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Abstract. C oral bleaching due to  therm al and  environm ental stress threatens coral reefs 
and  possibly people w ho rely on their resources. H ere we explore patterns of coral bleaching 
and  m ortality  in E ast A frica in 1998 and  2005 in a region where the equatorial current and  the 
island effect o f M adagascar in teract to  create different therm al and  physicochemical 
environm ents. A  variety o f tem perature statistics were calculated, and  their relationships 
w ith the degree-heating m onths (D H M ), a good predictor o f coral bleaching, determined.
Changes in coral cover were analyzed from  29 sites th a t span >1000 km  of coastline from  
K enya to  the C om oros Islands. Tem perature patterns are influenced by the island effect, and 
there are three m ain tem perature environm ents based on the rise in tem perature over 52 years, 
m easures o f tem perature variation, and  D H M . Offshore sites n o rth  o f M adagascar th a t 
included the C om oros had  low tem perature rises, low D H M , high standard  deviations (SD), 
and  the lowest relative coral m ortality. C oastal sites in  K enya had  m oderate tem perature rises, 
the lowest tem perature SD, high D H M , and  the highest relative coral m ortality . C oastal sites 
in the south had  the highest tem perature rises, m oderate SD and  D H M , and  low relative coral 
m ortality . C onsequently, the rate  o f tem perature rise was less im portan t than  background 
variation , as reflected by SD and  kurtosis m easures o f sea surface w ater tem perature (SST), in 
predicting coral survival across 1998. C oral bleaching responses to  a w arm -w ater anom aly in 
2005 were also negatively related to  tem perature variation, bu t positively correlated w ith the 
speed of w ater flow. Separating these effects is difficult; however, bo th  factors will be 
associated w ith current environm ents on the opposite sides of reefs and  islands. Reefs in 
current shadows m ay represent refugia where corals acclimate and  ad ap t to  environm ental 
variation , w hich better prepares them  for rising tem perature and  anom alies, even though  these 
sites are likely to  experience the fastest rates o f tem perature rise. W e suggest th a t these sites are 
a conservation priority  and  should be targeted for m anagem ent and  further ecological 
research in order to  understand acclim ation, adapta tion , and  resilience to  climate change.

Key words: acclimation/adaptation; climate change; coral bleaching; coral cover; degree-heating
weeks/months (D H W /D H M ) ; East Africa; Indian Ocean; island effects; sea surface water temperature 
(S S T );  temperature history; temperature variation; water flow.

I n t r o d u c t io n

C oral reefs are increasingly threatened by a  variety of 
factors, including high and  destructive fishing, sedimen­
tation , pollution, and  climate change (M cC lanahan 
2002, H ughes et al. 2003). C limate change presents a 
unique challenge as the effects are b road  scale and  no t 
easily alleviated by local action or m anagem ent (Hughes 
et al. 2005). Therefore, a  key concern of m odern  m arine 
ecology and  associated m anagem ent is to  identify sites 
or regions th a t are likely to  persist as the climate changes 
and  to  develop m anagem ent th a t will im prove the 
chances for persistence. There is growing awareness of 
this need and  to  increase associated research and
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m anagem ent activities (W est and  Salm 2003, W ool­
dridge an d  D one 2004, W ooldridge et al. 2005). 
Im plem entation requires an  evaluation o f large-scale 
patterns of environm ental variation, changes over time, 
p ro jec tions in to  the fu tu re , an d  consequences of 
environm ental change for the acclim ation/adaptation  
and  persistence o f the studied organism s and  ecosys­
tems. A dditionally, to  be confident abou t predictions, an 
im proved understanding o f the causation  and  the time 
scale o f environm ental variation , acclim ation /adap ta­
tion , and  persistence are needed. The p a tte rn s of 
c ausa tion  are  com plex an d  in teractive, som etim es 
counterintuitive, and  an  area for grow th in  scientific 
understanding (M cC lanahan et al. 2005a).

C oral reefs are am ong the ecosystems m ost threatened 
by climate change as corals live near their upper therm al 
limits and  are sensitive to  m odest increases in back­
g round seasonal seaw ater tem peratures (Kleypas et al.
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2001, Coles and  Brown 2003, G uinotte et al. 2003, 
Berkelm ans et al. 2004, Jokiel 2004). Seaw ater tem per­
atures are predicted to rise further and  cause coral 
m ortality  in the next few decades (H oegh-G uldberg 
1999, H ughes et al. 2003, Sheppard 2003). Elevated 
tem perature  interacting w ith o ther physicochem ical, 
b io log ical, an d  an th ro p o g en ic  fac to rs is generally  
considered to  be the prim ary  stress causing coral 
bleaching (Coles and  Brown 2003). The understanding 
o f w ater tem perature regimes and  organism  survival is 
based on descriptive and  often site-specific field studies 
(M cField 1999, Loya et al. 2001, M cC lanahan et al. 
2001, M um by et al. 2001a, A ronson  et al. 2002, 
Berkelm ans 2002, Berkelm ans et al. 2004) and  labo ra­
tory  experiments, usually w ith lim ited species, factors, 
acclim ation and  evolutionary histories, and  time (Jokiel 
and  Coles 1977, Berkelm ans and  Willis 1999, D ’C roz et 
al. 2001, Jones and  H oegh-G uldberg 2001, N akam ura  
and  van W oesik 2001, N akam ura  et al. 2003, W arner et 
al. 2002, Lesser and  Farrell 2005). In  addition, com par­
ing coral bleaching and  m ortality  in sites w ith different 
environm ental backgrounds has been insightful as they 
indicate the im portance of the interaction between the 
environm ent and  corals on a scale large enough to  be 
relevant for field predictions and  m anagem ent priorities 
(Sheppard 1999, G lynn et al. 2001, Podesta and  G lynn 
2001, Berkelm ans 2002, M cC lanahan  and  M aina 2003, 
Riegl 2003, Riegl and  Piller 2003, M cC lanahan  et al. 
2005Ô, 2007a, b). These larger and  synthetic studies lend 
insight into  the species, sites, and  factors th a t are 
expected to  lead to  persistence o f corals and  the coral 
reef ecosystem (G lynn 2000, M cC lanahan  2002).

The scientific and  m anagem ent challenge is to  scale the 
above studies and  im portan t findings up to  larger regions 
(Sheppard 2003, W ooldridge and  D one 2004, Sheppard 
and  R ioja-N ieto 2005), to  test regional environm ental 
m odels w ith field data , and  to im prove the understanding 
o f causation  between environm ental histories, acclim a­
tion /adap ta tion , and  survival in order to evaluate and 
predict the future o f climate on corals (W ooldridge et al. 
2005). Currently, we know  th a t high SSTs above some 
site-specific threshold will lead to  coral bleaching and 
m ortality  bu t th a t this threshold  is sensitive to  the taxa, 
regions, and  associated  environm ental backgrounds 
(Coles et al. 1976, Coles and  Brown 2003, Jokiel 2004, 
M cC lanahan  2004, M cC lanahan et al. 2004). There is 
considerable progress, bu t it is still less clear how the 
b ackground  tem peratu re  and  environm ental h istory  
influences acclim ation, adap ta tion , and  persistence w ith­
in  regions and  different physicochemical environm ents 
(Riegl and  Piller 2003). P ast bleaching (Baker et al. 2004, 
Berkelm ans and  van O ppen 2006), w ater flow (N aka­
m ura  and  van W oesik 2001, M cC lanahan  et al. 20057>), 
tem perature variation  (Podesta and  G lynn 2002, M c­
C lanahan  and  M aina 2003), persistence of cool w ater 
(G lynn et al. 2001, Riegl and  Piller 2003), light (Iglesias- 
Prieto et al. 1992, M um by et al. 2001è, Lesser and  Farrell 
2004, Gili et al. 2006), and  inorganic nutrients (M c­

C lanahan et al. 2003) are all know n to  m ediate the 
bleaching effect an d  influence the elasticity o f the 
threshold. Therefore, environm ents w ith a ttenuating  
p ro p ertie s  are  likely to  im prove the chances fo r 
persistence o f corals (G lynn 2000, Riegl and  Piller 
2003, W est and  Salm 2003, B arton and  Casey 2005). 
Better understand ing  o f these factors will im prove 
predictions, and  conservation and  m anagem ent priorities 
can be established, bu t only once the effects o f these 
environm ental factors have been tested w ith field studies 
a t an appropriate  scale (M cC lanahan et al. 2005a).

This paper advances the understanding by examining 
the spatial patterns o f tem perature variation  and  the 
recent tem perature rise in the E ast A frican C oastal 
C urren t System from  1951 to  2002 and  its possible 
relationship w ith the observed spatial variation in coral 
m ortality  th a t followed the 1998 El N iño Southern 
Oscillation (EN SO) event. The prim ary focus was to  
examine the interaction between the equatorial and 
coastal current system and  the island of M adagascar and 
how their in teraction  influences the oceanographic and 
therm al environm ents and  the po ten tia l fo r these 
environm ents to  create acclim ation /adap tation  or refuge 
from  climate change. Because this is land-curren t in ter­
action is w idespread, our findings should have equally 
w idespread application. A dditionally, we exam ined the 
influence of a  variety o f environm ental factors on a 
m ilder bleaching event in 2005 in an  effort to  distinguish 
the dom inan t a ttribu tes  o f tem peratu re and  o ther 
environm ental variations on the intensity of bleaching. 
The com bination o f these studies increases the chances 
for determ ining causation  and  also factors th a t are good 
proxies for this causation. The ultim ate purpose is to  
identify the spatial and  tem poral structure o f the 
tem perature rise and  coral m ortality  to  assist in m aking 
predictions concerning the expected tem perature in ­
crease on reef organism s and  to  set associated regional 
priorities for research and  conservation. The other 
principal objective o f this study is to determ ine if useful 
indicator variables can be distinguished and  also to  
identify areas th a t will either n o t experience high 
environm ental stress o r th a t have high resistance to  
stress and  quick recovery, bo th  o f w hich are param ount 
to  our understanding o f coral reef resilience in the face 
o f global climate change. Because SST is believed to  be 
the do m in an t fa c to r causing  co ra l b leach ing  and  
m ortality  and  because there are da ta  sets o f m oderate 
spatial and  tem poral resolution, we explore variation  in 
SST and  coral m ortality  due to  bleaching in East Africa 
on the scale o f ~1000 km  and  ~ 5 0  years. W e also 
com bine these studies w ith m ore environm ental vari­
ables to  im prove the chances for understanding the 
difference between causations and  proxies o f causation.

