
P e rg a m o n

PII: S0025-326X(00)00200-9

M a rin e  P ollu tion  B u lle tin  V ol. 42, N o . 1, p p . 7 -1 5 , 2001 
©  2001 E lsev ier Science L td . A ll r ig h ts  reserved  

P r in te d  in  G re a t  B rita in  
0025-326X /01 S - see  f ro n t  m a tte r

Coral Bleaching and Mortality on 
Artificial and Natural Reefs in Maldives 
in 1998, Sea Surface Temperature 
Anomalies and Initial Recovery
A L A SD A IR  J. E D W A R D S I* , SU SA N  C L A R K I, H U S S E IN  Z A H IR |,  A R JA N  RA JA SURIY A §,
A B D U L LA  N A S E E R J and  JA SO N  R U B E N S ft
I  D epartment o f  M arine Sciences and Coastal M anagem ent, University o f  Newcastle, Newcastle Upon Tyne NE1 7RU, 
UK
%Marine Research Centre, M inistry o f  Fisheries, Agriculture and M arine Resources, M ede’, Maldives 
§Coral R e e f Research Programme, National Acpuatic Resources Research & Development Agency, Crow Island, 
M attakkuliya , Colombo 15, Sri Lanka
ÎÎG C R M N  Regional Co-ordinator, South Asia, 48 V a fra  Road, Colombo 5, Sri Lanka

The bleaching and subsequent mortality of branching and 
massive corals on artificial and natural reefs in the central 
atolls o f Maldives in 1998 are examined with respect to 
sea surface temperature (SST) anomalies. SST normally 
peaks in April-M ay in Maldives. The UK Meteorological 
Office’s Global sea-Ice and SST  data set version 2.3b 
shows that in 1998 monthly mean SST  was 1.2-4 S.D . 
above the 1950-1999 average during the warmest months 
(March-June), with the greatest anomaly in M ay of 
+2.1°C . Bleaching was first reported in mid-April and was 
severe from late April to mid-May with some recovery 
evident by Iate-May. At least 98% of branching corals 
(Acroporidae, Pocilloporidae) on artificial structures de
ployed on a reef flat in 1990 died whereas the majority of 
massive corals (Poritidae, Faviidae, Agariciidae) survived 
the bleaching. The pre-bleaching coral community on the 
artificial reefs in 1994 was 95% branching corals and 5%  
massives (n — 1589); the post-bleaching community was 
3% branching corals and 97% massives (n =  248). Sig
nificant reductions in live coral cover were seen at all 
natural reefs surveyed in the central atolls, with average 
live coral cover decreasing from about 42% to 2%, a 20- 
fold reduction from pre-bleaching levels. A survey of re
cruitment of juvenile corals to the artificial structures 10 
months after the bleaching event showed that 67% of re
cruits ( ^ 0 .5  cm diameter) were acroporids and pocillo-
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porids and 33% were from massive families (n =  202) 
compared to 94% and 6%, respectively, in 1990-1994 
(n =  3136). Similar post-bleaching dominance of recruit
ment by branching corals was seen on nearby natural reef 
(78% acroporids and pociiloporids; 22% massives). A 
linear regression of April mean monthly SST  against year 
was highly significant (p <  0.001) and suggests a rise of 
0.16°C per decade. If this trend continues, by 2030 mean 
April SST  in the central atolls will normally exceed the 
anomaly level at which corals appear there are susceptible 
to mass bleaching. ©  2001 Elsevier Science Ltd. All 
rights reserved.

Keywords: bleaching; community structure; coral recruit
ment; sea surface temperatures.

Introduction
In  1997-1998 there was unprecedented bleaching and 
subsequent m ortality  o f  corals reported  from  m any ar
eas a round  the w orld (e.g., W ilkinson, 1998; Berkelmans 
and  Oliver, 1999; H oegh-G uldberg, 1999) with particu
larly severe bleaching and  high m ortality  reported  from 
the Ind ian  Ocean (Lindén and  Sporrong, 1999; McCl- 
anahan , 2000; Sheppard, 1999; W ilkinson et al., 1999). 
T he M aldives were am ong sites severely im pacted in the 
Ind ian  O cean (R ajasuriya et al., 1999) and , being com
posed entirely o f low-lying coral cays, are particularly 
vulnerable to  loss o f the protection afforded by healthy,
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accreting coral reef flats in the face o f  predicted sea-level 
rise. F our and  a ha lf years o f pre-bleaching m onitoring 
o f  artificial reefs in  M aldives (C lark and Edw ards, 1994, 
1995; Edw ards and C lark, 1992a) allowed detailed 
com parisons o f pre- and post-bleaching coral com m u
nities as well as a  com parison o f the taxonom ic com
position o f coral recruits th a t settled on the artificial reef 
structures before and  after the 1998 bleaching event. In 
this note we exam ine in detail the anom alous rise o f sea 
surface tem peratures (SST) associated w ith coral 
bleaching in  the central atolls o f  the M aldives in A pril- 
M ay 1998 and  repo rt on the im pact o f the bleaching on 
coral com m unities on bo th  artificial and  na tu ra l reefs 
and the initial progress o f recovery from  the bleaching 
event.

