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Meteorological data from the period of the 1998
sea warming event
Sea-surface temperature (SST)
In situ SST data obtained from the Waverider Buoy be-
tween March and July 1997 and February and July 1998
indicated that the mean SST reached its highest values
during February (28.5o C) and March (28.1o C) 1998
(Figure 13). The long-term mean sea temperature at this
time of year is 27o C, thus temperatures were 1o C - 1.5o

C higher than normal. SST was higher in 1998 than in
1997 in both March (1998: 28.1o C; 1997: 27.5o C) and
April (1998: 27.4o C; 1997: 26.8o C). No data were availa-
ble for February 1997. SSTs were significantly higher in
February and March 1998 than in April-July 1998 (stu-
dent’s t-test: T = 5.19, df = 7, p<0.05) and were also sig-
nificantly higher in 1998 than in 1997 (paired t-test: T =
-3.47, p<0.05). These data were confirmed by the SST
anomaly charts produced by NOAA.

Cyclone
During the period of high sea surface temperature,
Mauritius experienced unstable weather conditions. Be-
tween the 6th and 10th of February a trough crossed the
region producing thunder and showers over the whole
island. This tropical depression was named Anacelle by

the Mauritius Meteorological Services on the 8th of Feb-
ruary 1998 when it was located at 13.2o S, 61.0o E. As it
moved south south west, it intensified and became a
tropical cyclone while passing off the west coast of St.
Brandon. The cyclone passed approximately 60 km off
Belle Mare on the east coast of Mauritius on the 11th of
February 1998, and the air mass remained unstable until
the 15th of February 1998. During the second half of
February, wet and unstable weather persisted due to an-
other low-pressure system located off the east coast of
Madagascar. Clouds associated with this low continued
to influence the weather until the 24th of February 1998
when it started to move south eastward.

Rainfall
As a consequence of cyclone Anacelle, rainfall during
the first half of February was above average and during
the second half the west coast of Mauritius received
422% of the long-term mean rainfall (Figure 14). Signif-
icantly more rain fell in February 1998 than in February
1997 and February 1999 (Wilcoxon: H = 6.3, df = 2,
p<0.05) (546 mm of rain fell during February 1998 com-
pared to 95 mm in 1997 and 111 mm in 1999 in the
north).

Figure 13. Mean sea-surface temperature (oC) in Mauritius between March 1997 and July 1998. Data were obtained
from the Waverider Buoy, located off Blue Bay. Courtesy of the Meteorological Office, Mauritius.
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Cloud cover and sunshine
February 1998 had the highest daily mean cloud cover-
age (6.7 hours, recorded at Vacoas) during the whole pe-
riod between January 1997 and March 1999 (Figure 15)
due to cyclone Anacelle and the subsequent low-pres-
sure system. Total hours of sunshine in February 1998
were the lowest recorded during the period between
January 1997 and April 1999, due to the high cloud cov-
erage (Figure 16). Analysis of variance indicated that
there were significantly lower hours of sunshine in Feb-
ruary 1998 than in February 1997 (F = 4.68, df = 17,

p<0.05) (only 126 hours of sunshine in February 1998
compared with 235 hours in February 1997 and 190
hours in February 1999 on the west coast).

Tides
Neap tides occurred during the first and third weeks of
February 1998 and low tide occurred in the middle of
the day between 1000 hrs and 1600 hrs. The tidal range
was small (20 cm) and low tide was not extreme (170 cm
above Chart Datum). Spring tides occurred during the
second and final weeks of February with a range of 40

Figure 14. Total rainfall (mm) per month between January 1997 and April 1999 for sites in the north west of Mauri-
tius. Data were provided by the Mauritius Meteorological Office.
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Figure  15. Mean cloud cover per month between January 1997 and March 1999. Data were provided by the Mauritius Meteorological Office.
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cm – 50 cm and lowest low tides (150 cm - 160 cm above
CD) occurred between 0600 hrs and 0800 hrs and be-
tween 1800 hrs and 2000 hrs.

Conditions during the 1999 survey
SST did not exceed its normal monthly maximum dur-
ing the April 1999 survey. SST was normal throughout
January 1999, rose to 0.5o C - 0.75o C above normal dur-
ing February and March and returned to normal at the
end of March (NOAA SST charts). Two tropical de-
pressions and one cyclone caused unsettled conditions
during the three months preceding the 1999 survey. Un-
usually, very little rain was associated with these tropical
depressions and during the first four months of 1999,
rainfall was significantly less than in the first four
months of both 1997 and 1998 (Kruskall Wallis: H =
10.97, df = 2, p<0.05). Sunshine levels during the first
four months of 1999 were normal or above normal in all
parts of Mauritius.

DISCUSSION
The results show that the coral reefs of Mauritius es-
caped the mass bleaching event, which severely affected
other areas of the Indian Ocean in 1998. Sea-surface
temperature (SST) anomaly charts produced by NOAA
indicate that SST in Mauritius was raised 1o C - 1.25o C

above the climatological maximum for the region for
over one month. In situ data from the Waverider Buoy
confirmed the satellite data, showing that sea surface
temperatures offshore from Blue Bay were 1o C - 1.5o C
higher than normal. The temperature rise was not as
high as in other regions of the Indian Ocean (Turner et
al., this volume), but such temperature increases have
been shown to induce bleaching in corals in the labora-
tory (Jokiel & Coles, 1977) and the field (Glynn, 1984). A
mass bleaching event should therefore have been expect-
ed in Mauritius during 1998.

One year later there were no indications that Mauri-
tius had suffered a mass bleaching event. Of the sites
studied, 47% were healthy with >50% coral cover,
which compares favourably with the status of reefs else-
where (Hodgson, 1999). Using the ASEAN-Australia
Living Resources criteria (Chou, 1998), 47% of the sites
surveyed can be described as ‘Excellent’ and 12% can be
described as ’Good’. Sites with low hard coral cover
were the reef crest sites, which have a naturally low cov-
er of hard coral colonies due to wave and air exposure.
These sites displayed a high species diversity and low
dominance of corals (Porites sp., Pavona cactus, Platygyra
sp., Favia sp. and Goniastrea sp.). Fore reef sites showed
high similarity with  Porites sp., Lobophyllia sp., Platygy-
ra sp., Pocillopora damicornis and Favites sp. Being com-
mon to all sites.  In contrast, 57% of lagoon patch reefs

Figure 16. Total sunshine (hrs) per month between January 1997 and April 1999 for west coast. Data were provided by the Mau-
ritius Meteorological Office.
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had >50% coral cover, but these sites had low species di-
versity and were dominated by large colonies of Acropo-
ra formosa and Acropora cytherea.

Monitoring of previous bleaching events elsewhere
(Brown & Suharsono, 1990) suggest that the coral reefs
in Mauritius could not have recovered from a mass
bleaching event within one year. Indeed, reefs have gen-
erally deteriorated further one year on from the 1998
bleaching event (see Lindén & Sporrong, 1999 for coun-
try reports), many being covered in thick algal turf, and
in Chagos (Sheppard, 1999a;b), Socotra (Turner, 1999a)
and Seychelles (Turner et al., this volume) dead reefs
have been eroded to rubble. In Mauritius, no large areas
of dead standing coral covered in macro and filamen-
tous algae could be attributed to the bleaching event,
other than at one site on the Barrier Reef.

The actual cause of bleaching at a particular reef
may be a combination of factors other than high SST
(Wilkinson et al., 1999). Factors such as the level of
storm activity, the number of days of cloud cover and
the strength and direction of winds all affect how warm
water is dissipated or builds up to lethal levels. Many
workers have reported that mass coral bleaching follows
extended periods of high temperatures, low wind veloc-
ity, clear skies, calm seas and low rainfall, where condi-
tions favour localised heating and high penetration of
UV radiation (e.g. Brown & Suharsono, 1990; Williams
& Bunkley-Williams, 1990; Glynn, 1991; Goreau & Hay-
es, 1994).

In Mauritius, meteorological data indicated that dur-
ing the period of elevated SST, unstable weather pre-
vailed and cyclone Anacelle caused higher cloud cover-
age (mean of 6.7 hours per day), very high rainfall and
lower hours of sunshine than normally experienced at
that time of year. Also, low spring tides occurred during
the early morning and evening and therefore reef flats
were not exposed during the hottest part of the day.
Further, the lagoons in Mauritius are often cooler than
the sea outside because they receive large quantities of
cooler freshwater from terrestrial run-off (Daby, 1994).

Site 29 on the Barrier Reef did show signs of possible

mass bleaching. This site was dominated by dead stand-
ing coral (>50%) covered in turf algae and by small colo-
nies of regenerating corals with healthy tips. The Barri-
er Reef is situated 3-5 km off the east coast and thus
may be subjected to different climatic and oceanograph-
ic conditions than the inshore sites surveyed. The mete-
orological data do not give any indications as to why this
site may have bleached when other sites did not. One
possible explanation is that unlike mainland Mauritius,
high cloud cover did not protect the Barrier Reef, allow-
ing high levels of UV radiation to penetrate the shallow
water. Unfortunately, no satellite image was available
for Mauritius during this period to confirm offshore
cloud cover. Another possible explanation is that local-
ised oceanographic features may have caused the water
around the Barrier Reef to heat up more than at the in-
shore sites. Further, being offshore could have meant
that the reef was not affected by freshwater run-off,
which tends to cool some parts of shallow lagoons
(Daby, 1994).

During the 1999 survey, bleaching was observed at
85% of the sites visited, however, in all cases it was mi-
nor (<10%) and partial, rather than total bleaching. Fa-
goonee et al. (1999) have shown that there is a large vari-
ability in the zooxanthellae population of Acropora for-
mosa with regular episodes of low densities occurring in
the spring and summer. Minor bleaching episodes such
as that observed during this survey may be a frequent
and normal event relating to large environmental fluc-
tuations experienced within the lagoon. Partial bleach-
ing of Acropora formosa occurred only on the upper sur-
faces of horizontal branches. Galaxea fascicularis and
Platygyra sp. bleached mostly in shallow water (<10 m)
and only bleached on their upper surfaces. Others have
reported greater bleaching on the upper or more light
exposed surfaces and that portions of upper surfaces that
fell in shadows of fixed objects were often not bleached
(e.g. Williams & Bunkley-Williams, 1990). Harriott
(1985) suggested that bleaching on the upper and un-
shaded surfaces of corals on the Great Barrier Reef indi-
cated that the cause of the bleaching was high levels of
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solar irradiance. In Thailand, localised, naturally occur-
ring bleaching at intertidal sites was also attributed to
solar irradiance (Brown et al., 1994). It is therefore, pos-
sible that the bleaching observed during this survey was
a normal minor event caused by UV radiation. Sunshine
levels in Mauritius during the first four months of 1999
were significantly higher than the two previous years,
supporting this theory.

The number of coral species bleached per site varied
from 0 to 6 and bleached colonies were often observed
adjacent to unbleached colonies of the same species.
Other workers have commented on the patchy spatial
distribution of bleaching in coral colonies (e.g. Oliver,
1985; Glynn, 1990; Jokiel & Coles, 1990; Lang et al.,
1992). Edmunds (1994) suggests that this intraspecific
variation in coral bleaching is due to the distribution of
bleaching-susceptible genotypes. Rowan et al. (1997), ex-
plain the patchy distribution of bleaching by the prefer-
ential expulsion of symbionts associated with low irradi-
ance, suggesting that some colonies are protected from
bleaching by hosting an additional symbiont that is
more tolerant of high irradiance and temperature. Fitt
and Warner (1995) also explain interspecific variation in
bleaching by different physiological tolerances of the
specific symbiotic algae of the different coral species.