M e t h o d s  

Study area and background

East A frica is well know n for its dynam ic oceano­
graphic setting, covering several latitudes and  different
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F i g . 1. M aps of (A) sea surface topography. (B) distribution o f the cells used in the HadlSST analysis. (C) photosynthetically 
active radiation (PAR), and (D) chlorophyll a in East Africa. Patterns roughly represent the hydrodynamics in the East African 
Coastal Current System and are more or less consistent among years and seasons. Sea surface topography data for 20 April 2005 
are available at (http//sealevel.jpl.nasa.gov/science/data.html). D ata for chi a and PAR are available at (http://oceancolor.gsfc. 
nasa.gov/cgi/level3 ,pl?DAY=&PER=&TYP=swchl&RRW=l 6).

m arine habitats influenced by the Ind ian  O cean m on­
soon seasonality, tropical currents, and  different topog­
raphies (Benny 2002; Fig. 1). The E quatoria l C urrent in 
E ast Africa is displaced south o f the equato r such th a t it 
passes over northern  M adagascar and  swings north  
along the East A frican coastline where it is know n as the 
E ast A frican C oastal C urrent (Benny 2002). There is a 
tem porary  reversal o f the surface current during the

northeast m onsoon from  N ovem ber to  M arch, bu t this 
only affects the m ost no rthern  p art o f the study site. 
W ind, wave height, and  current da ta  suggest tha t the 
highest physical energy is found a t the northern  tip o f 
M adagascar and  then in the no rthern  part o f this region. 
M adagascar and  to  some extent the islands o f Tanzania 
(Songo Songo, M afia, Zanzibar, and  Pem ba) act as 
barriers to the larger Ind ian  O cean physical energy and

http://oceancolor.gsfc
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T a b l e  1. Geographic positions, country names, and study sites in East Africa; coral cover before and after the 1998 bleaching 
event; and changes in cover relative to cover before the 1998 bleaching.

Country 
and location Reef/site Latiude Longitude

Cover 
before 1998 (%)

Cover after 
1998 (%)

Absolute 
ch an g e(%)

Comoros
Comoros (CM) Mitsamuli -12.21 43.52 55 40 15
Comoros (CM) Itsamia -12.21 43.52 54 36 18

Kenya
Kenya (KN) Diani -4.2117 39.3469 21.21 8.34 12.87
Kenya (KN) Ras Iwatine -4.0117 39.4357 17.78 5.26 12.52
Kenya (KN) Mombasa -3.593 39.4502 41.98 18.75 23.23
Kenya (KN) Kanamai -3.5524 39.4721 22.03 21.51 0.52
Kenya (KN) Vipingo -3.4796 39.5017 19.81 7.86 11.95
Kenya (KN) W atamu -3.2259 39.5933 37.67 8.99 28.68
Kenya (KN) Malindi -3.1534 40.0844 44.22 11.09 33.13
Kenya (KN) Kisite -4.709 39.3703 22.23 9.98 12.25

T anzania
M afia (MA) Tutia -8.06552 39.38546 80 13 67
M afia (MA) Mange -8.03063 39.35301 70 12 58
M afia (MA) Juani -7.58518 39.48518 70 11 59
M nazi Bay (MB) Chumbo -10.19162 40.21349 60 20 40
M nazi Bay (MB) Cha Kati -10.18537 40.2208 60 20 40
Pemba (PM) Misali3 -5.15127 39.35066 30 5 25
Pemba (PM) Misalil -5.14137 39.35396 74 17 57
Pemba (PM) Misali2 -5.14012 39.35453 57 7 50
Songo songo (SS) Amana -8.42187 39.2622 35 30 5
Songo songo (SS) Jewe -8.38059 39.26151 30 30 0
Tanga (TN) Upangu -5.1857 39.04444 50 42 8
Tanga (TN) Chanjale -5.18308 39.03529 45 30 15
Tanga (TN) Taa -5.17357 39.05461 67 16 51
Tanga (TN) Ki tanga -5.1713 39.04304 50 45 5
Unguja (ZN) Kwale -6.22519 39.16569 30 15 15
Unguja (ZN) Chumbe -6.16291 39.1025 52 42 10
Unguja (ZN) Bawe -6.08326 39.08051 53 45 8
Unguja (ZN) Chapwani -6.07174 39.11351 44 25 19
Unguja (ZN) Changuu -6.06522 39.10053 50 33 17

Notes: Absolute change is the difference between cover before 1998 and after the 1998 bleaching mortality. Relative change is the 
absolute cover over cover before 1998. Abbreviations are country and region names: K N  is Kenya; M A is Mafia, southern-central 
Tanzania; MB is Mnazi Bay, southern Tanzania; PM is Pemba, northern Tanzania; SS is Songo Songo, southern-central Tanzania; 
T N  is Tanga, northern Tanzania; ZN is Zanzibar, northern Tanzania; CM is Comoros.

create a  low-energy shadow  th a t extends from  M ozam ­
bique to no rthern  T anzania (Fig. 1). This region is 
influenced by the El N iño Southern O scillation (ENSO; 
Cole et al. 2000), and  the Ind ian  O cean also contains its 
own endogenous cycle know n as the Ind ian  O cean 
D ipole (IO D ), w hich is a  pressure gradient between 
Sum atra and  the A rabian  Peninsula and  has greatest 
im pacts in the eastern and  western m argins o f the Indian  
O cean (Saji et al. 1999, W ebster et al. 1999, K ayanne et 
al. 2006). The natu ra l variability o f the western Indian  
O cean SST dipole and  ENSO  has been detected from  
coral skeleton isotope records o f the past 300 years 
(Charles et al. 1997, Cole et al. 2000, Zinke et al. 2004, 
2005, D am assa et al. 2006, K ayanne et al. 2006).

D a t a  S o u r c e  a n d  A n a l y s e s  

Temperature data

F o u r sources o f tem pera tu re  d a ta  were used in 
determ ining spatial variability in E ast Africa: direct

6 (http://w w w .osdpd.noaa.gov/PSB/EPS/SST)

readings from  N O A A  satellite images and  calculated 
from  the H adlSST  and  JC O M M SST (satellite images 
available online).6 The H adlSST  is a  set o f quality- 
controlled global long-term  in situ SST da ta  collected 
from  ships and  buoys (R ayner et al. 2003) and  provided 
as m onthly  m eans for 1 X 1 degree longitude-latitude 
squares (data available online)? JC O M M  is a shorter 
time series th a t includes SST data  from  satellites th a t are 
corrected using those recorded from  in situ m easure­
m ents and  are presented as weekly and  m onthly  m eans in 
1 X 1 degree latitude-longitude squares (Reynolds et al. 
2005; da ta  available online)? W e undertook  analysis o f 
the H adlSST  da ta  from  the E ast A frican coast from  16° S 
to  5° N  and  from  38° E to  45° E from  1951 to  2002. In  situ 
tem peratures were recorded using H obo tem perature 
loggers (O nset C orporation , Pocasset, M assachusetts, 
U SA ). Loggers w ere placed a t eight K enyan  reef 
locations th a t covered ~ 200  km  in a n o rth -so u th  
direction along the coastline. Except the southern-m ost

7 (http://w w w .cru.uea.ac.uk)
8 (http ://iri.C olum bia.edu/clim ate/m onitoring/ipb)

http://www.osdpd.noaa.gov/PSB/EPS/SST
http://www.cru.uea.ac.uk
http://iri.Columbia.edu/climate/monitoring/ipb
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T a b l e  1. Extended.

Relative change Reference

0.27 Quod and Bigot (2000)
0.33 Quod and Bigot (2000)

0.61 M cClanahan et al. (2001)
0.70 M cClanahan et al. (2001)
0.55 M cClanahan et al. (2001)
0.02 M cClanahan et al. (2001)
0.60 M cClanahan et al. (2001)
0.76 M cClanahan et al. (2001)
0.75 M cClanahan et al. (2001)
0.55 T. R. McClanahan, unpublished data

0.84 M uhando and Mohammed (2002)
0.83 M uhando and Mohammed (2002)
0.84 M uhando and Mohammed (2002)
0.67 M uhando and Mohammed (2002)
0.67 M uhando and Mohammed (2002)
0.83 M uhando and Mohammed (2002)
0.77 M uhando and Mohammed (2002)
0.88 M uhando and Mohammed (2002)
0.14 M uhando and Mohammed (2002)
0.00 M uhando and Mohammed (2002)
0.16 M uhando and Mohammed (2002)
0.33 M uhando and Mohammed (2002)
0.76 M uhando and Mohammed (2002)
0.10 M uhando and Mohammed (2002)
0.50 M uhando and Mohammed (2002)
0.19 M uhando and Mohammed (2002)
0.15 M uhando and Mohammed (2002)
0.43 M uhando and Mohammed (2002)
0.34 M uhando and Mohammed (2002)

site o f K isite, the reefs are lagoonal and  isolated from  the 
open ocean during low tide (tidal range o f 4 m  a t spring 
low tide) and  were no t expected to differ significantly in 
their physicochemical properties. This isolation causes 
the tem perature in the lagoons to rise above th a t o f the 
open w ater during the w arm  season. The reefs differ in 
their distance from  shore (0.1-1.0 km), the height o f the 
reef above the datum , their proxim ity to  channels or reef 
depressions th a t connect to open sea (M cC lanahan and 
M aina 2003). The physical differences, particularly  the 
height and  isolation o f the reef from  the open ocean, were 
expected to  resu lt in d ifferen t SST environm ents, 
especially during the w arm  season (from  February  to 
April; M cC lanahan et al. 2001, M cC lanahan and  M aina
2003). In  situ tem perature da ta  are presented for the 
2003-2005 tim e period w hen da ta  were available for all 
sites. M eans o f the in situ  d a ta  record ings from  
M om basa, one o f the sites m ost exposed to  the open 
ocean, are highly correlated to  those from  N O A A  SST 
(R 2 — 0.86; M cC lanahan et al. 2001).

Coral cover before and after the 1998 bleaching episode

C oral cover da ta  before and  after the bleaching event 
in 1998 was obtained from  the literature and  field survey 
data. W e present da ta  from  reef areas th a t were surveyed

or studied before the 1998 bleaching event (M cC lanahan 
et al. 1999, M cC lanahan et al. 2001, M uhando and  
M oham m ed 2002; Table 1). A  m ixture o f haphazard  and  
perm anent transects were used a t each site. Perm anent 
transects were recorded using 10-20 m  Line In tercept 
T ransects (LIT). H aphazard  transects were sam pled 
using the Line P oin t In tercept (LPI) m ethod  by dividing 
a  50-m transect into 200 points a t intervals o f 25 cm. 
M ost sites were surveyed using 2-3 transects w ith the 
exception o f the sites on M afia Island (9-10 transects). 
Published and  unpublished data  collected by M cC lana­
han  and  colleagues (1997 and  1999; M cC lanahan  et al. 
2001, M cC lanahan  and  M aina 2003) were used for m ost 
K enyan sites. F o r K isite Island, there were no 1997 and  
1999 benthic cover data , b u t da ta  from  1996 and  2001 
were available and  used. C oral cover in K enya was 
surveyed using 10-m L IT  (n — 9 -12 transects a t each 
site/reef). In form ation  from  Q uod and  Bigot (2000) was 
used for the tw o C om oros sites where cover da ta  were 
gathered according to  the G lobal C oral R eef M on ito r­
ing N etw ork (G C R M N ) rap id  LIT  assessment. N ine­
teen o f the K enyan and  T anzanian  sites had  da ta  on 
com m unity  s tructu re  an d  analysis o f taxa-specific 
bleaching m ortality  was possible.