Methods
Artificial re e f study site

In  late 1990 various artificial reef structures, including 
concrete Sheppard  Hill Energy D issipator (SH ED ) 
blocks and  A rm orflex concrete m attresses (Edw ards and 
C lark, 1992a), were deployed a t 0.8-1.5 m  depth on the 
reef flat o f a  severely degraded faro (ring-shaped reef 
rising to  the sea surface w ith its own lagoon) 2.4 km 
north-w est o f the  M aldives capital M alé in  the central 
atolls (Edw ards and  C lark, 1992b). R ecruitm ent and 
subsequent grow th and m orta lity  o f corals on the 
structures were m onitored  in detail over 4 yr (C lark and 
Edwards, 1994, 1995) w ith progress checked during 
subsequent sporadic visits. In 1998 the site was visited in 
the middle o f the bleaching event on 12 M ay, pho to 
graphs were taken  and estim ates o f the extent o f 
bleaching made. Subsequently, the  site was re-visited on 
31 July (photographing the im pacts o f the bleaching) 
and  a  survey o f the sta tu s o f  the bleached corals was 
m ade on 7 A ugust, ab o u t 3 m onths after bleaching was 
prevalent. A  detailed study o f  survivors and  new recruits 
was m ade in F eb ru ary -M arch  1999 abou t 10 m onths 
post-bleaching.

Post-bleaching surveys o f  the artificial reefs 
Post-bleaching survivorship and recruitm ent o f corals 

were assessed in F eb ru ary -M arch  1999 by carrying out 
in situ surveys o f  three 50 m 2 S H E D  artificial reef 
structures. Based on locally m easured juvenile coral 
grow th rates (unpublished data), branching  corals (Ac
roporidae, Pocilloporidae) w ith a  m ean colony diam eter 
o f less than  7 cm were deemed to  have settled since the 
1998 bleaching event and  were classified as post- 
bleaching recruits. F o r  slower growing massive species 
(Poritidae, Faviidae, M erulinidae, Agariciidae, Sideras
treidae), colonies w ith a m ean diam eter o f 3 cm o r less 
were considered to  have settled since the bleaching. Live 
corals in each category  w ith m ean colony diam eters 
greater than  7 or 3 cm, respectively, were deemed to  be 
survivors o f  the 1998 bleaching event. All visible live 
corals (>  ca. 0.5 cm  diam eter) were identified as far as

possible (a t least to  genus), their greatest and  least di
am eters m easured an d  their positions on  the SH ED  
blocks noted. D etailed pre-bleaching d a ta  on recruit
m ent, grow th and m orta lity  o f corals on the SH ED  
structures w ere available fo r 1990-94.

Surveys o f  natural reefs
Pre- and  post-bleaching surveys o f live coral cover 

were conducted  using standard  R eef Check (H odgson, 
1999) and  G lobal C oral R eef M onitoring  N etw ork 
(G C R M N ) procedures using line-in tercept transect 
m ethods (English et al., 1997). Reef C heck surveys were 
carried o u t in  A ugust 1997 (pre-bleaching) and  August 
1998 (post-bleaching) and G C R M N  post-bleaching 
surveys in A ugust-O ctober 1998. An estim ate o f post- 
bleaching recruitm ent o f  corals on natu ra l reefs was 
ob ta ined  in  M arch 1999 using 10 0.25 m 2 quadrats 
random ly deployed on undegraded reef flat areas near 
the artificial reef structures. Visible recruits (> c a . 0.5 cm 
diam eter) w ithin the quadra ts were identified as far as 
possible and their greatest and least diam eters measured.

S S T  data set
T he G lobal sea-Ice and SST data  set version 2.3b 

(GISST2.3b) for Io la titude x longitude areas (Rayner 
et. a l ,  1996) for January  1950 to  M ay 2000 was used to 
exam ine the  1998 w arm ing anom aly in the central 
M aldives (1 -5°N  72-74°E). This uses an  em pirical o r
thogonal function to in terpolate data-voids an d  provide 
global coverage (Smith et al., 1996). Since 1982 this is a 
blend o f bias-corrected advanced very high resolution 
rad iom eter (A V H R R ) satellite-derived SST d a ta  and in 
situ  da ta  and  requires little interpolation (Parker et al., 
1995; R ayner e t al., 1996). The bias-correction adjusts 
for differences between oceanic skin tem perature as 
m easured by the satellite and in situ bu lk  SST (Rey
nolds, 1988). T he 1950-99 m onthly SST da ta  for the 
eight Io grid squares covering the central atolls were 
used to  calculate long-term  m onthly m eans (‘norm als’) 
an d  s tandard  deviations against which anom alies could 
be assessed.

Results
Firstly, we examine the nature o f the SST anom aly 

th a t was associated w ith bleaching and  subsequent 
m ortality . Secondly, we repo rt on the differential im pact 
o f  bleaching on branching and  massive corals on both 
artificial an d  natural reefs. Thirdly, we report on  initial 
evidence o f  recovery.

S S T s  in Maldives
M aldives w eather is dom inated  by tw o m onsoons. 