For many of the species that suffered bleaching, par-
ticularly Platygyra sp., Galaxea fascicularis, Favia sp.,
Favites sp. and Porites sp., the colonies appeared pale
rather than fully bleached. This can cause confusion as
to whether the colony is actually bleached as some corals
that appear to have bleached may have been light-adapt-
ed (Falkowski et al., 1990). Brown and Ogden (1993)
state that some intertidal coral species have an adaptive
behavioural response to reduce desiccation, known as
blanching, in which they pull back their external tissues,
leaving their skeletons exposed. The misidentification of
bleached colonies could cause an overestimation of the
extent of coral bleaching. It has therefore, been suggest-
ed that a standardised method is needed to assess the de-
gree of coral bleaching (Glynn, 1993). There are a
number of difficulties with standardising the degree of

bleaching, such as the assessment of bleaching in colo-
nies of the same species with different patterns of tissue
colouration (Knowlton et al., 1992) and the presence of
genetically different zooxanthellae with different envi-
ronmental tolerances (Rowan & Powers, 1991). In order
to predict the future of coral reefs it is, however, impor-
tant that bleaching events around the world are report-
ed in a comparable manner.

Mauritius was not severely affected by the bleaching
event of 1998, however, computer models predict an in-
crease in climatic fluctuation and the severity and scale
of coral reef bleaching. The coral reefs around the
whole coast of Mauritius are degraded by human and
natural impacts. Stressed corals succumb more readily
to bleaching stress and are more likely to die. Those that
do survive may produce fewer larvae to repopulate
damaged areas. It is therefore, important that reef man-
agement acts to reduce anthropogenic impacts on these
coral reefs. At present, most reefs in Mauritius are af-
fected by trampling and anchor damage, overfishing,
pollution and eutrophication. Even in the two Marine
Parks fishing traps and boat damage were observed. If
greater protection is not given to the coral reefs of Mau-
ritius they may not survive the next bleaching event. In
addition, Mauritius is one of the few areas in the Indian
Ocean not affected by the bleaching event. Coral reefs in
the Maldives suffered up to 90% mortality and in the
Seychelles mortality was close to 80% - 100% (Lindén &
Sporrong, 1999, Turner et al., this volume). In both are-
as, diving and coastal tourism are a major source of in-
come and it has been predicted that if recovery is slow,
there may be a loss in tourism as tourists go elsewhere
(Lindén & Sporrong, 1999). As information is spread
throughout the diving community the number of tour-
ists visiting Mauritius may increase, resulting in in-
creased pressure on the reefs. Furthermore, reefs in the
western Indian Ocean are closely linked by ocean cur-
rents of the sub-tropical anti-cyclonic gyre and the sea-
sonally reversing monsoon gyres (Rao & Griffiths, 1998).
The coral reefs in Mauritius, may therefore, act as a
source of larvae for those coral reefs that suffered severe
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damage during the bleaching event. Little is known
about the source-sink relationships in the Indian Ocean,
and the destruction of this source of larvae could pre-
vent the recovery of coral reefs in other parts of the In-
dian Ocean (Salm et al., 1998).

Despite the fact that Mauritius appeared to have es-
caped the mass bleaching event of 1998, the island’s cor-
al reefs are not secure. There has been significant
progress in the management of reef resources in Mauri-
tius in recent years, but greater protection is needed.
Stricter regulations and surveillance is required within
the two marine parks to prevent boat damage and ille-
gal fishing. In addition, an integrated coastal zone man-
agement (ICZM) plan (Fagoonee & Daby, 1993) needs to
be implemented and further designations need to be
made to limit human activities to certain areas of reef.
With the potential threat of increasing mass coral
bleaching events, Mauritius needs to act quickly to pro-
tect its coral reefs from further degradation from man’s
activities and give them the best chance to survive natu-
ral impacts. These reefs may prove to be an important
source of larvae for the recovery of other reefs in the In-
dian Ocean.
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INTRODUCTION
During the period from January to August 1998, the
largest coral bleaching event and subsequent mortality
ever recorded had a huge ecological impact on coral
reefs throughout the Indian Ocean. This event corre-
sponded to increased seawater temperatures due to an
ENSO phenomenon (Wilkinson, 1998). The full extent
of the socio-economic impacts will depend on the recov-
ery capacity of corals which, in many locations, are seri-
ously threatened by human activities. This study docu-
ments the ecological status and recovery of corals reefs
from the Comoros archipelago (Comoros, Mayotte,
Geyser), Madagascar and Réunion which were affected
by the bleaching from January to August 1998. The im-
pact of the bleaching at each location varies in its extent
in time and severity.

METHODS
To survey the status of the coral reef communities, in
late 1999, a simple and harmonised methodology was
developed for all the islands of the Indian Ocean. For
each participating country, CORDIO sites were defined
according to available information on the 1998 bleach-
ing event, but also to strengthen existing monitoring
programmes such as GCRMN, Reef Check and COI

programmes. This strategy was chosen to ensure im-
proved long-term monitoring in future activities. Esti-
mation of percentage cover by each major reef compo-
nent was performed at one or more stations. Rapid as-
sessment and/or line transects were used as described in
the GCRMN adapted guidebook for the Indian Ocean
islands (Conand et al., 1997). Fish populations were
sampled in belt transects.

RESULTS AND DISCUSSION
In the four islands covered in this report, a total of 10
monitoring sites with various morphological categories
of reef habitats: flats, inner slopes, outer slopes and la-
goons were studied (Table 1). Specific observations of
benthos and fish populations conducted during the sur-
veys are described and discussed in the follow sections.

Comoros
Grande Comore is characterised essentially by fringing
reefs. The results of the survey in North-West Mitsami-
ouli Reef suggests that 10% bleaching had occurred by
November 1999. The cover of live corals was 40%, re-
cently dead coral 15%, and hard substrates with algae,
32%. Itsamia, located in Mohéli island displayed a simi

Coral bleaching in the Indian Ocean
islands: Ecological consequences and
recovery in Madagascar, Comoros, Mayotte
and Reunion.
JEAN-PASCAL QUOD and LIONEL BIGOT
Agence pour la recherche et la valorisation marines, Saint-Denis, Réunion Island/France.
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lar pattern with 36% live coral cover and 47% dead sub-
strates of which 18% were recently dead colonies. The
community composition of live corals was Acropora
(22%), Diploria (20%), Favia (2%) Pavona (5%) and
Porites (50%). The fish community was dominated by
Scaridae, Serranidae and Pomacentridae. Specimens
were small indicating the impacts of over-fishing. This
was found in Grande Comore also.

Mitsamiouli was surveyed in 1998 as part of the COI
Reef network (Bigot et al., 1998) and displayed 47% live
coral cover. No recovery seems to have occurred at this
reef during the last year. Itsamia was not surveyed in
1998.

Madagascar
Two sites were surveyed in the south-western region of
Toliara: Ifaty and Anakao/Nosy-Ve. Neighbouring
Northern areas (Belo sur Mer) were strongly affected by
bleaching in February/March 1998. According to satel-
lite imagery analysis and questioning of the local popu-
lation, it was concluded that the warm water mass did
not seriously affect this area. At Ifaty, one transect was
established on the outer slope. Live coral cover was
40.7% (20% Acropora and 20.7% non Acropora species).
Approximately 14% of the 54.8% dead substrate was

found to be recently dead and thought to be related to
the bleaching event. Of the 36.8% dead coral cover at
Nosy-Ve, 26% were reported as covered by recent algal
turfs. These data support the idea that coral bleaching
did occur in coral reefs from Toliara region but was not
reported during the onset phase.

Overfishing was affecting the reefs of Ifaty (28 car-
nivorous individuals). Chaetodont fishes dominated the
fish population (105 individuals.). Proliferation of
crown-of-thorns starfish (Acanthaster planci, COTS) was
seen in lagoonal locations during the survey while a few
juveniles were responsible for whitening coral colonies
on the outer slopes. At Anakao, the fish population was
higher (73 carnivorous fishes and >160 Chaetodontidae).

Data from the 1998 survey confirm that algal com-
munities are dominant on this outer slope. However,
live coral coverage increased significantly (1998: 29%;
1999: 40.7%).

Mayotte
Most coral communities (reef flats, inner and outer
slopes, inner reefs, fringing reefs) suffered of bleaching
from April to August 1998 (Descamps et al., 1998).
Mayotte’s reefs were previously affected by bleaching in
1982/83 and 1987/88 but to a lesser extent and severity
than during the 1997/98 event. Two sites in Mayotte’s
coral ecosystem, both part of the Coral Reef Observato-
ry (ORC) implemented yearly by local marine environ-
ment authorities, were monitored: Longogori Pass (S
pass) in the West and Surprise inner reef in the north-
east. Another site was monitored on the off-shore Gey-
ser Bank, located 100 km from Mayotte.

As shown in table 2, the bleaching impact was severe
on Mayotte’s coral reefs. Live coral coverage in Surprise
and Longogori reef flats was very low (4.6% and 6.2%
respectively), while on the deeper reefs, coral cover was
higher (28% and 21% respectively). Recovery of colonies
varied greatly from place to place. Susceptibility of cor-
als at the CORDIO sites (2% to 4.1% recovery rate) was
of lower importance, compared to the great recovery ca-
pacity of fringing reefs. As Mayotte experienced bleach

Table 1. Location of CORDIO monitoring stations.

Country/Reef Reef Type Coordinates

COMOROS
Mitsamiouli Fringing reef
Itsamia Fringing reef 12°21’56’’ S 43°52’22’’ E
MADAGASCAR
Ifaty Barrier outer slope 23°09’41’’ S 43°34’66’’ E
Nosy Ve Outer slope 23°38’35’’ S 43°36’16’’ E
MAYOTTE
Geyser Bank Offshore bank 12°20’39’’ S 46°26’29’’ E
Longogori pass Outer slope 12°52’57’’ S 45°16’66’’ E
Surprise Inner lagoonal reef 12°38’60’’ S 45°07’86’’ E
RÉUNION
La Saline Fringing reef 21°04’87’’ S 55°13’10’’ E
Saint Leu Fringing reef 21°90’12’’ S 55°17’40’’ E
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ing events in 1983/84 and 1987/88, one can suggest that
colonies situated in the lagoon are adapted to seawater
heating and/or rapid growth process. In May 1999,
Quod surveyed the outer slope of Longogori Pass and
observed that most corals as deep as 35 m depth were
dead and that the few remaining living colonies were
bleached (Quod, unpublished). In the November survey,
up to 100% of tabulate Acropora hyacinthus and A. cythe-
rea that were found healthy in our previous study (Quod
et al., 1995) were dead.

In both locations the fish population was dominated
by acanthurids (mainly Ctenochaetus striatus: 30-100 in-
dividuals. At Surprise; 49-51 individuals at Longogori).
Damselfish (Chromis viridis) were observed only at Sur-
prise (140-200 individuals). Butterfly fish (Chaetodonti-
dae) occurred exclusively on the outer slope of Lon-
gogori (48 individuals).

Change in the live cover of coral from 1998 to 1999
was tightly associated with recruitment of Goniastrea re-
tiformis, Pocillopora spp. and several other species of
faviid on Surprise reef flat (Figure 1). On the outer

slope, live coral cover increased 12%. At Longogori, the
cover of live coral did not change appreciably on the reef
flat (1998: 6.4%; 1999: 6.2%) while at deeper sites, an
11% increase was noticed (1998: 11.1%; 1999: 21.6%).

Due to its economic importance, Geyser bank was
surveyed in November 1999. As information describing
the impact of the coral bleaching event was not availa-
ble, data collected suggest that reefs are healthy with
63.1% live coral cover at 6 m depth. Additional evidence
of recent dead branching colonies (9.3% & 25%) suggests
that Geyser Bank has been slightly affected by bleach-
ing. Geyser Bank lies far away from human activities
and displays high hydrodynamic conditions, which pro-
tects it from warming.

