 
 
Climate Change: El Niiio, the 
Indian Ocean Oscillation, and 
Global Warming 

Although the 1998 bleaching -was 
widely attributed to El Nino, recent 
work shows that the Indian Ocean 
may be even more influenced by an 
internally generated climatic oscilla- 
tion of 11 -12 years that is not always 
in phase with El Nino events, but 
which happened to coincide with 
them in 1998 (Webster et al. 1999; 
Saji et al. 1999). Long-term records 
of Indian Ocean climate oscillations 
recorded from coral cores show ir- 
regular cycles that often differ, but 
always incorporate ENSO cycles (Cole 
et al., 1999). In the Indian Ocean, 
the 1997/1998 ENSO was the stron- 
gest recorded since 1877/1878 (Mc- 
Phaden 1999). In addition, recently 
climatologists have been uncovering 
more information on another impor- 
tant contributor to the climate sys- 
tem that operates primarily over the 
Pacific Ocean, but undoubtedly has 
an influence on the adjoining Indian 
Ocean—the Pacific Decadal Oscilla- 
tion (Mantua et al. 1997). Having a 
period of several decades, this cli- 
mate oscillator also may have been 
at its peak at this time, helping to 
further boost tropical SSTs espe- 
cially north of the equator in the Pa- 
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cific and Indian Oceans. 
Indian Ocean temperatures ap- 

pear to oscillate between 3.5 and 5.3 
years periods, with the shorter cycle 
dominant before the 1920s and after 
the 1960s and the longer cycle dom- 
inant in the interim (Charles et al. 
1997). Both cycles are contained 
within a stronger cycle of 11.8 to 
12.3 years driven by the Asian mon- 
soon system. Therefore, the stron- 
gest warming events will occur 
when decadal and ENSO oscillations 
are temporarily in phase, as appar- 
ently happened in 1998. A number 
of recent (150- to 200-year) tempera- 
ture record studies, based on the iso- 
topic ratio of oxygen in coral cores, 
found strong parallels between In- 
dian Ocean and Pacific oscillations, 
but with occasional diversions from 
this association. East African temper- 
ature patterns (Cole et al., 1999) are 
more strongly related to ENSO events 
than western Australia (Kuhnert et 
al. 1999) or Seychelles sites (Charles 
et al. 1997). 

The patterns of bleaching seen in 
1998, although strongly influenced 
by El Nino teleconnections, appear 
to have differed from it in many sig- 
nificant regards, especially the se- 
vere bleaching in most areas of Aus- 
tralia, Indonesia, the Philippines, 
and the South China Sea, which nor- 
mally cool down during El Nino 
events. If ENSO were the only factor 
involved there might be reasons for 
complacency because the 1998 El 
Nino could have been the most se- 
vere ENSO event of the last millen- 
nium, making bleaching of such se- 
verity unlikely to recur except on a 
scale much longer than reef recov- 
ery time. The factor that continues 
to gradually worsen the situation, of 
course, is global warming. The trends 
in SST over the tropics during the 
last 15 years are remarkable, espe- 

cially over the sites north of the 
equator (Strong et al. 1997) (some 
locations have seen increases based 
on satellite-derived SST measure- 
ments of nearly 0.05° C per year). 
The patterns of SST changes that the 
oceans have been showing since 
1984 do not fit present global change 
models that predict larger increases 
at higher latitudes—not the latitude 
of 5° N (ocean average). 

The death of thousand-year-old 
coral colonies during 1998 (Goreau 
1998&; Hodgson 1999), all of which 
had survived hundreds of previous 
El Nino events, highlights how ex- 
ceptional 1998 was. If global warm- 
ing is raising the baseline on which 
regional ENSO fluctuations occur 
(Williams & Bunkley-Williams 1990), 
then global warming needs to be 
considered an important ingredient 
in bleaching. If true, then all reef ar- 
eas that are warming gradually will 
shift from an apparent ENSO, dipole, 
quasi-decadal periodicity (Huppert & 
Stone 1998) to events that become bi- 
ennial or annual (T.G. et al., unpub- 
lished data; Hoegh-Guldberg, 1999). 

It is feared that global warming's ef- 
fects will cause hotspots to become 
more frequent, more intense, and 
more widespread in the decades ahead 
(Goreau & Hayes 1994). Bleaching 
mortality will become much more se- 
vere unless corals are capable of phys- 
iological acclimation. 

Corals have lived successfully in 
warmer and colder temperatures in 
the past. For example, around 2 mil- 
lion years ago massive coral extinc- 
tions at the start of the ice ages 
(Budd & Johnson 1997) wiped out 
the most high-temperature-tolerant 
species, which were replaced with 
new low-temperature tolerant coral 
species that are the ancestors of 
modern corals. The real concern is 
that adaptations that would allow 
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corals and their symbiotic algae to 
acquire high temperature tolerance 
that they now apparently lack will 
take more time than that allowed for 
by the present rate of warming. 
 