Bleaching response in 2005

Follow ing the appearance o f a  h o t spo t in  the 
southern  Ind ian  O cean in January  2005, we surveyed 
coral bleaching in eight reefs along the K enyan coast in 
A pril 2005, a  few weeks after peak w ater tem peratures. 
Bleaching was defined as a loss o f color and  estim ated by 
evaluating the color intensity o f haphazardly  selected 
corals w ithin a radius o f ~ 2  m  (M cC lanahan et al. 2001, 
M cC lanahan  2004). This process was repeated several 
times, and  between 486 and  992 coral colonies were 
sam pled a t each site and  assigned to  one o f six 
categories: (1) unbleached (norm al coloration), (2) pale 
(lighter color than  usual for the time of the year), (3) 0 -  
20% o f the surface bleached (white coral skeletal 
coloration), (4) 20-50%  bleached, (5) 50-80% bleached, 
and  (6) 80-100% bleached. The assessm ent o f bleaching 
from  coloration, especially in colonies o f the same 
species and  the presence o f genetically different symbi­
onts w ith different environm ental tolerances and  light 
absorp tion  capacities, poses a num ber of difficulties 
(K now lton et al. 1992, Jones 1997, E nriquez et al. 2005). 
The field m ethod  was originally developed by G leason 
(1993), modified by M cC lanahan  et al. (2001), and  tested 
betw een regions and  observers (M cC lanahan et al.
2004); two related field and  laboratory  studies tha t 
found  good  correlations betw een color ranks and  
pigm ent concentrations and  cell densities (Edm unds et 
al. 2003, Siebeck et al. 2006). Enriques et al. (2005) 
suggest th a t light abso rp tion  did n o t increase greatly for 
pigm ent concentrations above 20 m g chi a /m 2 in Porites 
banneri and  light-absorption-based estim ates o f bleach­
ing will no t be accurate above this pigm ent concentra­
tion. Their da ta  (Enriques et al. 2005: Fig. 3A) does,
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how ever, suggest a  nearly  linear re la tionsh ip  fo r 
absorp tion  and  pigm ent concentrations for samples 
below 50 m g/m 2 o f chi a and  very low samples sizes 
above this concentration. O ther tests o f color rank  and 
pigm ent concentrations below this level have found 
good and  nearly linear relationships between color ranks 
and  light-absorption m easures (Edm unds et al. 2003, 
Siebeck et al. 2006), and  taking the three studies together 
w ould suggest a  strong relationship w ith the range of 
pigm ent concentrations th a t are com m only found in 
field situations during w arm  seasons and  bleaching 
events. T his m ethod  has been show n to  p roduce 
com parable results th a t will allow for scaling bleaching 
intensity and  m ake com parisons between site, times, and 
regional and  global com parison (M cC lanahan et al. 
2004, 2007a). Bleaching response was calculated as a 
scaled percentage from  the observations in each color 
category and  a Bleaching Index (Bí) generated as 
follows: B í (%) — (0ci +  l c2 +  2c3 +  3C4 +  4C¡ T  5c§)/5, 
where c is the percentage o f observations in each o f the 
six bleaching categories (M cC lanahan et al. 20057>). 
M ost studies o f pigm ent and  cell density concentrations 
during bleaching events have found  a t least an  order o f 
m agnitude reduction (Edm unds et al. 2003, Enriquez et 
al. 2005, Siebeck et al. 2006). Therefore, the spread in 
the B í response im plied by this equation  m ay be 
som ew hat low er than  found  fo r p igm ent and  cell 
concentrations.

In  order to  test for a relationship between w ater flow 
and  bleaching, we estim ated w ater flow speed using the 
dissolution o f plaster o f Paris (calcium sulfate) clod 
cards (D oty  1971) as described in M cC lanahan et al. 
(2005Ô). W ater flow was sam pled a t each site, multiple 
times, between 2003 and  2005, and  each sample was 
based on the deploym ent o f 4 -6  clods th a t were fastened 
to  the reef surface such th a t the to ta l sample num ber per 
reef was betw een nine and  27. Tests o f the clod 
d issolution  m ethod  to  pred ict w ater-flow  speed in 
experim ental flumes have found strong relationships 
(R 2 >  0.96; Jokiel and  M orrissey 1993, A nzai 2001).

D ata analysis

Temperature data .— To determ ine tem poral trends in 
E ast Africa, we undertook  regression analysis o f the 
m onthly  m eans o f the averages, m inim a, and  m axim a of 
the H adlSST  data  w ith time and  also by separating out 
EN SO  (El N ifio -Southern  Oscillation) and  IO D  (Indian 
O cean D ipole) years. W e used the ENSO  and  IO D  years 
provided by Saji et al. (1999), which do no t include weak 
events (ENSO years were 1957-1958, 1965-1966, 1972-
1973, 1982-1983, 1987-1988, 1991-1992, and  1997-
1998; IO D  years were 1961, 1963, 1967, 1972, 1977,
1982, 1991, 1994, and  1997; E N S O -IO D  years where
b o th  events coincide were 1972, 1982, and  1997). W ithin 
each geographic cell in the H adlSST  database, a  variety 
o f statistics o f the SST da ta  were calculated for the 
w hole time series, and  relationships am ong the different 
tem perature statistics were investigated w ith Spearm an’s

correlation  analysis. Single m odel regression analysis 
was used to predict the influence of the m ean, SD, 
m inim um , m axim um , m edian, kurtosis, and  skewness of 
SST on the 1998 degree-heating m onths (D HM 98). We 
present the best-fit m odel for either the linear o r second 
degree polynom ial selecting the m odel w ith the largest 
R 2. The properties o f the d istribution  o f the tem perature 
da ta  are expected to  have a  significant effect on short­
term  acclim ation and  longer term  adap ta tion , and  
therefore, characterization o f the da ta  included skewness 
and  kurtosis. These tw o measures have been widely used 
by physical scientists in describing distributions where 
skewness m easures the distance o f outliers and  kurtosis 
the flatness o r peakiness o f the da ta  distribution. The 
m ost im portan t SST variables were identified w ith a 
stepwise m ultip le  regression m odels— the SD was 
excluded due to  the high correlation they have w ith 
the o ther SST statistics, and  SD is a  com ponent o f 
skewness and  kurtosis.

Degree heating refers to  the time th a t a  tem perature is 
above the m ean m axim um  tem perature for a  specific site 
and  is used to  describe and  predict the heating stress and 
bleaching in corals (Liu et al. 2005, M cC lanahan  et al. 
2007a). O ften it is presented a t N O A A  web sites in 
weeks (degree-heating weeks, D H W ; d a ta  available 
online)? F o r the H adlSST  da ta  set it is, however, 
calculated in m onths (degree-heating m onths, D H M ), as 
the da ta  are compiled and  presented as m onthly  means. 
Currently  N O A A ’s D H W  is calculated as the cum ula­
tive positive anom aly from  the m ean SST clim atology of 
the climatologically w arm est m on th  a t a  location (Liu 
et al. 2005). I t is presented as the accum ulation of 
anom alies (also called ho t spots) a t a  grid of 50 X 50 km  
over a rolling 12-week tim e period, and  only anom alies 
o f I o and  above are considered. Values <1°C  are 
disregarded as insufficient to  cause visible stress in 
corals (Liu et al. 2005). D egree-heating weeks or m onths 
for the H adlSST  and  JC O M M SST da ta  were calculated 
for each grid as the cum ulative positive anom alies above 
the long-term  m ean sum m er m axim um  for the three 
w arm est m onths: February , M arch, and  A pril (B arton 
and  Casey 2005). Anom alies were calculated from  the 
long-term  baseline: 1950-1997 for the H adlSST  data,
1981-1997 fo r the JC O M M S S T  d a ta , an d  d irect 
readings from  satellite images for the N O A A  data  
(1998) from  February  to  A pril 1998. D H W  were no t 
calculated for the in situ seaw ater tem perature da ta  from  
K enya, as the m easurem ent time is n o t long enough to  
provide a reliable clim atology for all the sites.

Change in coral cover.— Change in absolute coral 
cover was determ ined by calculating the difference 
between the pre- and  post-1998 bleaching coral cover 
for each site or reef area. The relative cover was 
obtained as a percentage p roportion  o f the absolute 
cover over the prebleaching cover. A  single m odel 
regression analysis was conducted on the absolute cover

9 (http ://w w w .osdpd.noaa.gov/IPD /IPD .htm l)

http://www.osdpd.noaa.gov/IPD/IPD.html
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as a function o f the cover before 1998. In  addition , the 
relationship between change in cover and  cover of 
Acropora  and  non  -Acropora before 1998 was analyzed in 
order to  determ ine w hether the change in cover was due 
to  a higher differential m ortality  o f Acropora , one of the 
m ost dom inant taxa in the Indo-Pacific and  highly 
susceptible to  bleaching (see P late 1). Tem perature 
variations from  in situ recordings in K enya, expressed 
in coefficients o f variation  (CV) and  standard  deviations 
(SD), were used to  describe between-site and  reef 
variation. The effect o f coral cover before 1998 on the 
absolute change in  coral cover was com pared between 
K enya and  Tanzania w ith a factorial A N O Y A  by taking 
country  as a fixed variable and  cover before 1998 as a 
continuous one. The effect o f tem perature variation  (SD 
and  CV) from  in situ recordings on the absolute and 
relative change in coral cover was tested using a single 
regression m odel for K enyan sites.

Bleaching response in 2005.— The site specific Bleach­
ing Index (%BI) was calculated by pooling the Bí o f all 
taxa in each site in K enya where in situ tem perature data  
were available. The relationship between tem perature 
variation  (SD) and  w ater flow was determ ined w ith 
single and  m ultiple regression analysis. A  stepwise 
m ultiple regression m odel w ith  B í as a response and 
tem perature SD and  flow speed and  their in teraction  as 
predictor variables was used. All statistical analyses were 
perform ed using JM P 5.1 for M ac (SAS Institu te, Cary, 
N o rth  C arolina, U SA) and  SPSS 10.0 for W indows 
(SPSS, Chicago, Illinois, U SA), and  spatial analysis and 
m apping using ArcView G IS 3.2 (ESR I, Redlands, 
C alifornia, USA).