With a 10% increase in live coral coverage, recovery
is underway in most locations around Mayotte except on
some outer slopes. High degradation rate and slow re-
covery of outer slope species may result partially from
stratification of the seawater mass in the lagoon during
summer or unpredictable warming events. During the
bleaching event, colonies on the outer slopes, which usu

Table 2.  Benthic cover of surveyed reefs. Notes : cover of bleached coral and dead coral are proportions of total cover, not of Live coral or Algae
subate, respecitvely. Recovery was estimated from field studies (tips growth and recent settelment ) and from COI 98/99 comparison.

Country Site Station              Depth, m                     Coral, %                    Substrate, %             Other, %    Recovery
                                              Outer     Inner            Live        Bleach*      algae    dead coral*                           (cm/yr)

Comoros Mitsamiouli 1 40.0 10.0 47.0 15.0 13.0
Itsamia 1 36.0 4.0 47.0 18.0 17.0

Madagascar Ifaty 8 40.7 1.0 54.8 14.1 4.5
Nosy Ve x 42.3 10.0 36.2 26.0 21.5

Mayotte Surprise Surprise 0.5 4.6 0.0 92.5 90.0 2.9 2.6
-6 28.0 0.0 71.5 69.2 0.5 2

Longogori -6 21.6 0.0 77.4 32.8 1.0 4.1
0.5 6.2 0.0 79.7 12.2 14.1 1.5

Geyser -6 63.1 0.0 15.8 9.3 21.1 0.5
-6 34.3 0.0 47.3 25.0 18.4

Réunion La Saline Planch’Alizé -12 40.0 0.0 50.0 1.5 10.0
1 40.0 5.0 30.0 13.2 30.0

Trois Chameaux 12 50.0 <5,0 40.0 0.4 10.0
1 30.0 <10,0 10.0 < 5 60.0

Saint Leu Corne Nord -8 60.0 0.0 20.0 3.6 20.0
1 50.0 0.0 20.0 3.5 30.0
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ally experience good quality waters in terms of tempera-
ture, turbidity, salinity and nutrients were not able to
tolerate the heat and suffered massively from the out-
flow of warm lagoonal waters, and displayed a slower
growth rate. In other locations of the lagoon, fringing
reef colonies were observed to be alive and displaying
signs of recovery and health (Figure 2).

Réunion/France
Transects of La Saline (Planch’Alizé and Trois Cha-
meaux) were sites which have been previously surveyed
in 1998 (Figure 2 & 3). Rapid assessments at 1m depth
confirmed that the majority of bleached corals that suf-
fered partial mortality in 1998 were showing signs of re-
covery. On the outer slopes and in the lagoons at both
sites, live coral cover was good (40% - 50% and 30% -
40% respectively). During the survey period, Trois Cha-
meaux was suffering from a localised bleaching process
affecting Acropora formosa colonies (av. 10%). Necrosis
seemed to be a result of a viral disease as water tempera-
tures were normal (Naim, pers. comm.). Live species
observed in the Trois Chameaux lagoon were Acropora
(80%) and Porites, Pavona, Pocillopora (20%) but degra-
dation was more prominent in the southern part. White

colonies of Pocillopora on the outer slope was associated
with COTS. At Planch’alizé station, live cover of coral
was higher (40%) but colonies of Acropora were few and
have been replaced by colonies of Montipora, Porites,
Pocillopora and Pavona.

Recovery of corals from remaining tips of branching
colonies was studied, with special interest on their ca-
pacity to grow during this one-year period. If good re-
covery (10 cm growth) was noticed, bioerosion had af-
fected the structural integrity of branching forms and
with the high incidence of cyclones, integrity is likely be
compromised.

The abundance of juvenile fishes was recorded at all
locations. Stegastes nigricans (Pomacentridae) were dom-
inant where dead branching corals with algal turfs oc-
curred (400 - 700 individuals ) while in sub-massive col-
onies Dascyllus aruanus was the dominant species
(Planch’alizé: 300 individuals). The population of the
non-territorial grazing herbivorous fish Ctenochaetus
striatus was significant in Planch’alizé (700 individuals).

In Saint Leu Cxorne (northern tip), live coral cover
was 50% on the reef flat and 60% on the outer slope.
This area suffered from bleaching in February 1998 but
recovered in the following weeks. There was evidence

Figure 2. Acropora sp. colony from Trois Chameaux/Réunion showing
bioerosion (lower part) and recovery from the tip, collected in No-
vember 99. Bleaching was observed a that time. (JP Quod)

Figure 1. Recovery from settlement of Pocillopora and Acropora coloni-
es at Surprise inner reef (Mayotte)(J. Turquet)
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Figure 3.  Processing result of LIT in the
adapted ARMDES-COI database, icluding
bleaching as a specific component (CBL).
When monitoring reefs, white corals were
first considered as dead colonies.
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that due to its low impact, dead corals resulting from
the bleaching were less than 3.5%. No monitoring was
implemented in 1998.

A large recruitment of juvenile fish occurred at
Saint Leu also. The dominant species were Ctenochaetus
striatus (flat: 22 individuals, slope: 202 individuals) and
Plectrogliphydodon dickii (flat: 16 individuals; slope: 68
individuals).

CONCLUSION
To provide valid and integrated data for future manage-
ment and conservation of coral reefs, the CORDIO sta-
tions were established under the existing network of
GCRMN in the Indian Ocean islands as complementary
components of the operational Reef Network for COI
and Coral Reef Observatory for Mayotte.

The ocean warming took place between February
and August 1998 and the subsequent extent and severity
of the mortality varies from place to place and with
depth. Mascareignes islands (Réunion, Mauritius, Rod-
rigues) were slightly affected as they are located in open
ocean and experienced protection by a cloudy season
during the onset period.

The southeast coast of Madagascar was hit by the
warm water mass early in 1998. Bleaching was not sig-
nificant while in the northern location of Belo sur Mer,
most corals turned white.

In the Comoros archipelago, all the islands suffered
from bleaching. Geyser Bank located off-shore of Mayo-
tte was also affected by bleaching. The worst affected
site was Surprise inner reef flat of Mayotte with only
4.6% live corals.

After the 1997-1998 coral bleaching event, affected
reefs from the Indian Ocean islands are at present un-
dergoing regeneration either by recruitment or recovery
from live tips with an average 10% rate for slopes. Evi-
dence of 10 cm growth from tips was observed for
branching corals of Réunion and Mayotte, but bioero-
sion of dead bottom skeletons may lead to breakdown of
colonies with high water energy. Analysis of available
data on benthos cover for all CORDIO sites confirmed

that discrepancies exist. Reef flats still display high algal
substrates dominance. The same pattern was observed
for fringing reefs coral species, which are adapted and
more tolerant to high temperatures. Outer slope and
deep-water species usually experienced good water
quality in terms of temperature. Exposure to long-last-
ing high temperatures had severe consequences.

Relationships between coral reef substrata and fish
have been confirmed in Réunion island reef flats and
outer slopes (Chabanet et al., 1997). Associated fish spe-
cies monitored in the CORDIO sites were mainly her-
bivorous species (C. striatus) and damsel fish Pomacen-
tridae. No significant change was detected to others fish
groups which are however subject to increasing human
pressure.
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INTRODUCTION
It is important to establish benchmark reef locations
that are remote from centres of human activity and free
from anthropogenic disturbances, against which human
impacts elsewhere can be assessed and rates of recovery
evaluated. Aldabra Atoll in the southern Seychelles, is
free of anthropogenic disturbances and an ideal location
in which to study reefs and adjacent ecosystems. It has
further significance with it being in the middle of a re-
gion which has been classified as having a number of
reefs at high risk (Bryant et al., 1998) and has been des-
ignated as a UNESCO World Heritage site.

Aside from acting as a regional benchmark there are
a number of practical reasons why Aldabra provides a
key component to monitoring the effects and long-term
impacts of the bleaching event. Many studies of coral
bleaching have concentrated upon documenting the
degradation of structural reefs into algal-dominated sys-
tems. Yet, the reverse set of processes are of considerable
importance: the ability of a coral reef to replenish lost
coral populations, reinstate framework growth and re-
cover reef structural complexity. The recovery from
high bleaching related coral mortality of these oceanic
reefs, such as those around Aldabra, is of much regional
interest. The systematic monitoring of the Aldabra reef
environment will provide a greater understanding of
the natural reef processes acting locally, with implica-

tions to understanding reef dynamics elsewhere in the
region.

ALDABRA ATOLL
Aldabra Atoll (9°24' S, 46°20' E) is a large (34 km long,
maximum 14.5 km wide) raised atoll 420 km north of
Madagascar (Map, Figure 1). Raised reef limestones, av-
eraging 2 km in width and up to 8 m above sea level, en-
close a shallow central lagoon. A tidal range of 2 to 3 m
results in large-scale hydrodynamic exchanges between
the lagoon and open ocean through two main channels
and a number of small ones. The climate is heavily in-
fluenced by NW monsoon winds from November to
March bringing the heaviest rainfall with SE trades
blowing throughout the remainder of the year.

Previous studies proposed that the reef front areas of
Aldabra Atoll could be classified into six morphological
categories, based on exposure to wave and storm action
in the shallower depths, and on light attenuation in the
deeper reef zones (Barnes et al., 1971; Drew, 1977). The
western reefs are characterised by a 460 m wide reef flat,
a reef ridge margin and reef front slopes of 20° to 45°.
The topography of reefs on the northern coast of Aldab-
ra varies very little. Characteristically, there is a very
short reef flat that slopes gently down to 10 m, below
which the reef drops at an incline of approximately 35° -
45°. At between 20 m and 25 m the reef shelves off to

The status of the Aldabra Atoll coral reefs
and fishes following the 1998 coral
bleaching event
KRISTIAN TELEKI1, NIGEL DOWNING1, BEN STOBART1 and RAYMOND BUCKLEY1,2

1Cambridge Coastal Research Unit, Department of Geography University of Cambridge, UK
2University of Washington, College of Ocean and Fishery Sciences, School of Fisheries, USA
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Map of the Western Indian Ocean with islands of the Granitic and
Southern Seychelles.

Figure 1.  Map of Aldabra Atoll
with the locations of the seven
permanent coral reef transects
and six settlement plates sites
(■) established by the Aldabra
Marine Programme (AMP)
1999.

form a sandy ledge with patches of coral growth and
then drops off steeply again at between 35 m and 40 m.
The east and southeast coasts are the most severely ex-
posed and have neither a reef flat nor a reef ridge. No
hermatypic corals are present. Finally, on the southern,
less exposed shore the reef flat is present but not delim-

ited by a prominent ridge. The reef front itself is charac-
terised by large areas of dead coral which vary greatly in
extent.

There is a long history of Aldabra reef fish studies
extending back over 100 years (i.e. Jatzow & Lenz, 1899;
Regan, 1912). The fishes of Aldabra were included in a
description of 820 marine fish of the Seychelles (Smith &
Smith, 1969). This list was expanded and revised by nu-
merous studies during the period 1969-1979 to 883 spe-
cies in the region (Polunin, 1984). Specific studies of the
fishes at Aldabra found a high diversity, with 185 spe-
cies recorded in a 300 m2 section of reef habitat in 1973.
However, there were substantial variations in species
and abundance between habitats (reef-slope – 228 spe-
cies, back-reef – 146 species; Polunin, 1984). Fish sur-
veys conducted at Aldabra Atoll in April-May 1998 not-
ed 287 species from 35 Families (M. Spalding, Universi-
ty of Cambridge, unpublished).

