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Abstract

A challenge lor conservation science is predicting the impacts oí co-occurring 
hum an  activities on ecological systems. M ultiple anthropogenic and natural 
stressors impact ecosystems globally and are expected to jeopardize their eco­
logical iunctions and the success oí conservation and m anagem ent initiatives. 
The possibility that two or m ore stressors interact synergistically is oí particu­
lar concern, but such nonadditive eiiects rem ain largely unidentified in nature. 
A long-term  data set oí hard  coral cover irom  K enyan reels was used to ex­
am ine the independent and interactive eiiects oí two stressors: fishing and a 
tem perature anom aly in  1998 that caused mass coral bleaching and mortality. 
W hile bo th  stressors decreased coral cover, fishing by 51 % and bleaching by 
74% , they did not interact synergistically. Instead, their com bined eiiect was 
antagonistic or weakly additive. The observed nonsynergistic response m ay be 
caused by the presence oí one dom inant stressor, bleaching, and cotolerance oí 
coral taxa to both  bleaching and fishing stressors. Consequently, coral bleach­
ing has been the dom inant driver oí coral loss on K enyan reels and while 
m arine reserves oiler m any benefits to reel ecosystems, they m ay not provide 
corals w ith a reiuge irom  climate change.

Introduction
The potential ior interactions am ong anthropogenic and 
natural disturbances is one oí the largest uncertainties ior 
predicting ecological change and eiiective conservation 
policy (Sala et al. 2000; Didham et al. 2007; Brook et al. 
2008). Climate change, habitat loss, invasive species, pol­
lution, disease, and overexploitation are typically stud­
ied and m anaged in  isolation, although it is becoming 
increasingly clear that a single-stressor perspective is in ­
adequate w hen  ecosystems are threatened  by multiple, 
co-occurring stressors (Sala et al. 2000; Breitburg & Riedel 
2005; Halpern et al. 2008a, b). lí such stressors in te r­
act nonadditively, the result can be "ecological surprises" 
that precipitate sudden and accelerated declines in biodi­
versity and ecological iunction  (Paine et al. 1998; Folke 
et al. 2004), w hich are difficult to predict and, therefore, 
to manage.

Synergies are one type oí nonadditive interaction be­
tw een two or m ore stressors that occur w hen  the com ­
bined impact oi the stressors is greater than  the sim­
ple sum oi their individual impacts (Folt et al. 1999; 
Breitburg & Riedel 2005). Here, a stressor is defined as 
any environm ental or biotic iactor that exceeds natural 
levels oi variation to cause a detrim ental eiiect in a re ­
sponse variable (Bertness & Callaway 1994; Breitburg & 
Riedel 2005; Crain et al. 2008; Darling & Côté 2008). Two 
recent m eta-analyses evaluating m ultiple stressor interac­
tions in terrestrial, ireshw ater, and m arine systems sug­
gest that synergies m ay not be as com m on as expected 
and that other forms oi stressor interactions are equally 
likely (Crain et al. 2008; Darling & Côté 2008). For ex­
ample, a nonadditive antagonistic interaction can occur 
w hen  the com bined impact oi two stressors is less than  
the sum  oi individual impacts or the eiiect oi multiple 
stressors can be additive, w here the com bined impact
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is simply equal to the sum of the impacts of individual 
stressors (Folt et al. 1999; Breitburg & Riedel 2005). De­
spite the im portance of quantifying the nature of stres­
sor interactions for effective m anagem ent and conserva­
tion policy (Didham et al. 2007; Crain etal. 2008; Darling 
& Côté 2008; Halpern et al. 2008b), explicit evaluations 
of stressor interactions (e.g., synergy vs. antagonism  vs. 
additive effects) in natural systems rem ain limited, likely 
because m ost stressors occur sim ultaneously and it can be 
difficult to distinguish the independent and com bined ef­
fects of m ultiple stressors (Mora et al. 2007; Halpern etal. 
2008a, b).