The N E  m onsoon lasts from  January  to  A pril and  is 
relatively calm  and dry. T he SW m onsoon is windier 
an d  w etter, developing in M ay and  lasting until N o
vem ber/D ecem ber. D uring the N E  m onsoon mean 
m onth ly  SST rises from a  low in D ecem ber/January  to a
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Fig . 1 SSTs fo r the  cen tra l a to lls  o f  the  M aldives. Solid  sq u ares  show  
the 1950-99 m ean  m o n th ly  SST ( ±  S .D ). O pen  sq u ares  show  
th e  G IS S T 2.3b  m on th ly  m ean  SSTs fo r 1998 {average o f  values 
fo r  e igh t Io la titude  x  I o long itude  sq u ares  in  the  a rea  speci
fied) w ith  lines extending u p w ard  to  show  highest m ean  
m o n th ly  SST recorded  in  th e  a rea .

high usually in April (Fig. 1) b u t som etim es in M ay. In 
the central atolls, the average seasonal rise is abou t 
1.3°C and  m ean m onthly SSTs rarely exceed 30°C. 
D uring the SW m onsoon m ean m onth ly  SST slowly 
declines. In the central atolls in  1998, G ISST2.3b data 
show  th a t m onthly mean SST was 1.2-4.0 S.D. above 
average during the w arm est m onths (M arch-June) with 
the greatest anom aly in M ay o f  + 2 .1°C  (Fig. 1). This 
M ay anom aly was 1.1 °C  above the highest m ean 
m onthly  SST (30.3°C) expected in any 20 yr period. The 
G ISST2.3b data suggest th a t abnorm ally  elevated sea 
tem peratures were experienced by corals in M ay (Fig. 1).

T o p u t the 1998 anom aly in a  long-term  context, Fig. 2 
shows the A pril and M ay (when SSTs reach their 
annual peak) m ean and m axim um  SSTs for the central 
M aldives for 1950-2000 with an  11 yr m oving average 
for A pril SST overlaid to  show decadal-scale trends. The
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F ig . 2  T h e  long-term  context o f  th e  1998 w a rm in g  event. In  M aldives 
SSTs no rm ally  peak  in  A p ril b u t occasiona lly  in  M ay. M ean  
m o n th ly  SSTs fo r  th e  c en tra l M ald ives, fo r  A p ril a n d  M ay  
from  1950 to  2000, are  show n  to g e th e r w ith  th e  least-squares 
best-fit linear regression  line  [p <  0.001) a n d  11 y r runn ing  
average fo r A pril SST to  show  decadal-scale  trends. L ines ex
ten d in g  upw ards fro m  co lum ns ind ica te  th e  highest SST re 
c o rd ed  am o n g  th e  eight Io sq u ares  com prising  th e  s tudy  area . 
M a jo r  co ra l b leaching w as re co rd ed  in  1987 an d  1998. M ean  
m o n th ly  SST in M ay  1998 w as a  fu ll degree w a rm er th a n  
an y tim e  in  th e  p rev ious  half-cen tu ry .

C e n tra l a to l ls  (1 -5 °N  7 2 -7 4 °E )

‘unprecedented’ (W ilkinson et al., 1999) nature o f the 
M ay 1998 anom aly is clear. The 11 yr m oving average o f 
April m ean SST fo r the central M aldives increased by 
0.64°C between 1955 and 1995. L inear regression of 
A pril m ean m onth ly  SST against year is highly signifi
can t (p <  0.001) a n d  suggests a  rise o f 0.16°C per de
cade. If  this trend  continues, by 2030 m ean A pril SST in 
the central M aldives will norm ally exceed th a t which 
would be expected to  occur once in 20 yr based on 1950- 
2000 data.

Local reports o f  the tim ing and progress o f  the 1998 
bleaching event in M aldives

Table 1 sum m arizes reports sent to  the US N ational 
O ceanographic a n d  A tm ospheric A dm inistration 
(NO A A ) coral bleaching ‘ho tspo ts’ (G oreau  and Hayes, 
1994; Gleeson and  S trong, 1995; S trong et al., 1997; 
G oreau  et al., 2000) web site. They suggest th a t in the 
central atolls bleaching began in m id-A pril w ith sea 
tem peratures m easured by divers rising abou t 2-3°C  
above the m ean m onthly  bulk SSTs (April =  29.40°C, 
M ay =  29.25°C for 1950-99) in la te A pril and the first 
h a lf o f  M ay. Significant w arm ing continued until 
a round  the end o f M ay when tem peratures had  declined 
to  ab o u t 1°C above m ean m onthly  bulk  SST and  some 
recovery was evident.

Impact o f  bleaching on coral communities on artificial 
reefs

By m id -la te  1994 approxim ately 500 live coral colo
nies were recorded on each o f three 50 m 2 artificial reefs 
m ade o f 1 m cube SH ED  blocks, w ith 20%  o f colonies 
over 10 cm in diam eter and  the largest colonies on each 
structure reaching 25-30 cm in diam eter (Fig. 3(a)). 
A pproxim ately 5% o f  these corals (n =  70) were m as
sive species, w ith the m ajority  o f recruits being Acropora 
spp. (46% ) and Pocillopora spp. (49% ). O n sim ilar sized 
Arm orflex concrete m attress structures Acropora  colo
nies (< 3  yr old) were approaching  20 cm in diam eter by 
late 1994.