CORAL BLEACHING IN ALDABRA IN 1998
Localised sea-surface temperature (SST) records for Al-
dabra indicate that SSTs for 1998 were the highest of
the previous three and a half decades (Figure 2). Anom-
alous temperatures began with a rapid increase in SSTs
from November 1997 to a +1° C SST anomaly by Janu-
ary 1998. Peak SSTs (30.65° C) were reached in March,
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for the period leading up to the bleaching event and
those following ranged from +0.5º C to +1º C higher
than the long-term average of the monthly mean maxi-
mum temperatures (1961-1997).

representing a +1.31° C anomaly above the long-term
mean maximum SST for that month. The +1° C anom-
aly persisted until April 1998 indicating a duration of al-
most four months (Figure 3). All temperatures recorded
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Figure 2. Monthly SST
anomalies (ºC) for Aldabra
(5-10º S 45-50º E) 1961-
1998, using 1961-1990 as
the baseline.

Figure 3. Monthly mean maxi-
mum sea-surface temperatures
for Aldabra (9-10º S, 46-47º E)
from September 1997 to July
1998 in comparison to the av-
erage monthly mean maximum
sea-surface temperatures for
the period September to July
1961-1996.
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In April 1998, close to the peak of the coral bleach-
ing event, 41% of corals (coral coverage = 37%) were
bleached or displayed recent mortality on the outer reef
slopes (3 m -25 m) from the western to north-eastern
sides of Aldabra (Cambridge Coastal Research Unit
(CCRU), Southern Seychelles Atoll Research Pro-
gramme – SSARP). Bleaching intensity in Aldabra was
not as high as other areas in the southern Seychelles pos-
sibly because peak warming was 0.5º C lower than other
areas in the region (Spencer et al., in press). Bleaching
and related mortality was primarily seen in the branch-
ing and tabular species of coral (Pocillopora and Acropo-
ra), and partial to patchy in most massive species (Porites
and Pavona). Bleaching in some areas was confined to a
single side of the coral colony. However, a high propor-
tion of the massive species of corals displayed signs of
previous mortality, as indicated by a thick layer of algal
overgrowth and the presence of encrusting and boring
invertebrates. As in other areas, soft corals showed high
levels of bleaching and mortality. Although no quantita-
tive data were gathered for the reef communities in the
lagoon, extensive observations were made in all of the
channels and in the western half of the lagoon. Most of
the coral species found in the channels, with the excep-
tion of isolated incidences of branching corals, were ob-
served to be alive and displaying no obvious signs of
perturbation. Lagoonal patch reefs and individual heads
of massive coral species displayed very limited bleach-
ing. Distinctive species such as Galaxea, Seriatopora,
Acropora and Pocillopora were completely bleached, par-
ticularly with increased distance from the flux of water
within the channels.

METHODS
In November 1999, a series of seven permanent
transects were established on the northern and western
coasts of Aldabra Atoll (Figure 1). At each site quantita-
tive baseline surveys of the corals and reef fishes were
conducted along each transect. Primary transects were
placed from a depth of 20 m to the reef crest at 3 m - 5
m. Secondary transects were established at 20 m and 10

m following the depth contour. The benthos at each site
was surveyed using digital videography. Video imagery
was analysed recording live and dead, hard and soft cor-
al growth forms (branching, tabular, massive, encrust-
ing and foliose). The occurrence of coral genera within
each of these growth form categories was also noted, as
well as incidences of mushroom corals, Heliopora (blue
coral) and Millepora (fire coral). Additional observations
of the substrate were noted in predefined categories:
sand, rubble, rock, turf, Halimeda and other macro-al-
gae.

Settlement plates were located at six sites, three on
reefs around the outside of the atoll, and three within
the atoll (Figure 1). Of the six tiles, two were oriented in
the horizontal plane, two at approximately 45° to the
horizontal, and two in the vertical plane.

Rapid visual fish surveys were conducted using spe-
cies, number and size of fish recorded in a 2 m corridor
extending out from either side of the transect, and verti-
cally to the surface. Six total length categories were
used: 0-5 cm, 6-10 cm, 11-20 cm, 21-30 cm, 31-40 cm
and >40 cm. Each section was first surveyed for larger/
conspicuous fishes, and then immediately re-surveyed
for small/cryptic fishes. Fish size classes have been con-
densed to three grouped categories for this paper.

RESULTS
Coral and general benthic composition
There was a range of variation in percent cover of live
coral (11% - 27% ± 6% (± 1 standard deviation)) and of
dead coral (11% - 30% ± 7%). Live coral cover was
strongly correlated with depth. From the shallow
depths of 5 m - 10 m to >15 m there was an increase of
10% - 20% of live coral cover. Conversely, dead coral
cover was higher in shallow waters (<10 m) at 44%, de-
creasing with depth (>20 m) to 10% - 20% of the coral
cover.

There was a general increasing trend for cover of
live and dead coral from east to west on the whole atoll
(Figure 4), coinciding with decreasing levels of exposure
to strong hydrodynamic conditions. The least exposed
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sites with the highest mean live coral cover were sites 1
(25%), 2 (24%), 6 (16%) and 7 (21%) (Figure 4). Note
that site 5, at the highly exposed eastern corner of the at-
oll, was treated separately from other sites as it was dis-
tinctly different from the others surveyed, dominated by
a high percentage of a sand, rubble and rock matrix
(56%) and macro-algae, primarily Halimeda spp. (40%).
Site 5 did have isolated coral heads but only 1.5% live
coral and 2.0% dead coral of the total substrate cover.

Across the range of the sites examined Halimeda spp.
was the dominant macro-alga, with localised high con-
centrations of Dictyota spp., Caulerpa spp. and Lobopho-
ra spp.. Thalassodendron spp. was present but was not
considered to be a major component of the outer reef
slopes. In most areas red encrusting coralline algae were
observed especially where incidences of dead upright
coral and coral rubble were present. On massive coral
heads small patches of red encrusting algae were begin-
ning to colonise in presumed bleaching related dead are-
as.

Soft corals (Sinularia spp., Lobophytum spp. and Sar-
cophyton spp.) were present as small isolated colonies
and comprised no more than 5% of the substrate at any
given location. Soft corals show a slight increase in
abundance moving east along the northern coast.

The dominant live coral growth forms were mas-
sive, branching, encrusting and foliose at both shallow
and deep sites. Massive corals were dominant at deep
and shallow sites (63% and 45% of live coral cover, re-
spectively). Physogyra sp. was the dominant massive cor-
al on deeper transects (65% of massive spp.) but was vir-
tually absent (3%) from 10 m depth sites. Other promi-
nent massive genera were Favia, Favites, Galaxea, Gar-
dineroseris, Goniastrea, Leptoria, Lobophyllia and Porites.
The majority of branching corals found at both shallow
and deep sites were Pocillopora and Porites spp., repre-
senting 20% of the total live coral cover. Live tabular
coral species were not encountered at any of the sites
surveyed but they were noted at the seaward edge of the
western channels to the lagoon. Foliose (Echinopora,

Figure 4. Calculated general
substrate cover for the transect
sites around Aldabra.
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Pachyseris, Turbinaria spp.) and encrusting corals
(Montipora spp.) were also common, but foliose corals
were almost exclusively in deeper waters. Millepora and
Heliopora were rare at all sites and depths, amounting to
<4% of total coral cover. Extensive stands of dead Mille-
pora were observed at transect 4 as deep as 23 m.

Although mortality was not as high in massive
corals as in others, there was evidence of tissue death
which was spatially patchy on individual coral heads. In
some cases live tissue remained on the sides or underside
of the colony. In sites where branching corals have sur-
vived it is often the case that the colony has suffered
only partial mortality. It is noteworthy that plate and
fine branching corals were not abundant at any of the
sites visited, probably because of relatively high hydro-
dynamic activity present in the vicinity of the atoll. It is
also possible that with the onset of mortality the struc-
tural integrity of these growth forms, would be rapidly
compromised in the first incidence of high wave action.

Sites 1, 2, 4 and 7 were previously surveyed by the
SSARP in April 1998 close to the peak of the coral
bleaching event (Spencer et al., in press). At 10 m depth,
the majority of the bleached corals in 1998 had suffered
subsequent mortality, translating into an increase of
22% in dead coral cover by November 1999, with minor
increase of normal live coral cover (+7%, Figure 5a). At
20 m depth, the proportion of bleached corals in 1998
was higher than at 10 m, however rates of recovery were
much better with an increase of 52% of live coral cover-
age, from 14% in 1998 to 66% in November 1999 (Fig-
ure 5b).

Fish communities
Fish surveys gave quantitative information on 164 spe-
cies representing 27 families. An additional 48 species
and six families were recorded in qualitative surveys,
giving a total of 212 species for November 1999 at Al-
dabra.

The densities of fishes ranged from 352 per 100 m2

from 33 species and 16 families at Site 5, to 7162 per 100
m2 from 90 species and 23 families at Site 6 (Figure 6).

Figure 5b. Comparison of % coral cover in Aldabra at 20m depth at
sites 1, 2, 4 and 7 in April 1998 and November 1999 (note no bleached
coral in 1999).

Figure 5a. Comparison of % coral cover in Aldabra at 10m depth at
sites 1, 2, 4 and 7 in April 1998 and November 1999 (note no bleached
coral in 1999).

The density and species of fish at Site 5, near the eastern
end of Aldabra Atoll, were clearly different from the six
other sites along the northern shoreline and at the west-
ern end of the atoll. Disregarding site 5, there was little
variation in families of the fish in the surveys at the oth-
er sites. The lowest density of fishes at Sites 1-4, 6, and 7
was 645 per 100 m2 from 70 species at Site 3. The large
differences in the density of fish resulted from large
schools of a few species from the families Serranidae
(groupers and basslets), Apogonidae (cardinalfishes) and
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Figure 6. Results of the AMP 1999 fish surveys from each of the seven sites.

Pomacentridae (damselfishes). When the fish density
exceeded 1000 per 100 m2, these three families account-
ed for between 80% and 94% of the fishes.

The sizes of the fishes in the transects at Sites 2-7
were dominated by those in the 0 cm -10 cm total length
category, which contained from 86% - 98% of the fishes
surveyed (Figure 6). At Site 1, 72% of the fishes were in
the 11 cm -20 cm total length group, due to an unusually
large school of Caesionidae (fusiliers) that contributed
63% of the total fishes in this size group. The abundance
of fishes in the 0 cm -10 cm category was caused prima-
rily by large numbers of small-sized species, and second-
arily by juvenile life-stages.

No significant correlations were found between
overall measures of fish community structure (density
and species number) and habitat variables (longitudinal
gradient, live coral cover and dead coral cover). Howev-
er, the families Chaetodontidae, Labridae, and Serrani-
dae each have several species that are commonly associ-
ated with live corals and habitat structure formed by
erect dead corals. Significant positive correlations were
found for a) species richness and density of Chaetodon-
tids with respect to live coral habitat (r2 = 0.88 and 0.71,
respectively), and b) density of Labrids (r2 = 0.61) with
live coral cover, and c) species richness of Serranids (r2 =
0.59) with live coral cover.

Figure 6. Results of the AMP 1999 fish surveys from each of the seven sites.
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Partial mortality of Favites flexuosa
and Acropora spp. colonies at 20 m
depth with blacktip grouper (Epi-
nephelus fasciatus) and evidence of
the macroalgae Halimeda spp. in
the lower left corner.  This photo
illustrates well the variability of
mortality on the reefs of Aldabra.

NASA space shuttle image (Atlan-
tis - STS044-082-057) Aldabra
Atoll, Indian Ocean - 29 Novem-
ber 1991.
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DISCUSSION
The 1998 coral bleaching event had pronounced effects
upon the reef complex. Shallow corals suffered the
greatest mortality and lowest recovery, perhaps due to
the long period of exposure to high and increasing SSTs
as shown in figure 2. Although bleaching levels were
greater for deeper corals in 1998, recovery was higher
and mortality lower than for shallow corals. It may be
that penetration of warmer SSTs to deep water sites
took longer and may have had a shorter duration than
in the shallows. Shorter duration and magnitude of
anomalous temperatures may have led to high recovery
at depth (see Brown, 1997), and the timing of the onset
of bleaching may be important. The 1998 survey was
conducted at the end of the anomalous period, record-
ing high bleaching cover. This suggests that the bleach-
ing may only have started at the end of the three-month
period of anomalous SSTs.