R e s u l t s  

Temporal variation in S S T

The m ean and  m axim um  SSTs in East A frican coastal 
w aters increased a t a ra te  o f 0.01°C/yr over the last ~ 50  
years (Fig. 2; R 2 =  0.37; P  <  0.05). The m inim um  
increased a t a rate o f 0.007°C/yr. This am ounts to  a to tal 
rise o f 0.5°C o f the m ean and  m axim a and  0.35°C o f the 
m inim a in the last h a lf a century. Analysis o f individual 
confidence interval (95%) identified th a t m ean SSTs of 
1983, 1987, and  1998 were higher from  the trend o f SST 
increase over time (P <  0.05). Similarly, m axim a of 1983 
and  1998 and  m inim a o f 1972 and  1983 were notably 
higher. M inim a o f 1964 and  1996 were unusually lower 
(P <  0.05). M ean (27.88°C) and  m axim um  (30.00°C) of 
1998 were the highest and  m inim um  o f 1964 (24.44°C) 
the lowest. Generally second degree polynom ials had 
good fit for all three SST param eters, bu t differences 
from  the linear fit were small, respectively 0.7%, 4.2%, 
and  1.6% for the m ean, m axim um , and  minim um. 
Analysis o f the individual spatial cells indicated consid­
erable spatial variation  ranging from  nonsignificant 
changes, to  linear, to  w eak bu t also included decreasing 
second degree polynom ials and  weak exponential rises.

N on-E N SO , ENSO , IO D , and  com bination o f IO D  
and  ENSO  (IO D -EN SO ) years were analyzed separately

P l a t e  1. Branching corals such as this species of Acropora 
are a complex but regular structure created by the coral animal, 
the algal symbiont, and the calcium carbonate skeleton. Photo 
credit: T. R. McClanahan.

due to  the different patterns o f these years. The m ean 
SSTs increased significantly during bo th  non-E N SO  and  
EN SO  years, respectively 0.0075°C/yr and  0.015°C/yr (P 
<  0.05), and  the increases were higher during ENSO 
than  non-E N SO  years (Factoria l A NOYA: non-EN - 
SO /EN SO  as fixed and  year as continuous variable; P  — 
0.038). The increases in m axim um  SSTs were also higher 
during  EN SO  (0.021°C /yr) th a n  non-E N S O  years 
(0.0065°C/yr; P  — 0.006). Increase in  the m inim um  SST 
w as s ig n if ic a n t o n ly  d u r in g  n o n -E N S O  y e a rs  
(0.006°C/yr; P  — 0.04). The v-intercept was highest 
during IO D /E N SO  years for m ean and  minim a; ENSO 
years had  higher values than  non-E N SO  years. IO D  
years had  highest v-intercept for m axim a; EN SO -IO D  
years were higher than  ENSO  and  non-EN SO  years.

The three ENSO  events o f 1982-1983, 1987-1988, and  
1997-1998 had  the highest recorded m ean SSTs in East 
A frica (Figs. 2 and  3). C om parisons o f the three indicate 
th a t bo th  m ean and  m axim um  o f 1997-1998 were the 
highest. M inim um  tem peratures were highest in 1987— 
1988; all three statistics were lower in 1982-1983 than  in 
1987-1988 and  1997-1998. The 1982-1983 EN SO  did 
no t w arm  as early o r as quickly as in 1987 or 1997 and  
the 1997-1998 event persisted longer th an  the o ther two 
events. The 1982-1983 SSTs were higher only in the end 
o f the w arm  season in  June and  July. The 1987-1988
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trends (Figs. 4A -D  and  5A) w ith values increasing to  the 
south from  southern Som alia to  the C om oros. Values 
also decreased from  the east o ff M adagascar to  the west 
tow ard  T anzania and  M ozam bique, b u t this decrease was 
o f a lower m agnitude com pared to  the la titudinal trend. 
M odal SSTs generally had  a w eak bu t decreasing trend  in 
a  n o rth -so u th  direction (Fig. 5B). The few squares th a t 
had  lower values were scattered m ainly in offshore 
locations w ithout a clear gradient in distribution.

The properties o f the d istribution  of the tem perature 
da ta  were tested and, according to  a  test o f significance 
for kurtosis and  skewness (Tabachnick and  Fidell 1996), 
all 81 cells in E ast A frica had  significant negative 
kurtosis o r a  flat distribution; 45 had  negative skewness 
and  five had  positive skewness. The rem aining 31 cells
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F i g . 2 . Time series o f annual mean, maximum, and 
minimum HadlSST increases in East Africa. Inner dotted lines 
indicate 95% C l of the regression line, and outer lines indicate 
95% C l of the individual points. Outliers are indicated. D ata are 
pooled means of all cells.

EN SO  event had  an  earlier and  stronger build up in the 
cold season. D uring the ho t season, January  to  April, 
the 1997-1998 event was the strongest followed by the 
1987-1988 for the m ean, m axim um , and  m inim um  
SSTs.

Spatial variations in S S T

The overall statistical properties and  spatial d istribu­
tions o f the tem perature data  in the E ast A frican region 
show bo th  la titudinal and  longitudinal variation (Figs. 4 -  
7). The m ean, SD, and  m edian SSTs showed similar
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F i g . 3. Monthly mean, maximum, and minimum HadlSST 
sea surface temperatures in East Africa during the 1982-1983, 
1987-1988, and 1997-1998 ENSO events. D ata are pooled 
means of all cells.
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F i g . 4 . Spatial distributions in (A. B) mean and (C. D) Standard deviation of HadlSST sea surface temperatures in East Africa 
for the 1951-2002 period. Non-ENSO and ENSO years are compared. See Methods section for classification of ENSO and non- 
ENSO years.

did no t have significant skewness in SST distributions. 
Both SST skewness and  kurtosis increased in a northerly  
direction (Fig. 5C, D). Patterns in m axim um  SSTs 
generally increased from  inshore to  offshore locations 
bu t had  high variations (Fig. 6A).

M inim um  SSTs increased in a so u th -n o rth  direction 
(Fig. 6B). H ighest m inim a occurred in inshore and 
offshore K enya and  Somalia, and  lowest values in 
inshore locations o f T anzania and  M ozam bique. Off­
shore sites had  higher m inim um  SSTs than  inshore 
locations in the southern sector. M ean SST values were 
higher in ENSO  than  during norm al non-EN SO  years 
for all sites (Fig. 4A, B), a lthough the patterns in spatial 
d is tribu tion  were sim ilar betw een the tw o periods. 
Differences in tem perature variations (SD) am ong the 
different sites between non-E N SO  and  ENSO  years 
(Fig. 4C, D ) were no t as m arked as the m ean values. 
M any o f the SST variables had  significant correlations 
w ith each o ther (Table 2). The kurtosis and  skewness 
were strongly correlated w ith the m ean, m edian, and 
SD. The last three had  significant positive correlations 
w ith each other.

Temperature rises and degree-heating months

The rates o f tem perature rise during EN SO  years were 
h igher th an  non-E N SO  years for m ost o f the squares 
(Fig. 7A, B). N earshore and  southern  sites had  the 
fastest rises, and  the slowest rises were n o rth  of 
M adagascar and  included the C om oros. Between-site 
variability was higher during non-EN SO  years. D iffer­
ence in m ean annual tem peratures between ENSO  and  
non-E N SO  years increased sou thw ard  and  reached 
highest in southern  T anzan ia-northern  M ozam bique 
while offshore sites o f K enya had  the lowest values (Fig. 
7C). D egree-heating m onths (D H M ) in 1998 increased 
in a northerly direction w ith southern Som alia-northern  
K enya having the highest values (Fig. 7D). Lowest 
values were d istributed m ainly offshore including the 
C om oros. Southern T anzanian  sites near M afia, n o rth ­
ern M ozam bique, and  south  off the C om oros also 
experienced low D H M .

The relationship between the D H M  and  the different 
tem perature statistics are w orth  noting as the degree- 
heating weeks (D H W ) is often used for predicting coral



512 t i m o t h y  r . M cCl a n a h a n  e t  a l . Ecological M onographs
Vol. 77, N o. 4

Median SST

□ 26.8-26.9
□ 26.9-27.0
□ 27.0-27.2
□ 27.2-27.3

27.3-27.4
27.4-27.5
27.5-27.7
27.7-27.8
27.8-27.9

Mode SST 
F 125.0-25.4 
D I  25.4-25.9 
I 125.9-26.4 
H I  26.4-26.9 

_ J  26.9-27.4 
H  27.4-27.9 
H  27.9-28.3 
H  28.3-28.8 

28.8-29.3

Kurtosis SST
1.4 to -1 .3

-1 .3  to -1 .2
1.2 to -1.1

-1.1 to -1 .0
1.0 to - 0.9

-0 .9  to -0 .8
-0 .8  to -0 .7
-0 .7  to -0 .6
-0 .6  to -0 .5  

0.5 to -0 .4

Skew ness SST
□  -0.31 to -0 .2 3
□  -0 .2 3  to -0 .15
■  -0 .15  to -0 .0 7
□  -0.07-0.01 
— 0.01-0.08
■  0.08-0.16

0.16-0.24
0.24-0.32
0.32-0.40

F i g . 5. Spatial distributions in (A) median. (B) mode. (C ) kurtosis. and (D) skewness o f HadlSST sea surface temperatures in 
the grids for the 1951-2002 period in East Africa.

bleaching (data available online).10 F rom  simple regres­
sion models, m ean (R 2 — 0.84), standard  deviation (R 2 — 
0.80) and  kurtosis (R 2 — 0.86) gave very high fit w ith 
heating (Table 3). F rom  stepwise m ultiple regressions, 
the m ean, m edian, kurtosis, and  m axim um  SST ex­
plained m ost o f the variation in D H M  (R 2 =  0.89; F 79 i — 
167.3; P  <  0 .0001). M ean  SST h ad  a negative 
relationship w ith D H M , while the rem aining variables 
all h a d  positive re la tionsh ip s . D H M  w as m ostly  
influenced by the variability in kurtosis SST (81.9%; 
Table 4). The rem aining ~18%  was explained by the 
m edian (8.9%), m ean (6.3%), and  m axim um  (2.9%). 
D H M 98 linearly decreased w ith increase in SST SD 
(Fig. 8). I t showed a very high la titudinal gradient in its 
distribution, the largest gradient occurs no rth  o f 10° S 
between Tanzania and  K enya (Fig. 9A). R elated to  the 
strong negative relationship between D H M s and  SD, the 
la tter has a very strong increase trend  tow ard  the south 
{R2 — 0.82; P  <  0.0001; Fig. 9B). There was no clear

10 (http://w w w .osdpd.noaa.gov/PSB/EPS/SST)

gradient in the relationship betw een longitude and  
D H M  or longitude and  SD (P  >  0.05).