Sporadic visits from  1994 to  1998 indicated continued 
grow th and  recruitm ent on the artificial structures. Post- 
bleaching m easurem ents o f a  sam ple o f  the largest re
cently dead Acropora colonies (n — 15) and  the largest 
Pocillopora colonies (n =  15) on the SH ED s were made 
in early A ugust 1998 and  com pared to  com parable 
samples (n =  15) from  1994. These indicated growth in 
m ean m axim um  diam eter from  20 to  37 cm for Pocil
lopora and  from  21 to  67 cm for Acropora colonies in the 
circa 4  yr p rio r to  bleaching. The largest Porites colonies 
had reached maximum diam eters o f  20-24 cm  from  10- 
13.5 cm in 1994. The greatest and least diam eters of the 
15 largest Acropora colonies (then < 7-y r old) recruited 
to  the Armorflex m attresses were also m easured. The 
largest colony was 135 x 102 cm2 across when killed by 
bleaching and  the colonies had an  average geometric 
m ean diam eter o f 86.8 cm (S.E. 3.6). Extension rates
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T A B L E  1

S um m ary  o f  in  s itu  rep o rts  o f  b leach ing  in  M ald ives  in  1998 p o sted  to  N O A  A c o ra l  b leaching ‘h o tsp o ts ’.3

D ate L ocation R ep o rt Source

M id-A pril C en tra l a tolls F irs t signs o f  b leaching . S om e bleached A cropora  an d  sea 
tem p era tu res  o f  33°C  o n  the  ree f flat an d  31°C  a t  3 m  dep th  
inside the  a to lls .

W . A llison (locally  based 
m arin e  scientist)

E arly  M ay C en tra l a to lls M a jo r  b leach ing  w ith  w a te r tem pera tu res o f  32.5°C  
o n  th e  ree f flat n e a r  th e  re e f edge.

W . A llison

M id -M ay N o rth  M ale ’a to ll 90%  bleach ing  o f  sc le rac tin ian  cora ls, sea an em o n es, soft 
co ra ls  a n d  g ian t c lam s to  20 m  dep th . Sea tem p e ra tu re s  o f  
32°C  re p o rte d  to  15 m  d ep th . V ery low  w ind speeds and  
c o n seq u en t lack  o f  su rface  m ix ing  noted.

D . E lder (locally  based  
U N D P  co n su ltan t)

C en tra l a to lls (F clidhu, W idesp read  b leach ing ; w o rs t on  th e  eas t side o f  Felidhu N . S chm id t (diving
A ri, N . N ilandhc) ato ll w here  w a te r  c la rity  w as g reatest and  less in  A ri and  

N . N ila n d h e  a to lls  w here  w a te r c la rity  w as p o o re r . N o te d  
th a t  A . hyacin thus, Pocillopora  an d  M illepora d ichotom a  were 
p a rticu la rly  h it as well as  anem ones. Sea tem p era tu res  o f  u p  to  
31°C  a t  30 m  d ep th  (co m p ared  to  the  usual 27°C  a t th a t  dep th ).

in s tru c to r; 15 y r local 
experience)

E n d  o f  M ay  (24-27  M ay) C en tra l a to lls (i) S ea  tem p era tu res  declin ing  to  30.0-30 .5°C  o n  th e  reef fla t w ith  
so m e  evidence o f  reduced  b leach ing  (re tu rn in g  co lour), (ii) 
tem p era tu res  o f  30.8°C  to  10 m  d ep th  a n d  heav y  cloud an d  
s tro n g  w inds, (iii) tem p era tu res  o f  30.5°C over th e  reef flat b u t 
d o w n  to  29 .5°C  aw ay  fro m  re e f o n  sou th  an d  w est sides o f  ato lls.

W. A llison

“ W eb page h t tp ://psbsgi 1 .nesd is .noaa.gov :8080 /PS B /E PS /SST /clim ohot.h tm l,

(a) (b) (c)

F ig . 3 (a) Acropora cytherea  (fo reg ro u n d , top ), A . valenciennesi, 
Pocillopora verrucosa  a n d  A . divaricata  (left-hand side) colonies 
on  a  S H E D  b lock  in  S ep tem ber 1994, (b) th e  sam e an d  ad jacen t 
bleached colonies o n  12 M ay  1998 at the  height o f  the 
bleaching  event, (c) th e  sam e co ra ls  o n  31 July 1998, no w  dead  
an d  covered  in  a lgae (ph o to g rap h s: (a) A . E dw ards, (b) A . 
R ajasuriya , (d ) H . Z ah ir).

indicate continued good conditions for grow th a t the 
site prio r to  bleaching.