Coral communities in Aldabra may have undergone
a shift in species composition as a result of the bleaching,
which is likely due to susceptibility to bleaching. Phys-
ogyra sp., abundant between 15 m and 25 m, and Pachy-
seris, abundant below 20 m - 25 m, are now dominant
corals. The dominance of Physogyra sp. across all deep
water sites suggests a particular robustness of this spe-
cies to the perturbation of the ambient environment. In
areas where currents were strong, particularly the chan-
nel exits, Tubastraea micrantha is abundant.

There is no evidence that the death of large numbers
of corals has led to an explosion of macro-algae, as these
were not abundant on dead coral surfaces. Dead corals
had been covered or partially covered by red encrusting
algae which not only cement and maintain the structur-
al integrity of the coral, but may also create suitable sub-
strate for coral larval settlement. It is essential that the
substrate be fixed and/or consolidated for coral develop-
ment to occur.

The recovery of reefs at Aldabra from the bleaching
event is underway. In areas where coral had died, there
was evidence of acroporid and pocilloporid recruits up
to 3 cm in diameter. Many corals suffered only partial,
not full, mortality, and the live patches will be moni-
tored to assess whether these will re-grow over the dead
areas. With live coral colonies on the deeper outer
slopes, in the lagoon and channels local coral larval re-
charge may occur. Future recovery of settlement plates
put out during the surveys will provide insight into cor-
al recruitment levels in and around Aldabra, and to fur-
ther monitor and understand the recovery process.

The diversity of fish species and families found in
coral reef ecosystems is indicative of the productivity or
health of the system (Sale, 1991). The vertical relief and
three dimensional complexity of the reef habitat provid-
ed by both live coral and erect dead coral structures is
not only crucial for fish survival, but is also an aggrega-
tion attractant for reef fishes. This habitat complexity is
often positively correlated with the diversity of fishes on
the reef (see Ebeling & Hixon, 1991; Sebens, 1991; Wil-
liams, 1991; Turner et al., 1999). Alterations and reor-
ganisations of the reef structure following a bleaching
related mortality event may, in turn, have varied spatial
affects through a range of temporal scales on non reef
dwelling fishes in the system.

There is often a time-lag in the responses of reef
fishes to the loss of live coral habitat (Turner et al.,
1999). The November 1999 surveys may have captured
essentially pre-bleaching event diversity of the fishes at
Aldabra Atoll. This makes the quantified baseline in-
formation from these surveys exceedingly valuable for
long-term monitoring of the natural recovery of this re-
mote coral and reef fish ecosystem. Future surveys will
be critical to fully understand the responses of the eco-
system, and for developing a comprehensive manage-
ment plan for this and similar coral reefs.
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SECTION II
Environmental Monitoring and

Climate Change
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LONG TERM RECORDS
Annual peaks in sea temperature occur in the first half
of each year, as the sun moves northwards after heating
the sea-surface during the southern summer. Long term
records in the central Indian Ocean indicate a distinct
warming trend (Chagos, Maldives) of almost 1o C over
the last 30 to 50 years, leading up to the highest recorded
maximum during the El Niño Southern Oscillation in
early 1998.

THE EFFECT OF EL NIÑO
The sea surface temperature anomaly map shows the
position of the high in April 1998, having moved north-
wards from a position off Madagascar and Mozambique
in February, and finishing in the Gulf of Aden in May.

SHORT TERM RECORDS
Monitoring of water temperatures on reefs started in
East Africa in 1992 using hand-held thermometers and
subsequently automated temperature loggers. Initially,
records were used to document seasonal changes, ex-
tending now to daily and even hourly changes (Kiruga-
ra, this volume). Distinct daily patterns of warming dur-
ing the day and cooling at night are the norm, superim-

posed on tidal and seasonally-influenced changes, and
local topographic and current effects.

METHODS
Sea-surface temperature measurements are now being
taken by a number of different methods, including spot
measurements using thermometers during field visits,
automated measurement by in-situ temperature loggers,
ship-based temperature measurements and satellite re-
mote-sensing of sea-surface temperature. With increas-
ing variety of methods and number of locations moni-
tored, standardization among methods will become
more important, to account for differences in resolution
in space and time, depth of measurements and daily var-
iations (e.g. see McClanahan, this volume).

LOCAL FACTORS THAT INCREASE
TEMPERATURE
Research on a semi-enclosed lagoon in Kenya (Kiruga-
ra, this volume) has shown that maximum heat transfer
to lagoon waters occurs due to the coincidence of spring
low tides with maximum sun height at midday. Ex-
posed reef surfaces heated during spring lows transfer
their heat to flooding water resulting in a distinct tem-
perature peak during the flooding tide that persists for
several days. The effects of this regular temperature in-
crease on local coral adaptation, and conversely, on the
absolute magnitude of an El Niño-related high temper-
ature anomaly, are likely to be important.

Sea surface temperature in the western
and central Indian Ocean
Compiled by: DAVID OBURA
CORDIO – East Africa, Mombasa, Kenya
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LOCAL FACTORS THAT DECREASE
TEMPERATURE
Several factors have been identified that might reduce
the absolute magnitude of the El Niño-related high
temperature anomaly. Understanding where and how
these factors might protect sites from bleaching may be
important for management and conservation.

1. Upwelling of cooler water due to continental shelf
and/or reef bank topography

2. Temperature loss through exchange and mixing of
water along fore-reefs and in lagoon channels, and
potentially with the air in shallow bays.

3. Cyclones causing reductions in water heating th-
rough cloud cover, and mixing with deeper waters
due to wind.
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INTRODUCTION
In the context of high sea-surface temperature anoma-
lies causing widespread coral mortality, this study inves-
tigates the heat balance of a semi-enclosed coral reef la-
goon system and any additional contribution of UV ra-
diation as a trigger for bleaching. The study lagoon is
situated north of Mombasa Island, along the Nyali-
Bamburi-Shanzu coastline, at 4o0’01” S, 39o0’44” E (Fig-
ure 1) and has a surface area of 3.75 km2 and 12.5 km2

during spring low and high tides respectively. It consists
of three topographic features: the shallow back-reef la-
goon, the 300 m wide, 7.5 km long reef crest that is ex-
posed during low tide and shelters the lagoon from oce-
anic swells and the relatively deep central longitudinal
channel that collects all lagoon water at spring low tide.
The mean depth of the lagoon does not exceed 0.7 m
and the width varies between 1.5 km and 2.0 km at
MSL. The main channel system connects the lagoon
southwards to Nyali lagoon through a 250 m wide, 5.8
m deep point. Towards the northern end of the lagoon
is a shallower (2.5 m) channel system connecting the la-
goon to the mouth of Mtwapa creek (Kirugara et al.,
1998).

The lagoon water circulation has been described
previously and modeled by Kirugara et al. (1998). La-
goon water exchange is driven by the wave-induced
flow that is dependent on the degree of the reef submer-
gence by tide and wave conditions, the characteristics of
the incoming swell and the difference between the oce-
anic and lagoonal tidal levels. During spring tides, more

than 80% of lagoon water is exchanged at each tidal cy-
cle. In neap tides, unlike many other coastal marine are-
as, the continuous pumping of water over the reef
(wave-induced flow) into the lagoon maintains a higher
lagoon sea level compared with the typical oceanic level.
This forces a simultaneous exit of lagoon water through
the channels modulated by the tidal regime ensuring
that more than 60% of lagoon water is exchanged dur-
ing every tidal cycle. These mechanisms ensure the effi-
cient flushing of lagoon waters during 1 - 2 tidal cycles.

The study monitors the following biophysical fac-
tors, integrating them over space and time: salinity and
temperature inside the shallow lagoon and adjacent oce-
anic waters at 10 m to 30 m depth, solar radiative heat
flux at the sea surface, and attenuation of this radiation
into the lagoon and ocean, possibly differentiating UV
and PAR. With this information an attempt will be
made to estimate the heat balance for the lagoon on a
long-term basis, taking into consideration the different
monsoon periods.

METHODS
Three lagoon sites and two ‘oceanic’ sites at 10 m and 20
m outside the reef were used. Temperature and conduc-
tivity (salinity) measurements were recorded at 10
minute intervals for 90 consecutive days (18th Septem-
ber-14th December 1999) using four bottom-mounted
conductivity- temperatures meters (Type Hugrun) (Fig-
ure 1). One bottom mounted pressure gauge was de

Temperature and water exchange in a
semi-enclosed lagoon, Bamburi, Kenya.
DAVID KIRUGARA
Kenya Marine and Fisheries Research Institute, Mombasa, Kenya
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ployed at 10 m at the oceanic site to record pressure and
temperature, logging data every 10 minutes. An Aan-
deraa Automatic Weather Station 2700 was securely
erected at KMFRI, 2 km from the study site, equipped
with the following sensors: short wave radiation (0.3µ -
2.5µ), reflected long wave back radiation (0.3µ - 60µ),
sunshine duration, wind speed and direction, air pres-
sure, temperature, relative humidity and rainfall. This
equipment simultaneously logged data from all the sen-

Figure 1. Map showing the instrument deployment site and simplified
bathymetry of Bamburi lagoon. The dotted area is more or less expo-
sed during extreme low tide. The outside 10 m contour is indicated.
Note the channel in the southern end, connecting the lagoon.

sors at 10 minutes interval also. The entire raw data set
was processed into half-hourly means and later
smoothed with a moving average filter to obtain average
measurements over a 24 hourly window. Further data
analysis will be carried out in future.

RESULTS
Figure 2a shows a short-term temperature series in two
shallow lagoon sampling sites, showing strong diurnal
and semi-diurnal signatures in temperature variability.
The diurnal trends are in response to the daytime heat-
ing and night time cooling while the semi-diurnal
trends respond to the tidal phase. The tidal effect in-
cluding the spring-neap variability is masked in this fig-
ure but is important because flooding brings cooler wa-
ters into the lagoon while ebbing water removes the ex-
cess lagoon heat and maintains a thermal balance (Pugh
& Rayner, 1988; Mwangi et al., 1998). Generally, com-
parison of the two lagoon stations reveals that the waters
are well mixed and homogenous with no pronounced
salinity-temperature fields within the lagoon stations.

Figure 2b shows a different record of the half-hourly
oceanic temperatures at 10 m and 20 m for two days.
This figure highlights the possible existence of a shallow
dynamic thermocline between 10 m and 20 m. The ther-
mocline seems to be unsteady and the water becomes
unstratified within short duration. It will be interesting
to monitor this feature to establish whether the thermo-
cline is maintained for long periods and its possible eco-
logical consequence particularly as related to tempera-
ture induced bleaching.

Figure 3 shows a 20 day comparison of oceanic tem-
peratures at 20 m depth with lagoon temperatures using
a 30 minute average. The oceanic station showed a rela-
tively stable cooler temperature profile, and no influence
of tides. However, the lagoon temperatures increased
from 28o C to 30o C during the same period. This differ-
ence between oceanic and lagoon temperatures, of the
order of 2o C is consistent with that suggested by Pugh &
Rayner (1981) for tropical lagoons in cloudless, windless
weather.
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Figure 2a. Time series tem-
perature records for 11 con-
secutive days from a) two la-
goon stations showing strong
diurnal and semi-diurnal vari-
ation.

Figure 2b. Time series tem-
perature records for two
consecutive days from two
oceanic stations indicating the
possible existence of a shal-
low dynamic thermocline.