Change in coral cover following the 1998 bleaching event

C oral cover in East Africa appears to  be affected by 
latitude and, in K enya, m anagem ent o f fishing. All sites 
in M afia, one site on Pem ba, and  two sites in C om oros 
had  the highest coral cover. U nfished K enyan reefs 
except Kisite had  higher cover th an  fished K enyan reefs. 
M ost reefs in T anga, on Z anzibar and  Pem ba had 
interm ediate bu t higher cover than  unfished K enyan 
reefs. Except one site in  Tanzania (Songo Songo), all 
reefs surveyed w ere affected  by the b leaching as 
indicated by the significant decreases in cover (Fig. 
10). All sites in Songo Songo, C hum be and  Bawe in 
Zanzibar, U pangu  and  K itanga in T anga, and  the two 
sites in C om oros (Itsam ia, M itsam uli) had  m aintained 
relatively higher coral cover (30—45%) after bleaching in 
1998. T utia (M afia Island) suffered the highest loss 
(67%), and  only 13% rem ained in 1999. O ther sites tha t 
suffered high losses o f >50%  were M ange (M afia),

http://www.osdpd.noaa.gov/PSB/EPS/SST
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F i g . 6. Spatial distributions in (A) maximum and (B) minimum HadlSST sea surface temperatures in the grids for the 1951— 
2002 period in East Africa.

M isali (Pem ba), and  T aa (Tanga). K anam ai was the 
least affected reef from  K enyan sites (0.53%), and  the 
northern  parks at M alindi (33%) and  W atam u (29%) 
suffered m ost. Generally, reefs th a t were heavily fished 
were least affected in bo th  K enya and  Tanzania (relative 
change in cover: fished reefs 0.43 ±  0.29; reefs closed to 
fishing 0.66 ±  0.23; F76A — 4.87; P  — 0.037; absolute

change in cover: fished reefs 0.18 ±  0.16; reefs closed to 
fishing 0.38 ±  0.21; F 76A =  8.43; P  =  0.008). However, 
the Kisite P ark  on the K enyan-T anzan ian  boundary  
had  lower coral cover before 1998 (22.3%) and  was less 
affected th an  the no rthern  parks (12.3% loss), despite a 
com parable level o f m anagem ent protection  to  tha t o f 
M alindi and  W atam u parks.

A Rise SST, non-ENSO
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■  0.016-0.018

a ■  0.018-0.021
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F i g . 7. Spatial distributions in mean sea surface temperature (SST) rises during (A) ENSO and (B) non-ENSO years. (C) mean 
differences between ENSO and non-ENSO events, and (D) degree-heating m onths in 1998 (DHM98) in the grids for the 1951-2002 
period in East Africa. See the Methods section for classification of ENSO and non-ENSO years.
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T a b l e  2 . Spearman’s correlations among the different SST statistics.

Ecological M onographs
Vol. 77, N o. 4

Mean Median SD of SST CV of SST Skewness Kurtosis Minimum

Median
SD
CV
Skewness
Kurtosis
Minimum
Maximum

0.97 (C0.0001) 
0.87 (C0.0001) 
0.87 (C0.0001) 

-0 .73 (C0.0001) 
-0 .75  (C0.0001) 
0.090 (0.40)

0.60 (C 0 .0 0 0 1 )

0.85 (C0.0001) 
0.84 (C0.0001) 

-0 .8 2  (C 0 .0 0 0 1 ) 
-0 .73  (C0.0001) 
-0 .2 5  (0.06)

0.48 (0.0001)

1 . 0  (C 0 .0 0 0 1 ) 
-0 .58  (C0.0001) 
-0 .9 6  (C0.0001) 
-0 .2 6  (0.05)

0.48 (0.0001)

-0 .58  (C0.0001) 
-0 .95  (C0.0001) 
-0 .48  (0.0001) 

0.26 (0.05)

0.58 (C0.0001) 
0.50 (C0.0001) 

-0 .38  (0.003)
-0 .33  (0.01) 

0.23 (0.08) 0.03 (0.85)

Note: P  values are in parentheses.

C oral m ortality  following the 1998 bleaching event 
showed a  strong exponential relationship w ith coral 
cover (Fig. 10), w ith reefs th a t had  high initial coral 
cover suffering the m ost. Change in cover was also 
significantly related to cover o f Acropora (R 2 =  0.40; P  =  
0.006) and  non  -Acropora (R 2 =  0.28; P  — 0.025). The 
change across 1998 could no t be largely attribu tab le  to 
Acropora dom inance a t sites before 1998 as the change 
was nearly as strongly predicted by non-Acropora (R 2 — 
0.62; P  <  0.0001) as Acropora cover (R 2 =  0.76; P  < 
0.0001). Sites th a t had  high initial coral cover o f ~60%  
and  were m ostly from  Tanzania. Below this level o f 
cover, the m o rta lity -co v er re la tionsh ip  was highly 
variable. Generally, K enyan reefs had  higher change in 
cover o r m ortality  th an  T anzanian  and  C om orian  reefs 
(Fcntry =  9.4; P  — 0.005). The effects o f cover before 1998 
did no t differ between T anzania and  K enya. T anzanian 
reefs o f Songo Songo, Tanga, and  Zanzibar, the shallow 
fished reef a t K anam ai, K enya, and  the two reefs from  
C om oros suffered the least (P  <  0.05). The unfished 
reefs o f K enya and  T anzanian  reefs a t M isali had  higher 
relative coral m ortality  (P <  0.05). U nfished K enyan 
sites suffered higher m ortalities than  their Z anzibar 
counterparts despite the lower cover they had  before the 
bleaching episode.

B oth absolute and  relative changes in coral cover 
showed negative relationship w ith tem perature variation 
(SD and  CY) obtained from  in situ m easurem ents on 
K enyan reefs (P <  0.01; Fig. 11). Results o f mixed

m odel regression analysis on absolute change showed 
significant effects o f cover before 1998 and  in situ 
tem perature variation  (R 2 =  0.97; F — 37.9; P  <  0.0001) 
w ith no significant interaction (P  >  0.05). The different 
SST statistics and  DFIM  from  the N O A A  and  FladlSST 
da ta  set did no t give significant correlations w ith coral 
cover, m ainly due to  the low spatial resolution o f the 
tem perature data.

Bleaching response in 2005

The bleaching response in 2005 was highest in M alindi 
2 (17.74%), W atam u (18.12%), M om basa (C oral G a r­
den, 13.59%), and  lowest in  K anam ai (0.85%; Fig. 12). 
M ean tem perature did no t show a significant effect on 
bleaching in 2005 (P >  0.05), bu t the relationship 
between bleaching and  tem perature variation  (SD; Fig. 
12A) was negative, while the relationship w ith w ater 
flow was positive (Fig. 12B). Tem perature variation and 
w ater flow were strongly correlated (r — —0.85; P  — 
0.008). Stepwise m ultiple regression analysis showed 
significant effects only for w ater flow; tem perature 
variation, m ean tem perature, and  their interactions w ith 
w ater flow were rem oved from  the model.

D is c u s s io n

Temperature rise and E N SO  events in East Africa

The level o f rise in  sea surface tem perature in East 
A frica (Fig. 2) is in general agreem ent w ith other 
findings bu t indicates considerable spatial variation  in

T a b l e  3. Summary of simple regression analysis on the effects of the different SST statistics on degree-heating months (DHM98).

Predictor R 2 -6 7 9 ,1 P(F) Term t Prob >  \t\ Equation

Average 0.47 70.21 < 0.0001 intercept 8.76 < 0.0001 y  = 101.50 -  3 .56a
X - 8.38 < 0.0001

SD 0.80 322.74 < 0.0001 intercept 30.82 < 0.0001 y =  10.47 -  4 .44a

X - 8.38 < 0.0001
Minimum 0.07 5.94 0.02 intercept - 2.08 0.04 y  =  - 25.89 +  1.24a

X 2.44 0.02
Maximum 0.08 4.38 0.016 intercept - 0.07 0.94 y  =  - 1.18 -  0 . 19a  -  7 .39a 2

X - 0.35 0.73
X 2 - 2.82 0.006

Median 0.56 99.78 < 0.0001 intercept 10.80 < 0.0001 y  =  12.89 -  0 .30a
X - 9.99 < 0.0001

Kurtosis 0.86 488.04 < 0.0001 intercept 60.08 < 0.0001 y  — 6.82 +  2 . 18a:
X 22.09 < 0.0001

Skewness 0.60 117.51 < 0.0001 intercept 72.68 < 0.0001 y  =  4.88 +  3 .31a:
X 10.84 < 0.0001

Notes: The best-fit model between a linear and second-degree polynomial is presented for each variable. Direction of the 
relationship is indicated by the t ratio.
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T a b l e  4 . Summary results of mixed model stepwise regression 
analysis on degree-heating months in 1998 (DHM98).

Predictor Estimate t -6 7 6 , 4 P

Intercept 24.44 2.31
M ean SST -4.01 -4 .09 16.76 < 0 . 0 0 0 1

Median SST 2.58 4.87 23.68 < 0 . 0 0 0 1

Kurtosis SST 2.83 14.79 218.83 < 0 . 0 0 0 1

Maximum SST 0.70 2.80 7.82 <0.007

Notes: Only significant values are presented. Direction o f the 
relationship is indicated by the t ratio. R 2 =  0.89; F  = 167.25, 
d f= 7 6 , 4; P < 0.0001.

the responses. G lobal m ean SSTs have increased by 0 .4 - 
0.8°C over the last —100 years (Pittock 1999, M cC arthy 
et al. 2001). Long-term  tem perature records for the 
Ind ian  O cean from  coral cores taken  in  the Seychelles, 
K enya, M adagascar, and  W estern A ustralia indicate a 
0 .8 -1 .4°C rise over the past ~200  years, w ith m uch of 
th a t rise reported  since the m id 1970s (Charles et al. 
1997, K uhnert et al. 1999, Cole et al. 2000, Zinke et al. 
2004, 2005). The Seychelles, K enyan, and  T anzanian  
coral core records indicate cycles th a t average ~ 5 .5  
years b u t vary from  2-8 years and  are contained in a 
longer cycle o f ab o u t 8-14 years (Charles et al. 1997, 
Cole et al. 2000, D am assa et al. 2006).

M ost o f the outliers in the SST rise belong to ENSO, 
IO D , and  E N SO -IO D  events (Fig. 2). Some ENSO 
events, such as the ones in 1957-1958 and  1991-1992 
(G oreau and  Hayes 1994, H oegh-G uldberg 1999, Saji et 
al. 1999, Edw ards et al. 2001), were w eak and  no t 
distinguished from  background variability by our linear 
regression analysis. The 1996 m inim um  outlier from  
these da ta  was no t recorded as an  ENSO , IO D , or 
E N S O -IO D  event. SST rises in E ast A frica are higher 
during ENSO  than  non-EN SO  years, and  EN SO  years 
have higher baselines (y-intercepts) indicating a  higher 
SST buildup during those events.