O n 12 M ay 1998 close to  100% bleaching o f  bo th  
branching  and  m assive corals (Fig. 3(b)) was observed.
P ho tographs show  alm ost all live corals to  have been 
bleached and  indicate th a t 10-15%  o f  sizeable b ran ch 
ing colonies (> 5  cm  diam eter) had  died p rio r to  the 
bleaching event (already algal covered/eroded). P h o to 
graphs from  31 July and  a survey o f the site on 7 A ugust 
showed tha t alm ost all the branching corals were dead 
an d  coated in filam entous algae (Fig. 3(c)) bu t th a t the 
m ajority  o f m assive corals appeared to  have recovered 
from  the bleaching event.

T he loss o f branching coral colonies evident from 
T able 2 suggests a t least 98%  m ortality  o f  these corals 
on the artificial reefs following bleaching (with conser
vative assum ptions o f no recruitm ent since 1994 and 
50%  pre-bleaching m ortality  o f  colonies then estab
lished). All five surviving Pocillopora colonies were still 
alive 10 m onths after bleaching as were three o f the 
Acropora  survivors (one A. nasuta, one A. tenuis and  one 
colony whose species could n o t be determ ined in the 
field), b u t two of the partially  dead Acropora  colonies 
had  died by late February  1999. P rio r to  bleaching, the 
species com position o f the Acropora  com m unity on the 
artificial structures was: A. hyacinthus (41% ), A. cythe-
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T A B L E  2

C o m p ariso n  o f  num b ers  o f  live coral co lon ies in  d o m in an t b ranch ing  
taxa o n  th e  th ree  S H E D  struc tu res  in  1994 w ith  num b ers  recorded  3 

m o n th s  a fte r b leach ing  in  A ugust 1998.a

B ranching  taxon N u m b e r o f  live colonies

L a te  1994 3 m o n th s  a fte r bleaching

Pocillopora damicornis 241 2
Pocillopora verrucosa 526 3
Acropora  spp. 728 5

a 0 f  the  five live Acropora  th re e  w ere  p a rtia lly  dead .

rea (14% ), A. divaricata (12% ), A. humilis (9% ), 
A. gemmifera  (8% ), A . digitata  (7% ), A. nasuta (7% ), 
A. tenuis (1% ) and  A. valenciennesi (1%)-

By con trast to  the branching  corals, the m ajority o f 
massives on the SHEDs, including alm ost all Porites 
spp. (m ainly P. lutea an d  P. lobata) and  Pavona, ap 
peared to  have survived or already recovered from  the 
bleaching event by A ugust. In  1994 there were 70 m as
sive colonies established on the SH ED  blocks, whereas 
post-bleaching there were 240 surviving in February  
1999 (no t including post-bleaching recruits). 28 Porites 
colonies and  13 Pavona were established on the SHED  
blocks in 1994; this h ad  risen to  87 and  102 colonies, 
respectively, by 1999, indicating  continued slow re
cruitm ent p rio r to the bleaching. O ther massives that 
survived the bleaching included Cyphastrea , Favia, Fa
vites, Goniastrea, Hydnophora, Leptastrea, Leptoria, 
Platygyra  and  Psammocora. A lthough it was clear th a t 
som e Favites and  Platygyra  died as a result o f the 
bleaching, the small num bers p resen t do n o t allow useful 
estimates o f m orta lity  rates to  be made. However, it was 
clear th a t they suffered considerably less than  the 
branching corals. O f nine Goniastrea surviving, eight 
had  suffered p artia l m orta lity  and  o f six Leptoria  sur

vivors, four were partly  dead. By contrast, only seven o f 
the 87 surviving Porites on the SH ED s had  suffered 
partial m ortality . The taxonom ic com position by family 
o f the pre- (late 1994) and post-bleaching coral com
m unities on the S H E D  structures are com pared in Fig. 4.

Three m onths after bleaching, am ong 34 Porites on an 
A rm orflex structure, 26 (76% ) seemed to  have recov
ered, six appeared to  be recovering bu t were still par
tially bleached, and only two rem ained alm ost totally 
bleached. P roportions were sim ilar on  nearby natural 
reef flat. A m ong o ther com m on coral species on the reef 
flat, the m ajority  o f Goniastrea were still bleached after 3 
m onths b u t w ith  coral tissue still largely in tact and some 
signs o f recovery.

Im pact o f  bleaching on coral communities on natural reefs 
M onitoring  o f transects showed significant reductions 

in live coral cover a t  all sites studied (Table 3) with 
average live coral cover decreasing from  ab o u t 42%  to 
2%  on the transects surveyed. Several sites h ad  sufficient 
surveys carried ou t to  allow direct statistical com pari
sons o f  %  live coral cover pre- and post-bleaching and 
all showed significant declines (Table 3). These included 
Bandos island (N. M alé) and three sites m onitored as 
p a rt o f  R eef Check (a patch  reef no rth  o f K uda A nbaraa 
in  Felidhu atoll and T huvaru  and M a d u w a ri islands in 
M ulakatho lu  atoll). A num ber o f o ther sites provided 
additional inform ation on pre- and  post-bleaching live 
coral cover. T he surveys show tha t mean live coral cover 
was reduced to  abou t 5%  o f pre-bleaching levels in 
shallow  w ater ( ^  10 m deep) in the central atolls.