Figure 3.  Twenty day half-hourly
time series temperature record of
oceanic temperatures (20 m) and
lagoon temperatures (< 5 m) illus-
trating that oceanic temperatures
respond to the prevailing coastal
current and lagoon temperatures
exhibit fairly strong diurnal and se-
midiurnal trends.
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Figure 4 shows three month records of water and air
temperature and solar radiation beginning on the 18th

September 1999, the period of transition into the North
East monsoon season. These data show a daily insola-
tion of about 300 W/m2 (clear skies) on most days and
slowly increasing air and water temperatures through-
out the study period. During the same period a steady
decline in wind speed from daily means of 4 m•s-1 to 2
m•s-1 was recorded.

DISCUSSION
Substantial amounts of data are now available to begin
heat flux calculations based on the work of Mahongo
(1997) at Chwaka Bay, Zanzibar. These calculations will
show long term trends of incoming radiation intensity
(flux). An additional feature that could potentially be

measured would be to distinguish between PAR and
UV wavelengths, as these have different roles in coral
biology and bleaching dynamics. Parameters to be de-
termined will include whether UV(A, B or C) flux is a
function of the total radiation or is constant, and their
penetration characteristics at different depths. The ex-
tinction co-efficients for UV radiation are known for
clear waters, but not for lagoon waters.

An important factor for the heat balance in this la-
goon, was that spring low tides always coincide with
maximum insolation between 09:00 hours and 12:00
hours (Kirugara, in press), resulting in maximal heating
of exposed reef surfaces and interstitial waters. Influx of
the flooding tide transfers much of this heat into the la-
goon, such that lagoon temperature records show a peak
during and immediately after spring low tides.

Figure 4. Ninety day consecutive record of
water temperature, air temperature, and solar
radiation collected from the lagoon beginning
18th September 1999.
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METHODS MUST MEET THE OBJECTIVES OF
THE STUDY
Objectives. Any method applied to assess the status of
impacts on, or recovery of coral reefs must meet the spe-
cific objectives of the study. For example, a survey of
near shore reefs designed to assess the damage caused by
sedimentation from a land reclamation project is un-
likely to provide adequate data on the extent of coral
bleaching. Further, a study of settlement of coral larvae
should be designed so that groups of settlement plates
are brought up periodically over a period of up to 1.5
years, and not all after 6 months, when little settlement
may have taken place. Thus, the objectives should be
SMART, i.e. Specific, Measurable, Area bound, Realistic
and Time bound. There is a tendency in studying coral
reef degradation to advocate ‘keep it simple’ or KIS
methods, based on a general survey technique which is
applied to all objectives. While such methods are valua-
ble for reef assessment and comparison of reefs between
nations or across wide areas (e.g. ReefCheck), they rare-
ly have adequate rigour to answer specific problems re-
lating to reef degradation and recovery at a location.

Scale. Methodologies must be applied at different
scales to address objectives. For example, the effects of
major environmental events such as the mass mortality
following the 1997/98 bleaching,  or monitoring recov-
ery of degraded reefs. It is important that surveys across
wide areas are conducted to give the ‘big picture’ of the
impact of a natural environmental event. For example, a
survey of the reefs around the main island of Mahe in

the Seychelles may provide a false indication of impact
from bleaching in the Seychelles, since the coastal wa-
ters are often turbid due to activities on land, compared
with the clear waters around more isolated islands. Cor-
als in turbid waters may not have been exposed to
strong solar radiation at the same time as elevated sea
temperature, unlike the corals in clear water. Therefore,
surveys conducted on reefs around all islands in the ar-
chipelago are required to assess the real impact. Similar-
ly, the number of coral recruits can be assessed over a
large area if coral colonies ranging in diameter between

Initial considerations on methods to
survey reef status and recovery
JOHN TURNER
School of Ocean Sciences, University of Wales, UK.

Figure 1. Three divers conducting rapid site survey video and visual
census at Cousine Reef, Seychelles.
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1 cm and 10 cm are being sought and recruitment is low.
However, if assessing settlement on natural surfaces, de-
tailed searches at small scales may be required for corals
smaller than 1 cm in diameter, and settlement plates
with artificial surfaces that can be brought up for de-
tailed analysis will be required for the identification of
settled species.

Rapid survey assessments (RSA) which provide a
broad evaluation of the current status of many sites
across many locations are suitable for large scale studies,
and the methods allow large areas (e.g. one hectare) at
each site to be surveyed.  The large sample surveyed at
each station overcomes the problems of smaller scale
patchiness, zonation and need for replication at stations
within sites. A different methodology is required when
monitoring reefs for change, where surveys are repeated
over time. Such methods require a finer scale of assess-
ment over a smaller area and at selected sites only. Of-
ten, the impact being assessed is on-going and, if anthro-
pogeneic (e.g. land infill), may have a point source, in
which case control sites must be adopted. By using con-
trols, the underlying natural changes can be assessed
(e.g. suspension of sediments by a storm, or rise in sea-
surface temperature).

METHODS SHOULD REFLECT REEF
STRUCTURE AND TAXONOMIC SCALE
Methods to survey reef structure are often designed
around surveying hard coral colonies even though these
may only cover 30% - 40% of a reef. Carbonate and algal
components are often neglected resulting in under esti-
mations. There is a requirement to adapt methodologies
on reefs where algae or even soft corals dominate. Thus,
it is advisable to record reef development, benthic cover
and composition of the substratum. DeVantier et al.
(1998) have developed such methods, and adapted ver-
sions of these are used by Turner et al. (this volume).

Due to limited expertise, surveyors often collect 
data at the level of life form (e.g. hard coral, soft coral,
macro-algae). Such data are valuable and can often indi-
cate to a manager that a reef community is changing.
However, more subtle changes, such as the shift in spe-
cies composition from branching hard corals to massive
and encrusting species following a bleaching event, may
be hidden. Clearly, the hard coral record can be usefully
subdivided into coral morphology (e.g. branching, tabu-
lar, massive). However, shifts in the diversity of families,
genera and species require expertise to record at higher
taxonomic levels. Managers may not immediately be in-
terested in this data, but scientists will need information
at this finer scale to understand the pattern of change
and to communicate the causes to the manager. For in-
stance, the responses of corals to an impact such as sedi-
mentation (Rogers, 1990) or temperature (Jokiel &
Coles, 1990), or solar radiation are often specific.

EXPERTISE AND TRAINING
A compromise is often required in designing methods
that meet the survey objectives and meet the level of ex-
pertise of the surveyor. Again, there is a tendency to
oversimplify the methods rather than increase expertise.
Training should be provided, and it is often easier than
perceived to increase identification skills from life form
to genera and common species.

Figure 2. Settlement plates for corals, Harbour Patch Reef,
Seychelles.
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COMPILATION OF STANDARD METHODS
There are many proven methodologies compiled for the
survey of coral reefs and associated ecosystems e.g.
CARICOMP’s Level 1 Methods Manual, (CARICOMP,
1994) and ASEAN Australia Living Coastal Resources
Project’s Survey Manual for Tropical Marine Resources
(English et al., 1997). There is certainly no need to re-
turn to first principles, but this does not mean that new
methods should not be developed. There is a need to be
flexible and adapt methods to suit the geographical are-
as and reef structures under study since, while widely
applicable, the earlier examples were designed for the
Caribbean and ASEAN regions respectively as stand-
ardised methods to allow international co-operation. An
example of adapted methods are those of the COI Re-
gional Environment Programme’s Methodology Manual
for the South West Indian Ocean (Conand et al., 1997).
New methods have been devised for addressing the spe-
cific problems of bleaching and reef degradation in the
Indian Ocean by members of CORDIO (this volume),
and there is much value in making these widely availa-
ble to teams within the region. The compilation should
include guidance on the use of methodologies in meet-
ing objectives, and should be produced in a cheap hard
copy format for dissemination at the ranger level.

INTER-CALIBRATION OF SITES
Different interpretations of observations can be mislead-
ing (e.g. varying the size used to classify a coral recruit).
Greater standardisation and clarification in interpreta-
tion can be achieved through training, and by survey
teams overlapping some sites (e.g. Turner et al., survey
and Engelhardt surveys of the Seychelles, this volume).
Well geo-referenced and labelled underwater photo-
graphs, and especially video records represent good ar-
chive information allowing comparability between dif-
ferent surveys and times.

DATABASES AND GEOGRAPHICAL
INFORMATION SYSTEMS
Databases are required to store the large amounts of
survey results systematically and allow the efficient re-
trieval of selected data in response to specific questions.
There are many existing databases (e.g. ReefBase, Fish-
Base) and hence, there is usually no need to design a da-
tabase from first principles. Although existing databases
are often useful for assembling data on an international
scale for use by networks and global policy makers, they
may not be helpful in formatting data to answer the spe-
cific objectives of a study, or to meet specific manage-
ment requirements in a locality. Thus, there is often the
requirement to produce smaller databases from first
principles, but thought should be given to how these can
be merged with larger databases in the future.

Geographical Information Systems (GIS) are ex-
tremely valuable databases that allow the overlaying of
geo-referenced information (e.g. reef biotope and fish
community composition and fish catch). GIS are usually
more complex than databases and require greater exper-
tise, although a simple laptop computer, base map or
chart, scanner and software is often all that is required.
GIS has a greater value when dealing with specific
management areas and issues. Particular strengths are
the analytical and predictive capabilities, often thought
of as ‘what if scenarios’ such as: Which biotopes will be
affected if the water volume from a river is doubled? Where
can sand be mined from this lagoon given a 100 m buffer
around all sensitive biotopes?  Further, GIS can incorpo-
rate spatially related photographs and video, so that
clicking on a point on a computer presented map can re-
veal photographs of coral communities at that point, or
a video sequence. Such visual information can be of
great value to managers and can influence the decision
making process. GIS has been used to effect in zoning
the coastal zone of Socotra (Turner et al., 1999), and in
presenting coral bleaching results in Mauritius (Turner
et al., this volume).
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INTRODUCTION
Assessing environmental impacts and monitoring eco-
system recovery requires an understanding of the un-
derlying spatial and temporal changes that have oc-
curred. There are three main questions to be answered
with specific reference to the Indian Ocean and the cur-
rent status and future of coral reef ecosystems: i) what
are the effects of widespread coral mortality going to be
in the Indian Ocean, ii) how long will it take for reef ec-
osystems to recover, and iii) will ‘recovered’ systems
have the same structure and functional integrity? Re-
search into these questions must bear in mind that most
measurements to be made are points on a long-term
trend. Although there may be another disturbance event
similar to that of 1998, its occurrence (if it occurs) should
not negate the work, but provide further data points
which contribute to the understanding and establish-
ment of long-term trends.

While direct changes in structure can be measured
relatively simply, more advanced study will be required
to assess changes in functional relationships. For in-
stance, does the ‘recovered’ reef with its different coral
community support a different fish community, and
will the productivity of this reef be different? One-off
measurements must be put into context. Several exam-
ples exist of measures which are difficult to interpret,
for example, measures of total fish catches, coral cover
or population recovery: As a fish species is depleted,

even commercially extinguished, it may be replaced by
other species, the total catch remaining the same. A
‘pristine’ coral cover value of many systems is about
50%, which rises with increasing long-term stress, then
decreases through the 50% value again before reaching
very low values (Figure 1). Thus, only very low percent-
ages might be indicative of degradation, by which stage
the quantification of coral cover may be of little use.
The problem of recovery is to ask at what level a popu-
lation is considered to be ‘recovered’?  Figure 2 shows a
hypothetical decline of a population that has progressed
over 25 years. The sag following the 1998 event is recov-
ered from, but to which long-term trend, (a) or (b)?
This is a complication from the ‘shifting baseline syn-
drome’.