Conservation Implications 

The largest and longest field study in 
the western Indian Ocean, which 
has a number of study sites in and 
out of marine protected areas in 
Kenya, found that nearly all reefs 
were reduced to around 10 coral 
cover, despite the fact that pro- 
tected areas had 45 cover and un- 
protected areas had 25 cover 
before the bleaching (T.M., unpub- 
lished data). The protected areas 
contained many of the sensitive and 
more delicate species with branch- 
ing morphologies, indicating that 
protection from resource extraction, 
changes in the food web, or destruc- 
tive gear (McClanahan & Mutere 
1994) was ineffective in preventing 
bleaching-related mortality. This sug- 
gests, as above, that already de- 
graded or stressed reefs may be the 
least likely to show the full effects of 
bleaching because populations of 
sensitive species may already be re- 
duced greatly. 

A troubling aspect of the high 
mortality observed in the Maldives 
and surrounding reef regions is that 
these islands are the center of coral 
diversity in the Indian Ocean. This 
area has the region's warmest water 
temperatures, which was originally 
hypothesized as the cause for this 
high diversity (Rosen 1971; Shep- 
pard 2000&). A fairly extensive post- 
bleaching survey of Maldivian corals 
in three atolls found, however, that 
at least a dozen of the branching 
species went locally extinct since 
surveys in the early 1960s (T.M., un- 
published data). Water temperatures 
are widely thought to promote coral 

diversity, but beyond some thresh- 
old, probably just above 30° C, 
the numbers of species may drop 
as high-temperature-sensitive species 
are lost. This upper temperature 
limit was first derived by A. Mayor 
(1918) and Yonge and Nicholls (1931), 
who found that corals from the 
Great Barrier Reef, the Torres Straits, 
and Florida bleached and died above 
these levels and showed no capabil- 
ity to adapt to higher temperatures. 
This was confirmed by the inability 
of corals to recolonize areas with 
thermal effluent discharges (Jokiel & 
Coles 1977) and from experimen- 
tal temperature manipulation studies 
(Glynn & D'Croz 1990; Berkelmans 
&Willis 1999). 

Coral mortality also has profound 
effects on many other reef organ- 
isms. Comparison of video transects 
taken before and after bleaching in 
the Seychelles (Goreau) and Maldives 
(Goreau, Hilbertz, Azeez Hakeem) 
found that invertebrate populations 
appeared to be severely depleted fol- 
lowing bleaching, with many previ- 
ously noticeable groups of fauna dis- 
appearing or greatly reduced including 
Acanthaster planci, the coral-eating 
crown-of-thorns starfish. The few 
surviving A. planci that could be 
found were eating coral species that 
they normally do not eat, especially 
Porites. 

Fish populations are reported to 
have declined, but few quantitative 
studies have been completed. Spe- 
cies dependent on coral—such as 
butterflyfish and those that shelter 
in coral (some damselfish and Anthi- 
ads)—are expected to decline. In 
many bleached areas, fish popula- 
tions have become dominated by 
parrotflsh and surgeonfish grazing 
the algae overgrowing dead coral. 
Further studies are required to deter- 
mine the extent of the problem for 
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fishes. Reef fisheries studies are also 
rare, but a continuous study from 
Kenya found no immediate or pro- 
longed drop in fish catches after the 
bleaching. This is not entirely sur- 
prising as catch from these degraded 
reefs is often of species that are not 
coral dependent, such as seagrass- 
feeding rabbitfish and parrotfish or 
planktonic species. 

Intact branching corals are often 
strongly correlated with fish and in- 
vertebrate population sizes and di- 
versity. Immediately after bleaching 
of Indian Ocean reefs the structure 
of the branching and plate corals 
was intact, but with the subsequent 
cold monsoon, these started to break 
apart. This loss of reef structure is 
likely to affect species dependent on 
this structure, reduce shoreline pro- 
tection, and increase coastal erosion. 
Coastal erosion is an especially serious 
concern for the low-lying islands of 
the Maldives, Lakshadweep, Chagos, 
and the atoll islands of western Sey- 
chelles and northern Mauritius. That 
the incidence of cyclones in the In- 
dian Ocean and Pacific is increasing 
(Chu & Wang 1997) adds further 
cause for concern. 

Much funding is currently being 
put into the establishment of marine 
protected areas. While desirable for 
many reasons, such as the control of 
overfishing and controlling tourist 
and anchor damage, this form of 
management is unable to protect 
reefs from high temperatures, coral 
diseases, or nonpoint sewage and 
fertilizers. Reliance on protected ar- 
eas thus cannot save coral reefs un- 
less the root causes of coral mortal- 
ity are also stopped. Any strategy of 
protected areas that does not con- 
trol these threats will probably not 

protect coral reef species, the eco- 
system, and its processes. 