Post-bleaching recruitment 
W ithin 10 m onths o f the bleaching event, 202 

live coral recruits were recorded in situ on the 
S H E D  structures. O f these 67%  were acroporids and

SHED com m u nity  (S ep tem ber 1994) Surviving com m unity

Faviidae
2 %

Poritidae
2% S>-

Others*
1%

Acroporidae
46%

Acroporidae Pocilloporidae n = 243

Poritidae
35%

Fig. 4  T he  taxonom ic  com position  by fam ily o f  th e  pre-b leaching  
(la te  1994) co ra l com m unity  o n  th e  S H E D  s tru c tu res  (including 
in te rna l u n its ) a n d  th e  com m unity  th a t su rv ived  the 1998 
b leach ing  event. *The ‘o th e rs ’ category  is com prised  o f A g a
riciidae, M eru lin idae  a n d  S iderastre idae. A c ro p o rid  and p o - 
c illopo rid  corals are  u n sh ad ed  a n d  o th e r  fam ilies a re  shaded in  
g rey  to  em phasize  th e  com m unity  shift.
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T A B L E  3

M ean  percen tage live co ra l cover ± 9 5 %  confidence lim its  reco rded  a t  sites in  the  cen tra l a to lls o f  th e  M ald ives b e fo re  a n d  a f te r  th e  1998 bleaching
event.3

%  live co ra l cover

P re-b leach ing Post-b leach ing

S urvey  s itcs/a to lls M R S /E R U  
(various repo rts)

M R S  R eef C heck 
A ugust 1997

G C R M N  A u g u s t-O c to b c r 
1998

M R S  R ee f  Check 
A ugust 1998

B andos (M alé) 37.3 ± 1 1 .0  ( n =  4) - 4.1 ± 5 . 7  (72 =  4)* _

O th e r sites (M alé) 40.2 ±  8.0 (n =  8) - 1.3 ± 0 . 7  (72 =  8 )'* -

P a tc h  re e f (F elidhu) 
3 m  d ep th  
1 0  m  dep th

Il 
II 

sÎL
-vS

h; 
CO

-H 
-H

t/~» 
«o 

l/T 
T

t

1.3 ± 1 .0  ( 7 2  =  3)
0.0 ±  0.0 (72 =  4)* 
2 .5 ±  3.2 (n =  4)*

F o th th ey o  (F elidhu) - - 4.6 ± 2 . 4  (72 =  4 ) -

V atta ru - - 2.7 ±  2.2 ( 7 2  =  3 ) -

V arious sites (Ari) - - 1.1 ± 0 .8  (7 2 =  15) -

T h u v a ru  (M u lak a th o lu )
3 m  dep th - 28.1 ± 1 7 .9  ( 7 2  =  4) - 0.0 ± 0 .0  (72 =  4)*
10 m  dep th - 40.0 ±  8.6 (72 =  4) - 1.3 ± 4 .0  (72 =  4)*

M ad u v v ari (M ulakatho lu )
3 m  dep th - 53.8 ±  17.6 ( 7 2  =  4) - 5.0 ±  7.3 ( 7 2  =  4)*
10 m  dep th - 33.8 ± 9 .5  ( 7 2  =  4) - 3.8 ±  2.3 (72 =  4)*

C en tra l a to lls 42.0 ±  4 .0  (72  =  36) 2 . 0  ± 0 . 6  (7 2 =  6 1 ) * *

a T h e  n um ber o f  transec ts  surveyed a re  reco rded  in  paren theses. T he  p a tc h  reef surveyed in  F e lidhu  w as n o rth  o f  K u d a  A n b a ra a . Sources o f  d a ta  are 
v a rio u s  re p o rts  to  the  M arine  R esearch  Sec tion  (M R S ) o f  the  M in istry  o f  Fisheries a n d  A gricu ltu re  an d  E nv ironm en t R esearch  U n it (E R U ), 
M in is try  o f  P lann ing , H u m a n  R esources an d  E n v iro n m en t, surveys carried  o u t u n d e r th e  auspices o f  th e  G lo b a l C ora l R ee f  M o n ito rin g  N etw ork  
(G C R M N ) S o u th  A sia, an d  R eef C heck surveys carried  o u t by  th e  M arin e  R esearch  Section  (A llison, 1999; Z a h ir  e t ah, 1998; N aeem  et aí., 1998). 
‘R ed u c tio n  in  live co ra l cover significant a t p  <  0 .05, “ R ed u c tio n  in  live coral cover significant a t  p  <  0.001 (M a n n -W h itn ey  U-tests  except w here 
all post-b leach ing  transec ts  have 0%  live co ra l cover w hen  W ilcoxon  signed ra n k  tests w ere used).

Coral recru its 1990-1994 P o st-b lea ch in g  cora l recruits

Agariciidae

Acroporidae
19%

n = 202

Acroporidae
29%Faviidae

17%

33°'.