The three ENSO  events o f 1982-1983, 1987-1988, and 
1997-1998 have the highest recorded m ean SSTs in East 
A frica (Figs. 2 and  3). Based on the response o f the 
atm ospheric climate, it has been suggested th a t the 
m agnitude o f the 1982-1983 event was higher than  or 
equal to  the 1997-1998 event (W olter and  Tim lin 1998). 
The fact th a t South A frican locations suffered less severe 
d rough t and  th a t the failure o f the A sian M onsoon  was 
less drastic in 1997-1998 than  1983-1984 was used as a 
correlate in com paring the two events. O ur results do 
no t support the contention  th a t the 1982-1983 event was 
com parable in its strength to  1997-1998. M ean and 
m axim a SSTs were higher in 1997-1998. The 1997-1998 
event persisted longer; the 1982-1983 event was higher 
only in the end o f the w arm  season o f 1983 w hen SSTs 
had  already started  dropping below the m ean annual 
m axim um  (Fig. 3; Spencer et al. 2000). D uring the 
bleaching season, 1997-1998 was highest followed by the 
1987-1988 m ean SSTs.

Differences in the intensity o f coral bleaching, such as 
higher bleaching responses in 1982-1983 in some regions

(Enfield 2001, G lynn et al. 2001), can no t be used as 
evidence for a  higher SST because corals undergo some 
acclim atization and  adap ta tion  to  bleaching (Coles and  
Brown 2003, Baker et al. 2004, Berkelm ans and  van 
O ppen 2006, M cC lanahan  et al. 2007a). In  some studied 
E astern Pacific reefs, coral bleaching was higher in
1982-1983 even though  SST anom alies were lower o r the 
same as in 1997-1998 (G lynn et al. 2001). Evidence for 
significant bleaching and  m ortality  in the w estern Indian  
O cean in 1982-1983 is scarce bu t m ay be due to  a lack of 
investigation. The 1997-1998 event had  bo th  ENSO  and  
IO D  com ponents (Saji et al. 1999), and  from  this and  
o ther analyses (Sheppard 2003), was the m ost geograph­
ically w idespread and  m ost severe anom aly in the Indian  
O cean in recorded history.

Change in coral cover

The effect o f the 1998 bleaching event is significantly 
related to coral cover, sites o f high coral cover suffering 
the m ost. These are sites th a t m ostly had  high cover o f 
branching and  encrusting forms, w hich have th in  tissue, 
h igh grow ths rates, and  are highly susceptible to  
bleaching (G ates and  E dm unds 1999, M arshall and  
B aird 2000, Loya et al. 2001, M cC lanahan  2004, 
M cC lanahan  et al. 20077>). In  m any places during w arm  
years, seasonally high w ater tem peratures cause bleach­
ing o f the susceptible taxa, b u t recovery follows in a  few 
m onths. In  1997-1998, even the m ore resistant form s 
were bleached, bu t m ortality  was higher in the fast- 
grow ing form s (M cC lanahan  2004). F o r  exam ple, 
K enyan reefs in parks had  the highest coral cover, the 
m ost susceptible branching and  encrusting taxa, and  the 
highest m ortality . C oral cover on K enyan reefs was 
reduced to  10-15% cover o f m ainly bleaching-resistant 
massive/sub-m assive grow th form s in bo th  protected 
fishery closures and  unprotected  reefs (M cC lanahan et 
al. 2001). A  direct physiological trade-off has been 
suggested  betw een fa s t g row th  an d  resistance  to

6.0  -

R 2 = 0.80, P <  0.0001

5.5 -

5.0 -CO
CT>

S
X  4 .5 -  
O

4.0 -

3.5 -

3.0
1.1 1.2 1.3 1.4 1.5 1.6

SST SD

F i g . 8. The relationship between sea surface temperature 
standard deviation (SST SD) and degree-heating m onths in 
1998 (DHM98) in East Africa.



516 t i m o t h y  r . M cCl a n a h a n  e t  a l . Ecological M onographs
Vol. 77, N o. 4

R 2 = 0.838, P <  0.0001

5.5 -

5.0 -co02
S
I
Q

4.0 -

3.5 -

3.0

1.6

1.5

1.4

1.3

1.2

R 2 = 0.824, P <  0.00011.1

4 2 0 2 4 6 8 10 12 14

°N °S
Latitude

F i g . 9. Latitudinal variation in HadlSST standard devia­
tion (SST SD) and degree-heating m onths in 1998 (DHM98) in 
East Africa.

bleaching-induced m orta lity  (Berkelm ans an d  W ills 
1999, G ates and  E dm unds 1999, Loya et al. 2001). The 
change in  coral cover in E ast A frica was significantly 
correlated w ith the cover o f bo th  Acropora and  non- 
Acropora, indicating  th a t variables o ther th an  the 
dom inant taxa played a  significant role either directly 
o r by influencing com m unity  structu re . O n  m any 
T anzanian  reefs, where the overall change in coral cover 
was lower, m ortality  o f Acropora was low and  the genus 
is a m ain com ponent o f the com m unity structure, 
especially on reefs protected  from  fishing (M cC lanahan 
et al. 2007b).

Despite the m oderate fit, the relationship between 
absolute change in cover and  tem perature variation 
from  in situ m easurem ents (SD and  CY) was no t 
significant for K enyan reefs, while the relative cover 
showed th a t m ortality  was higher in  reefs w ith low 
tem perature variance (Fig. 11). There are no t a  large 
num ber o f reefs w ith long-term  in situ data , so these 
relationships need confirm ation from  m ore study sites, 
b u t bo th  plots indicate th a t reduced m ortality  did no t 
occur until the SD was above 1.8 or a  CY of >7% . The 
study underlines the im portance of the initial level o f

coral cover and  dom inant taxa in determ ining absolute 
change across bleaching events. I t is necessary to  remove 
cover effects before exam ining for the effects o f other 
environm ental variables in analyses th a t involve spatial 
variations and  between-site com parisons in change in 
cover (Côté et al. 2005).

Temperature variations, degree-heating months, 
and coral m ortality

M ore relevant to  the scope of this paper is the 
considerable spatial variation  seen in the d istribution  of 
the different SST statistics in E ast A frica and  how it m ay 
influence ecological comm unities. The strong negative 
relationship between SD and  D H M  m ay seem counter­
intuitive, bu t high SST SDs m ake it less likely th a t 
anom alies are rare events, and  herein m ay lie the 
m echanism  th a t creates the potential for acclim ation/ 
adap ta tion  and  persistence o f corals th rough  rare events. 
N o rth e rn  sites, w hich have high D H M  and  coral 
m ortality , have slightly lower m ean and  high skewness 
and  kurtosis in SSTs. Relative differences in m ean 
tem peratures are considerably sm aller com pared to  
those o f SDs and  kurtosis (Fig. 4). The stronger effects 
o f SD and  kurtosis on D H M  tend  to override other 
tem perature indices and  are probably the key measures 
for associating w ith coral com m unities and  the potential 
for acclim ation /adaptation  or susceptibility to  bleaching 
and  m ortality  (Table 4). A lthough all E ast A frican sites 
have negative kurtosis, low D H M  sites have generally 
lower kurtosis o r have p latykurtic SST distributions th a t 
also tend to  be concave and  bim odal (Fig. 5D). H igh 
D H M  sites have their tem peratures m ore narrow ly 
d is trib u ted  a ro u n d  the m ean , a tendency  to w ard  
peakiness, and  no evidence for bim odality.

D espite the strong relationship between change in 
h a rd  coral cover o r m orta lity  and  original cover, 
K enyan reefs suffered higher m ortality  th an  T anzanian  
o r C om oros reefs relative to  the initial coral cover. 
T anzanian  and  C om oros sites had  higher long-term  SD 
and  lower skewness and  kurtosis in SSTs th an  K enyan 
sites, whereas the differences in m ean SSTs were no t 
strong (respectively 27.43 and  27.53 for K enya and 
T anzania for the w arm est m onth , A pril 1998). Stronger 
evidence for the influence of tem perature variation 
comes from  the in situ tem perature da ta  on K enyan 
reefs, where the scale o f sam pling is m ore accurate and 
appropriate  than  the large-scale 36 X 36 km  N O A A  or 
1 X Io H adley cells. The relationship between bleaching 
and  m ortality  w ith tem perature variation  (CV and  SD) 
becomes m ore robust and  significant after controlling 
for cover before 1998. K anam ai, the shallow -m ost site 
w ith the highest tem perature variation, experienced the 
least bleaching in 2005 and  reduction in coral cover in
1998. K anam ai was an  outlier when using large-scale 
da ta  because o f the shallowness and  height o f the reef 
and  this produced higher tem perature variation  and  low 
w ater flow and  is a good example of how local- can
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sometimes override large-scale factors (M cC lanahan 
and  M aina 2003).

Spatial resolution and variability

Tem perature da ta  based on larger areas, such as the 
H adlS ST  and  JC O M M SST da ta  sets, and  to  some 
extent the N O A A  data , are useful for determ ining global 
or regional trends bu t in m any cases are too  crude in 
th e ir spatia l reso lu tio n  to  co rrectly  p red ic t co ra l 
bleaching a t individual reefs as indicated by the low-fit 
and  nonsignificant relationship between change in cover 
and  the H adlSST  data. N O A A  satellite da ta  have a 
spatial resolution th a t is considerably finer th an  the 
H adlS ST  da ta  b u t are still no t sufficiently resolved to be 
useful for some shallow nearshore and  lagoonal reefs 
(W ellington et al. 2001). Tem perature anom alies (W ool­
dridge and  D one 2004) and  bleaching (A ndrefouet et al. 
2002, M cC lanahan and  M aina 2003, M cC lanahan  et al. 
2005Ô) are highly variable a t small spatial scales. A 
large-scale study in the Ind ian  O cean indicated th a t as 
m uch as ha lf o f the response to  bleaching m ay be due to

the taxonom ic com position of the corals a t a  site 
(M cC lanahan et al. 2007a).

D espite the devastating effects o f the 1998 bleaching, 
the patterns in bleaching and  m ortality  w ithin the Indian  
O cean were variable and  contained m any exceptions 
(G o reau  et al. 2000, M cC lan ah an  et al. 20077>). 
Exploring these exceptions th rough  analyzing the site- 
specific tem perature history and  its interactions w ith 
o ther local environm ental param eters and  the suscepti­
bility o f the coral com m unity aids understanding on 
how  corals cope w ith rare events (M cC lanahan et al. 
2005a, b). A nalysis o f the W estern  In d ian  O cean 
JC O M M -SST  da ta  indicates th a t D H M  is significantly 
predicted by SD /kurtosis, m axim um , m edian, m inim um , 
and  skewness (M. A tew eberhan and  T. R. M cC lanahan, 
unpublished data). F o r example, in spite o f their higher 
m ean SST o f 28.93°C, M aldivian reefs experienced the 
highest bleaching m ortalities in 1998, w ith reefs having 
coral cover o f <5%  soon after 1998 (M cC lanahan 2000, 
Edw ards et al. 2001). In  contrast, m ean JC O M M SST for 
T anzania is 27.54°C. The oceanic M aldives has m ore
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uniform  and  m ore rare w arm  tem peratures (SD SST =  
0.60, skewness =  0.50, kurtosis =  —0.17) th an  Tanzania 
(SD =  1.41, skewness =  —0.19, kurtosis = —0.17). The SD 
in E ast A frica is, in fact, 49-123%  higher than  the 
h ig h es t v a ria tio n  p resen t in  th e  en tire  M ald ives 
(H ad lS S T  d a ta ). T he m ore  positive skew ness o f 
M aldivian tem peratures reflects the occasional high 
D H M . In  com parison, only a few squares (n — 9 
squares; 17%) had  significant positive skewness in East 
A frica and  all o f the E ast A frican cells w ith positive 
skewness had  the highest D H M  (5.4-6.0).