Sample size is one of the main difficulties in measur-
ing change and recovery. It should be noted that if sig-
nificant differences occur between two samples (e.g. by

Measuring change and recovery
in reef ecosystems
CHARLES SHEPPARD1, KRISTIAN TELEKI2 and JOHN TURNER3
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2Cambridge Coastal Research Unit, University of Cambridge, UK
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Figure 1. Coral cover (from Red Sea and Arabian Gulf examples) of
changing coral cover with increasing stress (Sheppard et al., 1992).
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t-test) then the sample size to determine this is more or
less irrelevant. However, if the objective is to prove no
difference, then samples may need to be quite large –
typically 80 – 100 replicates. Large samples can be
achieved (and possibly can only be achieved) by pooling
data from several sites, i.e. by working at a regional lev-
el. Thus, this regional perspective and approach is criti-
cal.

The following proposed general projects may be
largely immune from the first three complications, and
all are contingent on adequate sample sizes. It is impor-
tant to note that the majority of these objectives can be
achieved at low cost, and that the expertise to carry
them out can be attained through straightforward basic
training exercises. The multi-scale approach, both spa-
tial and temporal, to construct long-term trends will
provide a background against which future disturbanc-
es, changes to the environment, and indeed recovery,
can be assessed and monitored.

A. TIME SERIES DATA
The objective is to establish long-term trends over as
large as possible spatial scales. These projects access data
and methods common to other sciences, and in many

cases may only need informal contacts and collabora-
tions with appropriate researchers and/or institutions.

1. Remotely sensed images
Images need to be processed for the extraction of biolog-
ical information (quantified habitat cover data) to make
synoptic cover measurements which not only include
the reef, but the adjacent systems as well (macro-reef
system, i.e. integral seagrasses, mangroves and sand).
Archived remotely sensed imagery provides measure-
ments from years past to establish longer time series.

2. Meteorological data
Acquisition of long time series of in situ data from a va-
riety of national and international sources, and analysis
of meteorological data to establish trends.

3. Fisheries
Assessing broad scale ocean productivity through the
use of remote sensing.

4. Land use changes
Establish trends in development, tourism and reclama-
tion to assess long-term effects on coastal ecosystems.

B. SPECIFIC REEF MEASUREMENTS
The objective is to record and monitor changes in reef
composition through a range of techniques. These
methods are consistent with many existing monitoring
schemes, and can be added or revised to be incorporated
with minimal additional work while maximizing cap-
ture of long-term trend data and regionalization of re-
search and monitoring.

1. Cover and damage
Recording cover by major biotic and abiotic groups (i.e.
total coral, soft coral, unconsolidated rubble, sand etc.)
to document ecological and substratum characteristics.
Identification to genus/species level of reef constituents,
measurements of size class frequencies of coral colonies
and recording the proportion of damaged colonies.

Figure 2. Two possible recoveries from a crash, e.g. a fisheries or coral
cover crash, occurring at time marked by arrow.
Straight line: continuous downward trend over many years (i.e. with no
biological crash).
Red line: recovery from crash to reduced and declining level.
Light blue line: assumed recovery to level at pre-crash state, which
might be assumed if the overall downward trend is not known. Ex-
ample from coral cover in Chagos archipelago (Sheppard, 1999).
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2. Erosion of reefs and reef-protected shores
Measurement of beach widths to LWST from fixed da-
tum points with a monthly sampling interval as well as
measurement of algal ridge widths, percent cover of red
coloured algae and the down-slope extent.

3. Coral recruitment and monitoring
Quantification of new coral recruits (colonies between 1
cm and 10 cm diameter/long) using standardised count-

ing methods and photography of recruits at 3 m depth.
Monitoring of tagged coral colonies for growth, damage
and disappearance.
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INTRODUCTION
Coral reefs are a vital resource to many areas of the In-
dian Ocean. Coastal populations are continuously in-
creasing (Table 1) and relying on this resource as the ba-
sis of the economy. Across the region, the two common
socio-economic reef based activities are fisheries and
tourism. For local subsistence fishermen, reef fisheries
often represent their only livelihood. Degradation of

coral reefs will first impact the reef fishery and subse-
quently, the local fishing community. Tourism also is of-
ten heavily dependent on coral reefs as the main attrac-
tion.

The countries of the Indian Ocean vary both physi-
cally and socio-economically (Table 1). The size of a
country, the area of coral reefs, the coastal population
utilising the reefs and the wealth of the country are all

Socio-economic assessment of the impacts
of the 1998 coral reef bleaching in the
Indian Ocean:  A summary
SUSIE WESTMACOTT1, HERMAN CESAR2 and LIDA PET-SOEDE3
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2Institute for Environmental Studies, Free University Amsterdam, Netherlands.
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Table 1 Physical and socio-economic indicators of each country participating in CORDIO.

Country Length of coastline Coastal pop Population growth rate Real 1997 GDP/
Km density est 2000 (% 1997-2015) cap (PPP$)

India 7516 811 1.3 1670
Madagascar 4000 130 2.6 930
Mozambique 2500 351 1.8 740
Sri Lanka 1739 344 1 2490
Tanzania 800 412 2.3 580
Maldives 644 1648 2.6 3690
Seychelles 600 281 1 8171
Kenya 500 250 1.6 1190
Comoros 350 878 2.5 1530
Mauritius 200 697 0.8 9310
Mayotte 185 1177 — —
Reunion 160 326 1.3 —
Rodregues 37 — — —

Sources: Delft Hydraulics, 1993; Gaudian, et al., 1998; National Aquatic Resources Research and Development Agency, 1998; Semesi, 1998; United Na-
tions Development Programme, 1998; Central Intelligence Agency, 1999; Linden & Sporrong, 1999; Mirault, 1999.
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indicators of pressure and dependence on reef resources
and their ability to cope with impacts such as coral
bleaching. CORDIO was initiated in response to degra-
dation of coral reefs caused by the 1998 coral bleaching
event. However, other factors, such as rapidly expand-
ing coastal populations or poor planning and manage-
ment, may also cause reef degradation. Recently, Bryant
et al. (1998) estimated that 9 000 km2 of coral reef in the
Indian Ocean were at high risk, 10 500 km2 at medium
risk and 16 600 km2 at low risk of degradation from
coastal development, marine based pollution, overex-
ploitation of marine resources and inland pollution, in-
cluding sedimentation. Within the CORDIO countries,
the level of risk of reef degradation ranges from low in
areas like the Chagos archipelago where there is negligi-
ble human activity, to high in areas such as Comoros
and Mayotte where high population growth rates are
exerting increasing pressure on these reefs (Figure 1).

This report is a summary of the complete project re-
port assessing the socio-economic impacts of the coral
bleaching in the Indian Ocean (Westmacott et al., 2000)
and presents the main approaches adopted to determine
the importance of fisheries, particularly reef fisheries,
and reef based tourism to countries and local communi-
ties in this region. Also, this report presents the results
of specific case studies of the reef fishery of Kenya and

of the tourism sectors of Maldives, Sri Lanka, Tanzania
and Kenya. In addition, the assessment also highlights
the need to account for other threats to coral reefs and
the capacity to manage these resources.

POTENTIAL IMPACTS OF CORAL BLEACHING
ON REEF FISHERIES
The effects of coral bleaching on reef fisheries are likely
to be observed in the long-term through changes in the
habitat complexity. Although controversy surrounds the
proposed mechanisms by which reef fish communities
are structured (Richards & Lindeman, 1987; Sale, 1991;
Sadovy, 1996), it is generally thought that three ecologi-
cal processes are involved. First, competition for food
and space determines fish diversity and density (Robert-
son & Gaines, 1986). Second, patterns of recruitment of
juveniles determine adult fish community structures
(Eckert, 1984; 1987; Medley et al., 1993; Lewis, 1997).
Third, predation determines patterns of survival and
consequently, the density of adult fish (Eggleston, 1995).
The structural complexity of a reef habitat influences all
three of these ecological processes (Figure 2). The reef
provides niches for various species to coexist on a coral
reef, suitable substrate for reproductive activities and
larval settlement (Roberts, 1996) and also shelter for fish
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Figure 1. Level of risk to reefs from coastal and marine activities in
the Indian Ocean.

Figure 2. Relationships between the reef habitat, the fish community
structure and the fishery.
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to escape predation (Williams, 1991; Polunin, 1996).
Population structure, species diversity, density and bio-
mass of the fish community can be related to the state of
the coral reef which can be measured using various pa-
rameters (e.g. rugosity, live coral cover, algal cover) (Mc-
Clanahan, 1994).

The way reef habitats affect a coastal zone fishery
takes three forms. First, maximum yields are limited by
the status of the habitat through habitat-fish interactions
as described above. Second, the characteristics of a reef
habitat (e.g. high coral cover, sandy lagoon floor) and
the risk of damage to gear they pose will determine the
type of gear used and, to a degree, the species of fish
caught. Third, the spatial distribution of physical fea-
tures that are perceived by fisherman to be attractive to
their target species, such as large coral heads or converg-
ing currents, will determine the areas in which fishing
effort is concentrated.

In a fishery that is entirely dependent on reef fish,
catch rates may decrease and the catch composition may
shift more towards the herbivorous species. These fish
are often lower in value so, as a result, the economic po-
sition of fishers may deteriorate. Fisher communities
that live on islands with few alternative sources of in-
come will have difficulty sustaining their livelihoods. A
fishery that targets large predatory pelagic species that
forage on reef fish may also experience lower catches
when these fish are forced to move to other less de-
stroyed areas to hunt for prey. A fishery that targets
small pelagic species that occupy a reef area or lagoon
during certain phases of their life cycle may also experi-
ence lower catches when reefs disappear.

METHODS
Fishery assessment
A study of the effects of coral bleaching and mortality
on reef or coastal zone fish resources preferably includes
historic data (Type I) and spatial data (Type II) enabling:
• An assessment of the qualitative and quantitative

impact on the perspective of the total fishery perfor-
mance – nation-wide.

• An assessment of the social/economic impact based
on cases – coastal provinces/districts.

• Predictions of future developments in social/econo-
mic conditions of fishers, in response to the event ba-
sed on past trends in the fishery performance.

Official marine fisheries statistics (Type I) were used to
characterise the importance of reef fisheries in each
country. Although the quality of official fisheries statis-
tics is often weak, usually they remain the only informa-
tion used by policymakers to assess the status of a coun-
try’s fisheries. However, an analysis of data that were
available previously and of those that were collected by
contributors from each country in the region identifies
weaknesses in the information needed to assess the im-
portance of reef fisheries on both a nation-wide and re-
gion-wide scale. Information describing resource utilisa-
tion and fishery performance (Type II) was collected
during a case study of the reef fishery of Kenya. This in-
formation, when combined with Type I data, enables an
economic valuation of a reef fishery that includes both a
financial analysis at the individual household level and,
where possible, an economic analysis at the society level
(Cesar & Pet-Soede, in prep).

RESULTS
Trends in marine fisheries in the Indian Ocean
Developments in the national demography and social-
economy of most countries in the Indian Ocean suggest
a continuously increasing pressure on fish resources
(McClanahan, in press). In some countries, total fish
production is declining (Table 2). Most of the catch from
coastal fisheries is used for local consumption, as it is the
most affordable source of protein (FAO, 1999b). Shrimp
and tuna are the main export commodities. In most
countries, fishing gears used in coastal areas include
traps, spears, gillnets, seine nets, hook and line, and cast
nets.

The large number of small fishing vessels from
which the millions of Indian Ocean fishers operate
makes monitoring of stock status and implementation
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of fisheries management measures difficult (Table 3).
Methods used to sample marine fisheries and the way
the collected information is processed and presented in
reports differs greatly between countries. Little regula-
tion of fishing effort exists, except in a number of ma-
rine protected areas around the region and a closed sea-
son for the large net fishery off Mauritius.

The number of fishers may be small compared to the
number of people engaged in other economic activities
(Table 3). These fishers often have few other opportuni-
ties to make a living and the fish they catch is a vital

source of protein. These factors make it relevant to
study trends in fish catches to prepare for alternatives if
capture fisheries collapse.