Fig. 5  C o m p ariso n  o f  th e  taxonom ic  com position  by  fam ily  o f  coral 
rec ru its  reco rded  o n  th e  S H E D  struc tu res  d u rin g  1990-94 an d  
in  th e  10 m o n th s  post-b leach ing . D esp ite  98%  m o rta lity  o f  
b ranch ing  co ra ls  (A croporidae  an d  Pocillopo ridae) o n  the  
s tru c tu res, rec ru itm en t is still d o m in a ted  by  these  families. 
R ecru its  a re  ‘v isible’ recru its , i.e., th o se  w hich  have survived to  
a t  least c. 0 .5  cm  d iam eter post-settlem ent. A c ro p o rid  an d  
p o c illo p o rid  co ra ls  a re  u n sh ad ed  a n d  o th e r  fam ilies a re  shaded 
in  grey  to  em phasize  th e  com m unity  shift.

pocilloporids, w ith the rem aining 33%  being recruits o f 
m assive species (Fig. 5). 60%  o f  the juveniles recorded 
as recruits were 2.5 cm or less in m ean diam eter. The 
taxonom ic com position o f the post-bleaching recruit
m ent is com pared in Fig. 5 to  th a t in a  3.5 yr period 
from  1990 to  1994, when som e 94%  o f  recruits to  the

SH ED  structures were acroporids and  pocilloporids, 
w ith only 6%  contribu ted  by m assive families. On a 
nearby n a tu ra l reef flat in M arch 1999 the m ean density 
o f recruits was 23.2 m -2 (S.E. ±  2.4) w ith 22%  of 
recruits o f m assive species (Poritidae, Faviidae, M eru
linidae, Agariciidae, Siderastreidae) and 78%  branching
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corals (com prising 47%  A croporidae, 31%  Pocillopo
ridae). T he relative num bers o f branching as opposed to  
massive species recruits on the natu ra l reef did n o t differ 
significantly from  those on the artificial structures 
(X2-test, p  >  0.05).

Discussion
Six m ajo r episodes o f  ‘mass bleaching’ o f corals, co

incident w ith  E l N iño  Southern  Oscillation (ENSO) 
events, have been reported  since 1979 (G oreau  and 
H ayes, 1994; H oegh-G uldberg, 1999). H ow ever, only 
one instance o f m ajor bleaching and subsequent coral 
m orta lity  had been reported  for M aldives p rio r to  the 
1998 event. This occurred in 1987 and, due to  its u n 
precedented natu re , stim ulated the governm ent to  invite 
an  overseas expert to  investigate likely causes (W ood, 
1987). T he GISST2.3b da ta  indicate th a t ap a r t from 
1998, in the last 50 yr only in 1987, 1991, 1992 and  1997 
did  m ean m onthly  SST in any I o grid square in the 
central M aldives exceed the predicted one in 20 yr 
anom aly  for the warm est m onth  (equivalent to  a  m ean 
m onthly  SST approaching  30.5°C). Only in 1987 and 
1991 did som e areas experience m ean m onthly  SSTs a t 
these anom alous levels in bo th  April and M ay. O nly in 
1987 were M ay SSTs greater than  those in A pril, giving 
pro longed  therm al stress.

T he bleaching in 1987 was considerably less th an  in 
1998 b u t was locally dram atic w ith effects recorded to  30 
m  depth  and extensive bleaching o f scleractinian corals, 
soft corals (e.g., Sinularia, Sarcophyton) and  anem ones 
(e.g., H eteractis) in shallow (<10  m depth) w ater in all 
the central atolls (M alé, A ri, Felidhu and V attaru) su r
veyed (W ood, 1987; Edw ards, pers. obs.). M orta lity  was 
estim ated to  be ‘considerable’ b u t m onitoring  data , 
w hich w ould have allowed quantification, were u n 
available (W ood, 1987). D espite the anom alous w arm 
ing in b o th  A pril and M ay 1991, significant bleaching 
does n o t ap p ear to have been reported  then. T he 1987, 
1991 an d  1998 w arm ing anom alies in M aldives coin
cided w ith strong  EN SO  events b u t do n o t ap p ear cor
related  to  strong  Indian Ocean dipole events (for details 
see W ebster et al., 1999; Saji et al., 1999). The la tte r have 
greatest im pacts a t  the western and eastern m argins o f 
the Ind ian  O cean, w hereas the M aldives are centrally 
situated.

T he transects studied by G C R M N  and  R eef Check 
team s in the eastern central atolls (Table 3) indicated 
m ean live coral cover o f 42%  (n =  36) before bleaching 
and  2%  (n =  61) 3 -6  m onths after bleaching (A ugust- 
O ctober 1998). M cC lanahan (2000) reported  m ean live 
coral cover o f 8%  (n =  130 transects) for the same 
eastern  central atolls (M alé, Felidhu, M ulakatholu) 
a b o u t 11 m onths post-bleaching (April 1999). This 
suggests som e recovery (the 1999 lower 95%  confidence 
lim it is a round  6.9%  live coral cover, the 1998 upper 
95%  confidence lim it is 2.6%  live coral cover) although

individual study sites differed and  so are n o t strictly 
com parable.