In  contrast, reefs o f M auritius have some o f the 
highest SD SSTs in the southern  tropical Ind ian  O cean 
(1.70-1.82) and  were am ong reefs least affected by the 
1998 bleaching (M cC lanahan et al. 20057>). The tem per­
a ture history of the sites has been overlooked and  hardly 
reported, and  the low bleaching in 1998 has been 
a ttribu ted  to  the cooling effect o f Cyclone Anecelle, high 
cloud cover, and  rainfall (Turner et al. 2000, O bura
2005). W indw ard and  offshore sites are influenced m ost 
by oceanic effects, bu t they were reported  as the m ost 
bleached (T urner et al. 2000). A  study o f the 2004 
bleaching event in M auritiu s ind icated  site-specific 
difference in bleaching th a t correlated well w ith tem ­
perature variation  and  w ater flow (M cC lanahan et al. 
2005è). Bleaching correlated negatively w ith tem pera­
ture variation  (SD) bu t positively w ith w ater flow, and 
increased from  the leeward to  the w indw ard side o f the 
island as m ight be expected from  tem perature and  w ater 
flow h isto ries a ro u n d  islands. S im ilar to  th a t in

M auritius, sites on M afia and  M isali a t Pem ba th a t 
receive direct oceanic w aters suffered am ong the highest 
m ortalities (Fig. 10; M oham m ed et al. 2000). G lynn et 
al. (2001) also reported  the highest m ortality  o f corals 
across 1998 in the offshore islands o f the eastern Pacific.

Lower D H W s/D H M s in T anzania have been ex­
plained in term s o f cooling effects o f oceanic waters, 
high cloud cover and  rainfall, and  turbid ity  from  river 
runo ff (M uhando and  M oham m ed 2002, O bura  2005). 
A lthough  o ther fac to rs m ay  have in te rac ted  w ith  
tem perature, we hypothesize th a t the low D H M /D H W  
in M auritius and  E ast A frica resulted m ainly from  the 
effect o f the high tem perature variation. I t is possible 
th a t some features, related to  local hydrography and 
m onsoon-related seasonality, localized upwelling, and 
p ro tec tion  could have in teracted  w ith  tem peratu re  
(G lynn 2000, Riegl and  Piller 2003, M anzello et al. 
2007). N onetheless, because tem perature is the principal 
factor affecting coral bleaching and  m ortality  (Berkel­
m ans and  Willis 1999), anecdotal explanations o f other 
effects and  interactions should be considered carefully or 
investigated after controlling for the effects o f tem per­
a tu re . F u rth e rm o re , p rio ritiz ing  an d  p lann ing  fo r 
m anagem ent requires perm anent features such as island 
effects as opposed to  w hat m ay largely be stochastic 
factors such as spatial and  tem poral changes in w eather 
or light (Gili et al. 2006).

G iven the small spatial scales a t w hich tem perature 
anom alies and  bleaching operate, m easurem ents o f 
o ther environm ental da ta  th a t are expected to  alleviate
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anom alous tem peratures effects are best m atched by 
similar spatial details as opposed to  m eteorological ^
recordings in one o r few stations or th a t average 2^
conditions over large areas. Similarly, there needs to  $
be a  m atching o f the tem poral scale o f environm ental o
variables w ith the tem poral scale o f bleaching. The 1998 
ENSO  has been well identified for its steady w arm ing ^
over m any m onths and  bleaching is often a result of 
persistent w arm  w ater where D H W  usually exceeds four 
weeks (Liu et al. 2005). I t  is less likely th a t short-term  ^  
climatic events th a t pass in  a few hours or days will have 
a significant effect on w arm ing and  bleaching. C loud 
cover, a lthough w ith exceptions such as the perm anence 
o f m onsoons or o ther persistent w eather events, is 
usually an  im perm anent and  less reliable factor of 
attenuation . Similarly, aerosols have been shown to 
reduce bleaching effects bu t are often controlled by o?
volcanic eruptions or o ther stochastic w eather patterns a)
(Gili et al. 2006). Shading by perm anent objects, such as g
high islands, em ergent rocks, and  coral heads (W est and  §■
Salm 2003), position on a reef in relation  to  depth  (Riegl 2
and  Piller 2003), and  coral orien tation  (D unne and  c
Brown 2001) are recognized as perm anent and  reliable o
attenuation  factors from  high radiation. A dditionally, o
our study identifies the area from  northern  M adagascar 
to  C om oros is an area o f localized and  w eak upwelling, 
associated w ith the departure o f the equatorial current 
from  the island of M adagascar, th a t has bo th  a low 
tem perature rise and  degree-heating profile th a t is likely 
to  survive relatively well w ith a  w arm ing climate. This 
area is one of a  num ber o f similar small-scale upwelling 
areas reported  to have low bleaching m ortality  and 
expected persistence (G lynn et al. 2001, Riegl and  Piller 
2003).

Water flow  and coral bleaching

The effects o f w ater flow and  tem perature variation 
on bleaching appear essentially the same bu t differ in 
their direction (M cC lanahan et al. 2005Ô) and  are 
difficult to separate (van W oesik et al. 2005). This and 
a study in M auritius indicate th a t w ater flow m ay be the 
dom inant influence, bu t because bo th  studies are based 
on correlations, this conclusion provokes the need for 
experim ental studies th a t can tease ap a rt these factors in 
the context o f historical and  genetic influences o f the 
experim ental taxa. A  num ber o f studies have shown th a t 
w ater flow has a positive effect on coral survival and 
recovery during  w arm  w ater events in  lab o ra to ry  
experim ental studies (N akam ura and  van W oesik 2001, 
N akam ura  et al. 2003, N akam ura  and  Y am asaki 2005), 
bu t discrepancies w ith field observation indicate a need 
to  reevaluate the mechanism s o f bleaching and  survival 
(M cC lanahan et al. 2005a). W arm  w ater anom alies are 
often associated w ith reduced w ater flow and  it m ay be 
th a t co ra ls  th a t  o rig in a te  from  h igh  w a te r flow 
environm ents are less acclim ated/adapted to  the loss of 
flow th a t can occur during w arm -w ater anom alies, and 
therefore m ore susceptible to  bleaching and  m ortality

20
Y =  3.27 X -  13.83 
R 2 =  0.76, P  = 0.0005

15

10

5

0
5 6 7 8 9 10

Water flow speed (cm/min)

20

15

10

5
Y =  - 2 1 . 3 X -  4 2 .2 7  
R 2 =  0 .7 4 ,  P =  0 .0 0 6

0
1.0 1.2 1.4 1.6 1.8 2.0

Temperature SD

F ig . 12. Relationships between bleaching index and (A) 
water flow speed and (B) variation (SD) of in situ seawater 
temperature in 2005 on Kenyan reefs.

(Sheppard 1999, M cC lanahan  and  M aina 2003). C on­
sequently, using coral taxa th a t originate in different 
flow -tem perature environm ents and  including the loss 
o f flow in tem perature anom aly experim ents are needed.

Bleaching predictions and models

Predictions for the future o f coral reefs under climate 
change scenarios are based on the current and  predicted 
rate  o f SST, thresholds for bleaching, and  acclim ation 
ra tes  (H oegh-G uldberg  1999, H ughes et al. 2003, 
Sheppard 2003). Projections in the Ind ian  Ocean, based 
on pooling tem perature da ta  into large regions such as 
E ast A frica  a n d  the IP C C  m odel o f tem p era tu re  
projections, indicate th a t reefs will become susceptible 
to  1998-like conditions every five years by ~2030 and  
sooner in m any latitudes (Sheppard 2003). M ost m odels 
o f tem perature rise and  bleaching predict a  linear or even 
accelerating rise o f 2-4°C  in tem perature to  the year 2100 
(ECH  A M 4/O PY C 3 [H oegh-G uldberg 1999]; IPC C  m od­
els [M cC arthy  e t al. 2001]; H A D C M 3 an d  IS92a 
[Sheppard 2003]). Saturation  o f tem peratures is no t 
predicted for m ost models until after 2100, where this 
decelerating rise is expected from  an  oceanic therm ostat 
feedback m echanism , such as increased ocean mixing, 
clouds, o r evaporative cooling (Li et al. 2000, Loschnigg
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and  W ebster 2000). I f  we use the da ta  presented here and 
assume a linear increase for E ast Africa, a t the current 
rise o f m ean SST in the w arm est m onth  (April; rise o f 
0.01°C/yr), the 1998 m ean tem perature o f 30°C w ould be 
reached near 2077. This study suggests, however, th a t 
there is significant spatial heterogeneity and  nonlinearity 
in  tem perature rise, thresholds, acclim ation, and  ad ap ­
tation , and  th a t pooling data  and  predictions for large 
areas will miss m uch o f the spatial dynam ics th a t m ay 
result in considerable deviation from  predictions based 
on pooling.

G lobal patterns in w arm ing are heterogeneous in 
space and  time (Casey and  C ornillon 2001, M cC arthy et 
al. 2001, B arton and  Casey 2005). D etailed analysis o f 
each H adley Cell in E ast A frica reveals significant 
betw een-site variations th a t roughly fall in to  three 
categories (Fig. 13). First, sites o f highest D H M  are 
well explained by a decreasing second-order polynom ial 
function  for SST w ith time (Fig. 13, cluster 1). F o r the 
span o f the H adlSST  da ta  set used, the highest rise in 
SST took  place between the 1950s and  m id 1970s, 
stability or decline started  in the early 1980s, rose again 
from  1993-2003, and  there was a notably  large decline 
between 2003 and  2005 (Fym an et al. 2006). The small, 
im proved difference in fit between the linear and  second 
degree polynom ial fit is m ainly caused by the earlier 
m arked  rise relative to  the later decrease. Similarly, 
recent analyses o f satellite SST and  in situ seaw ater 
tem peratures indicate th a t the overall trend in SSTs in 
m any tropical areas has been stable or has fallen during 
the last tw o decades (B arton and  Casey 2005). Second, 
sites o f lowest D H M  do no t show a strong rise in SST 
(Fig. 13, cluster 2). T hird, as SST rise increases above 
0.01°C/year in the southern p a rt o f this region, the 
relationship w ith D H M  becomes flat (Fig. 13, cluster 3). 
Sites in the no rthern  region, which have m oderate 
tem perature rise and  high bu t variable D H M , are those 
sites m ost likely to  experience the dual effect o f the 
predicted tem perature rise and  anom alous tem peratures, 
w hich is predicted to  lead to  m ortality  and  possibly 
extinction of corals. Pooling da ta  into regions and 
assum ing m ortality  is p roportional to  the rise or w hen a 
threshold  is reached will fail to detect the uniqueness o f 
the categories displayed here, and  this is also expected 
for larger scale global analyses.