In essence, this global bleaching 
event indicates that coral reefs are 
endangered habitats and manage- 
ment must shift to include the level 
of the ecosystem and global pro- 
cesses, rather than remaining fo- 
cused only on individual species and 
local management. If the Conven- 
tion on Biological Diversity and the 
Framework Convention on Climate 
Change are to meet their own goals of 
protecting the most species-rich and 
economically valuable tropical ma- 
rine ecosystems, a number of ac- 
tions will need to be taken at both 
local and global levels. Clearly, re- 
versing global warming is critical, al- 
though exceedingly difficult politi- 
cally and economically. We must 
recognize that current goals may be 
inadequate. Even if there were an 
immediate reduction of 50 in the 
use of fossil fuels, the existing mo- 
mentum of global warming is such 
that changes at a scale likely to im- 
prove persistence of coral reef sys- 
tems will take a number of years. At 
a local level, there must be a mora- 
torium on the harvesting of wild 
branching corals. Perhaps it is also 
time to preserve and propagate rare 
branching species in aquariums. 
Funding is also needed to determine 
the full ecological impact of this 
bleaching event on coral reef ecosys- 
tems. For instance, we must deter- 
mine their resilience, develop and am- 
plify methods of restoring damaged 
coral reef habitat, and study the effect 
of large-scale bleaching and mortality 
on ecological services provided by 
coral reef systems such as fisheries. 
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Appendix 1: Source of 
observations of coral reefs on 
Fig. 1 and in Table 1.* 

Indian Ocean 

Sondwana, South Africa (Korrubel, Schleyer), 
Primeiras e Segundas, Mozambique 
(Rodrigues), 
Comoros (Thomassin), Reunion (Thomassin, 
Nairn, Bigot), Mauritius (Fagoonee, Turner, 
Hassell, Wilson, Bheroo), Seychelles (Goreau, 
Souyave), Amir-antes (Teleki), Madagascar 
(McClanahan, Obura), Zanzibar, Pemba, and 
Tanganyika (Suleiman), Kenya (McClanahan, 
Muthiga, Obura), Djibouti, Yemen (Devan- 
tier, Abubakr), Eritrea (Peduli), Sudan (Or- 
mond), Jedda, Saudi Arabia (Fadlallah), So- 
cotra (Devantier), Jubail, Saudi Arabia 
(Devantier), Qatar (Wilson), Muscat, Oman 
(Wilson), Rann of Kutch, India (Arthur, Ra- 
ghukumar), Lakshadweep, India (Raghukumar, 
Ravindran, Koya), Mandapam, India (Raghu- 
kumar), Tuticorin, India (Jeyabaskaran), An- 
damans (Ravindran), Sri Lanka (Ekaratne, We- 
erakkody, Rajasuriya), Maldives (Azeez 
Hakeem, 
Naseer, Allison, Flueck), Chagos (Shepherd), 
St. Martins Island, Bangladesh (Khan), S. 
Sumatra (Suharsono), Java (Suharsono, Hu- 
tomo, Moosa, Llewellyn), Bali (Goreau), Lom- 
bok (Haq), Timor (Larry Smith), Scott Reef 
(Luke Smith), Ashmore Reef (Luke Smith), 
Seringaptanam Reef (Luke Smith), Christmas 
Island (Done), Cocos-Keeling (Done). 

West Pacific 
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Singapore (Chou, Low, Koh), Northern Borneo 
(Baker), eastern Malaya (Oakley), Sulawesi 
(Larry Smith, Harahap, Erdmann, Hoeksma), 
Gulf of Siam (Chandler, Ohmann), Cambodia 
(Nelson, Monyneath), Vietnam (Tuan, Hodg- 
son), Palau (Colin, Idechong, Bruno) northern 
(Alino, Gomez, Wegmann) and southern Phil- 
ippines (Tacio), Hong Kong (Wong), Taiwan 
(Hsia), Ishigaki (Van Woesik), Iriomote (Van 
Woesik), and Okinawa (Yamazoto, Loya), Yap 
(Romano). 

East Pacific 

Pacific Mexico (Munguia Vega & Reyes Bon- 
illa 1999), Costa Rica (Cortes), Panama 
(Glynn, 
Peralta, Eakin), Colombia (Garzon), Ecuador 
(Glynn) including the Galapagos (Wellington), 
Christmas Island, Kiribati (Teem), Tuamoto Is- 
lands (Chancerelle) 

Atlantic bleaching northern and western 
Bahamas near Andros and New Providence 
(Houdret), Bermuda (Smith), Brazil (Kenji, 
Migotto); eastern Mediterranean coast of Is- 
rael, affecting the naturalized introduced spe- 
cies Oculina patagonica (Loya). 

Caribbean 

Belize (McField, McClanahan, Borneman, Le- 
desma). Cayman (Austin, Bush), Mexico (Igle- 
sias Prieto, Perez), Florida (Porter, Quirolo, 
Jaap, Causey, Barimo), Bonaire (de Meyer), 
Curacao (Nagelkerken), Cuba (Alcolado), Bar- 
bados (Nurse), Puerto Rico (Williams, Weil, 
Bruckner), Virgin Islands (Battey, Garrison), 
Guadeloupe (Bouchon), Antigua (Derrick), 
Tobago (Young), Jamaica (Espeut), Panama 
(Tribaldos, Gonzalez Diaz), Costa Rica 
(Cortes), 
Colombia (Garzon Ferreira), Venezuela 
(Weil). 