The scarcity o f significant bleaching events in M al
dives is m arkedly different to  th a t seen in F rench  Poly
nesia, where EN SO  effects are m ore m arked, and  where 
bleaching events occurred  in 1983, 1986, 1991, 1994, 
1996 as well as 1998 (H oegh-G uldberg, 1999). However, 
the upw ard trend in  M aldives SST during the critical 
A pril-M ay  period (1.6°C per 100 yr) is particularly 
w orrying, since, if  it continues, conditions th a t currently 
appear to  m ake corals susceptible to  mass bleaching and 
m ortality  will occur in m ost years by 2030. It is notable 
th a t the five w arm est years for SST have occurred since 
1987.

U nfortunately, the potential role o f o ther factors that 
m ay have had a m ore direct role in the 1998 bleaching in 
M aldives, such as elevated photosynthetically  active 
rad ia tion  (PA R) (Brown, 1997; Brown et al., 1999, 2000) 
an d /o r elevated solar ultraviolet rad ia tion  (UVR) 
(G lynn et al., 1992; Lesser et al., 1990; Lesser, 2000), 
which could have resulted from  contem poraneous clear 
skies and calm w eather, could n o t be assessed from  the 
available m eteorological data . A lthough elevated SST 
clearly m akes corals susceptible to  mass bleaching and 
the sustained (since we are dealing w ith m ean m onthly 
(i.e., 4 week) anom alies) rise in SST was probably  the 
key factor in the high coral m ortality  rates in M aldives 
following bleaching, recent w ork  (e.g., F itt an d  W arner, 
1995; H oegh-G uldberg, 1999; Jones et al., 1998; W arner 
et al., 1996) suggests th a t these o ther (seldom m easured) 
factors m ay be prim arily  responsible for triggering 
bleaching itself.

The greater susceptibility o f ‘branching’ (pocilloporid 
an d  acroporid) corals to  bleaching than ‘massives’ 
(mainly poritids and agariciids in this case) has also been 
reported  elsewhere (e.g., G lynn, 1983; Brown and  Su- 
harsono, 1990; G leason, 1993; H oegh-G uldberg and 
Salvat, 1995; Sheppard, 1999; M cC lanahan, 2000). A l
though  som e o f  the massive colonies had settled on parts 
o f the S H E D  blocks relatively shaded from  incident 
P A R , m any o f the surviving poritid  colonies were lo
cated on the unshaded tops o f  the SH ED  blocks in less 
than  50 cm o f water, so it is unlikely th a t settlem ent site 
preferences were a  significant factor in the differential 
m orta lity  between these groups. The result o f  the dif
ferential susceptibility to  the effects o f  bleaching was a 
m ajor com m unity shift on the artificial reefs from  a 95% 
pocilloporid/acroporid dom inated coral com m unity  to  a 
92%  agariciid/poritid/faviid dom inated one (Fig. 4). 
M onitoring  is continuing as p a rt o f the C oral R eef 
D egradation  in the Indian  O cean (C O R D IO ) p ro 
gram m e (Lindén and Sporrong, 1999) to  see how  the 
com m unity  structure changes over time.

The recruit densities reported  by M cC lanahan  (2000) 
from  11 study sites in the eastern central atolls in  April 
1999 averaged 29 m~2, a  sim ilar density to  th a t (23.2 
m -2) recorded by our m uch m ore limited study o f one 
site in  N orth  M alé atoll in M arch 1999. D espite the
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decim ation o f  the shallow w ater pocilloporid and 
acroporid com m unities, these families continued to 
dom inate recruitm ent, con tribu ting  67% o f the post- 
bleaching juveniles on the artificial structures com pared 
to  94% pre-bleaching. T he survey o f the artificial reefs 3 
m onths after bleaching did n o t record recruits. Given 
uncertainties ab o u t precisely how  long the time span is 
between settlem ent from  the p lank ton  to  'visible re
cruitm ent’ a t approxim ately 0.5 cm, the larger (5-7 cm 
diam eter) presum ed post-bleaching recruits o f branch
ing corals m ay have been present a t small size (<  ca. 
1 cm) a t the tim e of the bleaching event. I f  branching 
corals were present then as recently settled juveniles, 
their survival suggests a  m uch greater resilience to  the 
warm  w ater anom aly  com pared to  established Acropora 
and Pocillopora colonies. Relative resilience o f coral 
recruits (2-20 m m  diam eter) to  bleaching com pared to 
adult colonies has recently been show n by M um by 
(1999), w ho suggested th a t bleaching-induced m ortality  
o f coral recruits was insignificant during the 1998 
bleaching episode a t G lovers A toll, Belize. The relative 
susceptibility o f  coral recruits to  bleaching and  their 
potentially significant contribu tion  to  post-bleaching 
recovery o f  coral com m unities is clearly an area that 
requires further research.

Despite the severity o f m ortality , recovery appears to 
be proceeding m uch faster in M aldives than  in the spe
cies poo r eastern  Pacific after the 1982-1983 ENSO 
warm ing event (G lynn, 1993). Fortunate ly , Hoegh- 
G uldberg (1999) suggestion th a t ‘recruitm ent may totally  
fail in severe bleaching events such as those experienced 
in the Indian  O cean’ has n o t com e about.
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