T em peratu re  pa tte rn s in  E ast A frica are highly 
variable, depending on the location and  tem perature 
history o f the sites, and  predictions generally do no t 
concur and  m ay even contradict current models. The 
relationship between ocean w arm ing and  D H M  appears 
to  be strong ly  spatia lly  dep en d en t an d  therefo re  
nonlinear such th a t baseline tem peratures and  rises 
cannot be directly translated  into thresholds and  D H M , 
the m ost likely cause o f coral m ortality. A ssum ptions of 
linear or exponential SST increases and  coral m ortality  
are likely to  produce poo r predictions, as our data  
suggest th a t the areas w ith the highest rise also have the 
highest SST SD and  low relative m ortality , w hich we

expect is due to  a com bination o f acclim ation and  local 
com m unity o r genetic adapta tion . U nderstanding the 
im portance o f each o f these factors will require further 
study. Tem perature rise and  variation are likely to  
increase together in coastal and  leeward island sites, as 
the retention of w ater on coasts and  behind islands is the 
likely cause o f this positive covariance. M odels th a t 
assume higher baselines and  rises will certainly increase 
the predicted probability  o f recurrences o f the anom a­
lous events, bu t m ortality  will depend on the acclim ation 
and  adap ta tion  rates relative to  rates o f rise (Hughes et 
al. 2003). A cclim ation rates are likely to  be slowest in 
low SST SD areas (Sheppard 1999, M cC lanahan  and 
M aina 2003), and  these are areas w ith the lowest 
tem perature rise, probably associated w ith equatorial 
current downwelling on continental m argins, bu t the 
highest m ortality.

A n alternative m odel is th a t coral acclim ation only 
occurs on short time scales o f less th an  a m on th  (Coles 
and  Brown 2003), upper thresholds to  coral bleaching 
and  m ortality  have little elasticity between sites and 
hab ita ts (Berkelmans and  Willis 1999, D ’C roz et al. 
2001), and  this leads to little acclim ation/adaptations or 
tolerance to  environm ental variation  a t the scale o f 
m onths to  years. I f  this second m odel were true, one 
w ould expect persistence o f corals only in areas th a t 
m ain ta in  tem pera tu res below  these rig id  m orta lity  
thresholds, such as 31°C (Coles and  Brown 2003). 
D eterm ining the correct m odel o f coral acclim ation/ 
adap ta tion  is critical to  predictions and  establishing 
m anagem ent policies th a t prioritize areas based on a 
triage approach. B oth m odels do, however, predict th a t 
areas th a t m aintain  stable cool w ater w ithout rare 
anom alies w ill survive clim ate change an d  are  a 
conservation priority  (G lynn 2000, Riegl and  Piller 
2003, W est and  Salm 2003).

F rom  this spatial analysis, we dem onstrated  th a t 
tem perature variation  (SD and  kurtosis) is the best 
p redictor o f w arm ing and  the associated bleaching 
related m ortality  in E ast Africa. W ater tem perature 
history of a reef and  the time corals spend a t these 
tem peratures determ ine their threshold for bleaching 
and  survival (Coles and  Brown 2003, M cC lanahan and 
M aina 2003, W est and  Salm  2003). The effect o f 
tem perature variability on the rise o f D H W /D H M , 
and  thus bleaching, is insufficiently addressed in coral 
research. M ost studies focus on the effects o f the m ean 
and  m axim um  threshold tem peratures, and  the variance 
is too  often ignored. This has significant im plications to  
our capacity to  correctly predict responses o f biological 
comm unities. The m ean and  m axim um  tem peratures 
m ay be im portan t in larger spatial com parisons b u t have 
low or no significant predictive pow er a t site-specific or 
local scales (Table 4).

Diversity and acclimation)adaptation to bleaching

W ith the increasing th rea t to  coral reefs from  rising 
tem peratures and  o ther interacting factors, there has
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been a growing interest in identifying reefs th a t m aintain  
high coral cover, biodiversity, and  ecological function­
ing. This concept o f resilience, addressing the capacity of 
ecosystems to recover and  regenerate following m ajor 
ecological disturbances, is increasingly becoming a m ain 
focus in ecological and  resource m anagem ent research 
(H ooper et al. 2005, H ughes et al. 2005). A lthough 
sources o f resilience are expected to be complex and 
operate a t m ultiple scales, biom ass/cover and  local and 
regional diversity have widely been recognized as the two 
m ain m easurable com ponents o f resilience in  coral reef 
ecology (M cC lanahan et al. 2002, Salm and  W est 2003, 
Bellwood et al. 2004, H ughes et al. 2005, O bura 2005).

This regional study and  the bleaching survey in 2005 
indicate th a t m any T anzanian  reefs show high resistance 
to  bleaching, fast recovery after bleaching, and  m aintain  
high coral cover and  diversity. The bleaching study in 
2005 also allowed analysis o f com m unity structure, and 
T anzanian  reefs were found  to  be some of the m ost 
diverse in the Ind ian  Ocean, w ith a com parable generic 
diversity to  tha t o f the M aldives (M cC lanahan et al. 
20077)). This observation is also in agreem ent w ith 
species diversity patterns for East Africa (M cC lanahan 
1990). The h a rd  co ral species record  from  three

publications is now 226 species, and  T anzanian  reefs 
have relatively higher cover and  species diversity (211 
species) than  their K enyan counterparts (163 species; 
H am ilton  and  Brakel 1984, Lemmens 1993, Johnstone et 
al. 1998). T anzanian  sites, especially those in Songo 
Songo near the southern end of the geographic range of 
this study, have escaped the m ain  effect o f the 1998 
b leach ing  an d  still m a in ta in  sub s tan tia l cover o f 
Acropora and  o ther branching and  encrusting taxa that 
are thought to be less to leran t o f w arm  w ater and  have 
become rare in Ind ian  O cean reefs affected by bleaching 
(O bura 2005; M cC lanahan et al. 20077)).

The environm ental gradient and  the resulting differ­
ential bleaching in East Africa is m ost likely created by 
the local hydrography linked to  the position o f the 
Island of M adagascar and, to  a lesser extent, the other 
sm aller islands along the T anzanian  coast, m ost notably 
Songo Songo, M afia, Z anzibar, and  Pem ba. These 
islands reduce the influence o f the E quatorial and  East 
A frican C urrents and  result in higher w ater retention 
tim e and  high tem perature variation  (Figs. 1 and  7). 
C oral and  o ther taxa could be influenced in two 
interacting ways. F irst, the low to interm ediate D H W  
reduce severe im pacts o f extreme conditions th a t might
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otherwise far exceed norm al variation. Secondly, higher 
w arm ing resulting from  sem i-isolation could create a 
selective pressure for taxa to leran t o f w arm  water. 
C om m unity change and  genetically based adapta tions 
m ight evolve as spatial variations in abiotic conditions 
im pose divergent selective mechanism s and  prom ote 
genetically based differentiation of zooxanthellae, host 
corals, or their symbiosis (Baker et al. 2004, Buddemeier 
et al. 2004, Berkelm ans and  van O ppen 2006). A  therm al 
ad ap ta tion  th a t operates a t a  regional scale o f hundreds 
o f kilom eters as indicated fo r the G reat B arrier R eef 
(Berkelmans 2002) could be inferred from  the patterns 
observed in E ast Africa. The east A frican region, 
therefore, provides a  unique environm ental gradient to 
examine the relationships between environm ental vari­
a tion , climate change, and  adap ta tion , and  its conse­
quences for biodiversity and  ecological functions.

C o n c l u s io n s

This investigation o f the E ast A frica coastline reveals 
distinct regional variation  in SST rise, variation  and 
DEIM, and  response to  the 1997-1998 bleaching event. 
This regional variation  largely falls into three m ajor 
categories w hich are expected to  respond differentially 
to  clim ate change and  provide a basis fo r m ore 
comprehensive analyses o f climate change predictions 
in  o ther regions and  on a  global basis. O ur data  
underline the need to  evaluate the appropriate  scale a t 
w hich tem perature operates in  creating different accli­
m atio n /ad ap ta tio n  environm ents. T em perature base­
lines, rises, and  thresholds are unlikely to  predict the 
fu ture o f coral reefs unless they are based on m ore 
inform ation ab o u t the tem perature histories and  accli­
m ation /adap ta tion  potential o f corals w ithin various 
therm al environm ents. The response of m arine organ­
isms to  tem perature variation  can be complex and 
greatly depend on their history o f exposure and  ability 
to  acclimate and  adap t to  changes (Berkelmans 2002, 
Coles and  Brown 2003, Baker et al. 2004, Buddem eier et 
al. 2004). A  view o f coral reef ecosystems th a t em ­
phasizes regional and  historical variability and  acclim a­
tion /adap ta tion  to various environm ents (Lough 1994, 
Brown 1997) is likely to  be m ore accurate than  one th a t 
sees them  as characterized  by stable an d  benign 
tem perature regimes close to  their upper thresholds. 
This change in focus is likely to hold the key to  viewing 
the persistence o f reefs under fu ture climate change 
predictions and  increase the optim ism  needed to  value 
fu rther research and  m anagem ent efforts on coral reefs.

Corals acclimatized and  adapted  to  therm al stress 
show m ore tolerance to  elevated tem peratures and 
rad iation  and  bleach less (G oreau et al. 1992, Brown 
et al. 2000, 2002, W est and  Salm 2003) b u t often a t the 
expense o f losing taxa w ith low tolerance to  environ­
m ental fluctuations (M cC lanahan and  M aina 2003). 
W ith  the need to  understand coral reef resilience, recent 
research has focused on these stressed or m arginal reefs 
(Perry and  Larcom be 2003). Stressed locations where

reefs are no t a t their m ost productive or diverse can 
provide im portan t inform ation on coral reef resistance, 
b u t m ore im p o rtan t to  m anagem ent o f coral reef 
diversity is how  resilience evolves in reefs th a t m aintain  
high coral cover, high diversity, and  ecological func­
tion ing . T an zan ian  an d  C o m o rian  (and  p rob ab ly  
northern  M adagascar) reefs appear to provide these 
conditions as they have m aintained high cover and 
species diversity over a  period o f extreme disturbance, 
and  are, therefore, a  high priority  for future research 
and  m anagem ent.
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