The importance of reef fisheries in the Indian
Ocean
The percentage of the demersal fish landings compared
to the total fish landings can be seen in table 4. Howev-
er, when discussing the importance of reef fisheries per
country, it is important to distinguish between its im-
portance in providing food, foreign currency and em

Country Marine Fish Crustaceans Molluscs Trend since 1990 (%)

India 2,455,947 298,313 121,896 +28
Sri Lanka 208,350 11,000 300 +58
Maldives 107,087 — 271 +35
Madagascar 71,596 14,622 850 ?
Tanzania 45,530 2,500 653 -29
Mozambique 14,500 12,906 659 -53
Mauritius 13,397 40 309 +16
Comoros 12,480 20 — +8
Reunion 5,581 301 — +213
Kenya 4,382 950 726 -54
Seychelles 4,052 604 19 -27

Source: (Food and Agriculture Organisation, 1999a)

Table 2. Marine fisheries
catch in 1997 (tons).

Table 3. Number of marine fishers in each country.

Country Fishers Relative importance in Full time Survey
(number) Agriculture employment (%) (%)

India 5,958,744 2.3 40 1994
Sri Lanka 83,776 2.7 100 1996
Madagascar 67,566 1.3 69 1996
Kenya 43,488 0.4 ? 1994
Maldives 22,109 78.6 100 1996
Mozambique 18,000 0.3 100 1990
Tanzania 12,564 0.7 100 1996
Mauritius 10,713 14.3 49 1996
Comoros 9,000 4.4 44 1994
Seychelles 1,960 — 100 1996
Reunion 500 3.3 100 1990

Source: (Food and Agriculture Organisation, 1999b)
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ployment (Table 5). A short description of the fisheries
of each region within the central and western Indian
Ocean is presented.

South Asia
In India, the relative contribution of the reef fishery to
both earnings and total fish landings (1 790 702 tons in
1993) is low. This did increase from 1% in the early
1970’s to 5% in the early 1990’s. The importance of other
demersal fish remained stable at 32% throughout the
entire period (Figure 3) (CMFRI, 1980; 1995). This low

importance is caused by the fact that most reefs are
found in lightly populated regions such as the Andaman
and Nicobar Islands (DOD & SAC, 1997; Bakus, 1994).
In addition, there is a high demand for large pelagic
fish, such as mackerel and tuna, at both domestic and
export markets ensuring that the fishery in large reef ar-
eas, such as Lakshadweep, focuses on catching these
large pelagics instead of demersal reef species (James et
al., 1984; Bakus, 1994). On the mainland, most of India’s
coastal fishers make their living from either the pelagic
fisheries, the prawn trawl fishery or from small-scale

Table 4 Demersal fish landings in 1996 per country in the Indian Ocean sorted by relative contribution to total marine landings.

Country Demersal landings (tons) Importance in total Trend in importance of
marine landings (%) demersal landings

Reunion 2,970 68 +/-
Mauritius 8,664 52 +
Tanzania 18,939 49 +
Seychelles 1,704 39 +/-
Kenya 1,349 34 +/-
India 805,408 33 +/-
Sri Lanka 36,922 18 +/-
Mozambique 165 17 +1

Maldives 11,856 11 +
Comores na na na

Source: (Food and Agriculture Organisation, 1999a)

Table 5. Importance of marine and demersal fisheries in providing food (kg of fish), employment (part of overall population) and foreign earnings to
Indian Ocean countries. ++++Very high; +++high; ++medium; +low.

Food Employment US$ Other

Country Marine Demersal Marine Demersal

India ++++ ++++ +++ ++ +
Madagascar +++ ++++ ++ + +++
Sri Lanka +++ +++ + + -/+ Import equals export
Tanzania ++ +++ +++
Kenya + ++ + +++
Mauritius ++ ++ + ++ ++ Foreign fish licenses
Seychelles + ++ + ++ +++
Mozambique ++ +
Maldives +++ +++ + +++ Baitfish supports tuna
Comores ++ + +++
Rodregues + + +++ +
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Figure 4. Trends in coastal fish landings in Sri Lanka.
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demersal fisheries using beach seines. However, this is
likely to change as a result of increasing demand (for-
eign markets) for high quality reef fish such as grouper
and snapper and because of declining catch rates result-
ing from over-capitalisation and exploitation of coastal
shelf areas (Devaraj, 1997).

The reef fishery in Sri Lanka provides an important
part of the fish consumed in the country. The demersal
fishery does not provide employment to a large portion

of the population. The coastal fish production is highly
variable but increased five fold from 36 865 tons in 1951
to 157 500 tons in 1995 with highest production in 1982/
83 of approximately180 000 tons (Figure 4). Coastal fish-
eries contributed almost 90% to the nations total fish
production in the early 1970’s but this importance de-
creased to 65% in 1996 with increasing importance of
offshore fish landings of some 25% in 1996. Inland fish
production was relatively important (18% - 19%) in the
mid 1980’s but decreased to approximately 9% in 1996.

In Maldives reef fisheries contribute least to total fish
production, although this is increasing. However, the
indirect importance of reef fisheries to the entire fish
production is much higher because bait fish for the tuna
fishery are caught in the lagoons and near the reefs. To-
tal fish catches have increased dramatically in recent
years from 39 000 tons in 1983 (Anon., 1998a) to 118 115
tons in 1998 (Anon., 1998b) (Figure 5). With its vast area
of coral reefs, it is remarkable that reef-associated de-

Figure 5. Trends in landings and composition of landings in Maldives.

Figure 3. Trends in landings and composition of landings in India.
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mersal species have not been heavily exploited in the
past. The majority of Maldivians have a high preference
for tuna. Some demersal fish were caught, mostly with a
single hook hand-line, to supply the tourist resorts and
the Sri Lankan market for salt-dried low value reef fish
(Anderson et al., 1992).

The Ministry of Fisheries and Agriculture collects
data from every inhabited island. However, the Catch
Effort Data Recording System (CEDRS) focuses on
tuna catches and fisheries. The importance of reef fish
has increased following increased demands from new
export and domestic markets. It is believed that the cur-
rent expansion creates overexploitation of the resources
and conflicts among resource users (Shakeel & Ahmed,
1997). Reef fishing is most important in the atolls where
tuna fishing is poor. In the other atolls reef fishing re-
mains the second most important fishing activity. Catch-
es increased significantly (nearly 5 fold) between 1988
and 1994, but CpUE seems to have declined. Grouper
fishing is increasingly important and caters to the inter-
national market.

East Africa
The catches of reef fish increased during the 1970’s but
at the beginning of the 1990’s catches decreased to levels
recorded in the 1950’s. In Tanzania, especially in the
northern districts and Zanzibar, the demersal fisheries
provide employment to a large portion of the coastal
population. Overall, marine landings are decreasing,
mainly because of declining pelagic catches. This results
in an increase in the relative importance of the demersal
fish production (Table 4). The majority of Tanzanian
fisheries (96%) are small-scale and exploit the reef-asso-
ciated habitats (Darwall & Guard, in press). There are 3
232 registered vessels and their fish production varied
between 36 000 tons and 56 000 tons between 1990 and
1995.

Reef fish in Kenya is less important in the total fish
production. Nevertheless, the high numbers of coastal
fishers have few alternatives to make a living. The total
marine fish catch seems to have collapsed in the early

1990’s and, although catches have increased since then,
only by the late 1990’s was production back to 5 000
tons, the level that was produced in the early 1980’s
(Dept. of Fisheries, Mombasa) (Figure 6). Some 4 700
fishers are active in coastal regions of Kenya. The con-
tribution of demersal fish to the total marine fish pro-
duction has been quite stable during recent years at ap-
proximately 30% - 40%.

Indian Ocean Islands
In Madagascar, 43% of the fishery is based on the coral
reefs (65 090 tons). Of the total fish production, 20% is
exported, which means an important amount of foreign
earnings is derived from the demersal fishery (Table 4).
Export of fish almost doubled between 1986 and 1989 to
24 264 tons, of which 8 000 tons were shrimp. In 1994,
the value of the exported shrimp catches was 80 million
US$ and landed by-catch represented 45% of the total
fish landings in that year. This was a 27% increase dur-
ing 1994, therefore shrimp trawling poses a growing
threat to the sustainability of Madagascar’s demersal
fisheries. In 1994, 117 500 tons of fish were produced of
which 55% was captured in small-scale fisheries. Ap-
proximately 50 000 people are involved in this fishery
using 22 000 boats and living in 1 250 villages. Total

Figure 6. Trends in landings and composition of landings in Kenya.
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fishing effort increased five fold between 1977 and 1994.
In the island states of Mauritius, Reunion and Rod-

rigues the relative contribution of demersal and reef re-
lated fisheries to total fish production is high (Table 4).
In 1999, there were between 2 500 and 3 000 profession-
al fishers in Mauritius. Total landings in the artisanal la-
goon fishery (traps) in Mauritius have been relatively
stable and have increased only slightly from approxi-
mately 1 600 tons in 1991 to nearly 2 000 tons in 1999
(Naim et al., in press). An important fishery in Mauri-
tius is the Banks fishery along the Mauritius-Seychelles
Ridge with 15 vessels that produced another 4 424 tons
of fish in 1996. The vessels are large (200-430 GRT) each
employing between 50 and 60 fishers and 20 crew.

Fisheries in Seychelles include an industrial fishery
of foreign licensed tuna purse seiners and longliners, a
semi-industrial fishery of longliners for swordfish, and
the reef fishery. In 1992, handlining and traps set on
sandy or sea-grass substrate that target rabbit fish con-
tributed most of the total fishing effort (Jennings et al.,
1995). Handlines caught 78.3% of the 5 718 tons of fish
landed in that year (Figure 7). Seychelles relies largely
on fish exports and tourism for foreign revenue. In
1992, 200 tons of fresh fish and 839 tons of frozen fish
were exported. In 1995, artisanal fish production was 4
313 tons of which 420 was exported for 10 million SR.

In Comores there are approximately 8 000 fishers.

All are artisanal fishers and live in approximately110
fishing villages.Total fish catch in 1995 was13 000 tons
of which 72% was pelagics. (8 000 tons were caught at
Grande Comores). The monetary value of the catch in
that same year was estimated at 9 million francs of
which 6 million was contributed by Grande Comores
alone.

Assessment of the effect of bleaching and coral reef
degradation on coral reef fish and fisheries in Kenya:
A Case Study
The Coral Reef Conservation Project (CRCP) is a U.S.
based NGO of The Wildlife Conservation Society that
has monitored Kenyan coral reefs since 1986 and fish
catches associated with coral reefs since 1995. The
project includes a study of fish populations in Kenya’s
older (>25 years) fully protected marine parks (Malindi
and Watamu MNP), a more recently created park
Mombasa MNP (1991), and four sites on heavily fished
unprotected reefs (Vipingo, Kanamai, Ras Iwatine and
Diani). This study was conducted in late 1997 and re-
peated in early 1999, around four months before and 10
months after the coral bleaching event. For the purpose
of assessing possible effects of the 1998 bleaching event,
abundance and composition of the reef fish community
was determined, together with biomass and composition
of individual fish catches.

The underwater visual census data showed no clear
changes in fish community structure that can be attrib-
uted solely to the bleaching and mortality of corals.
Only the increase in abundance of surgeon fish, which
are grazers that feed on algae on the surface of the dead
coral, may be related to coral mortality. It appears that
there is a strong relationship between management (ma-
rine park versus exploited reefs) and fish abundance for
many of the studied fish families (McClanahan &
Arthur, in press). The catch assessment data show a sig-
nificant decline in catch between 1995 and 1999, where-
as the total fishing effort, measured in numbers of fish-
ers or boats remained constant. There is no significant
deviation from this trend after the 1998 bleaching event.Figure 7. Catch and effort of the artisanal fishery in Seychelles.
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