Coral reefs are a model ecosystem to evaluate the cu­
m ulative impacts of m ultiple stressors. Coral reefs are in 
decline around  the world (Gardner et al. 2003; Bruno & 
Selig 2007) and widespread losses of live coral cover and 
phase shifts from  coral- to algae-dom inated com m uni­
ties are frequently assum ed to be driven by the synergis­
tic impacts of overfishing, eutrophication, sedimentation, 
and rising sea surface tem peratures associated w ith cli­
m ate change (Nyström et al. 2000; Bellwood et al. 2004; 
Pandolfi et al. 2005; K now lton & Jackson 2008; M ora 
2008). In this study, we investigated the independent and 
interactive effects of fishing and climate change-induced 
coral bleaching on Kenyan coral reefs. Coral bleaching is 
a stress response, prim arily caused by anom alously high 
w ater tem peratures associated w ith climate change, that 
leads to the expulsion of symbiotic dinoflagellate algae 
(Symbiodinium spp.) from coral tissue, causing the coral 
to tu rn  w hite or "bleach" and can lead to coral m ortality 
(reviewed in  Hoegh-Guldberg etal. 2007). In 1998, the El 
N iño-Southern Oscillation (ENSO) coincided w ith  the In ­
dian Ocean Dipole (IOD), w hich resulted in the w arm est 
w ater tem peratures on record for the W estern Indian 
Ocean and led to unparalleled levels of coral bleaching 
and m ortality th roughout the region (M cClanahan et al. 
2007a; Graham eta l. 2008). The 1998 bleaching event 
did not, however, occur in isolation bu t against a back­
ground of on-going hum an  pressures, particularly fish­
ing. W ith the exception of reefs w ithin no-take m arine 
reserves tha t exclude fishing, a small-scale reef fishery 
heavily exploits m arine resources on Kenya reefs. Fisher 
densities range from 5 to 30 fishers km~2 and use gili nets, 
hand  lines, spear guns, beach seines, and traps as the p ri­
m ary fishing gears and w here fisher densities range from 
5 to 30 km~2 (M cClanahan etal. 2008). O ther m ajor coral 
reef stressors, such as sedim entation and eutrophication 
can occur periodically, bu t are spatially limited along the 
K enyan coast due to strong currents and tidal flushing, 
and are expected to influence both  fished and unfished 
reefs (Obura 2001).

A synergistic interaction betw een fishing and coral 
bleaching could occur if fishing reduces the resilience of

exploited reefs to bleaching (Nyström et al. 2000; Hughes 
etal. 2003; M um by etal. 2007) and a num ber of m ech­
anisms are possible. At the physiological level, physi­
cal damage from fishing could require coral colonies to 
spend energy on tissue and skeleton repair, w hich m ay 
reduce the ability of corals to resist and recover from co­
occurring therm al stress and bleaching (Anthony et al. 
2002, 2009). At the coral com m unity level, fishing could 
increase the abundance of corals tha t are tolerant of tram ­
pling and breakage caused by fishers and fishing gear 
(Mangi & Roberts 2006) bu t in tolerant of therm al stress. 
At the ecosystem level, fishing could reduce the abun ­
dance of grazing herbivorous fishes such tha t benthic as­
semblages on fished reefs are m ore likely to become over­
grown by fleshy erect algae tha t may out-com pete corals 
for space, reduce coral recruitm ent, and potentially in ­
crease coral disease, all of w hich have been suggested 
to increase the vulnerability of reef corals to bleaching 
(Knowlton & Jackson 2008).

Here, we evaluate the independent and combined im ­
pacts of fishing and bleaching on live coral cover by com ­
paring ecological changes on fished and unfished reefs 
before and after a m ajor coral-bleaching event. W e test 
the hypothesis tha t exposure of coral reefs to both  fish­
ing and climate change-induced bleaching m ortality will 
intensify the loss of coral cover in a synergistic m anner.

Methods
Ecological surveys w ere carried out betw een 1987 and 
2008 at 12 sites along an  approxim ately 150 km stretch 
of K enyan coastline. Previous analyses of these data have 
focused on the short- and m edium -term  effects of b leach­
ing on coral reef com m unities (M cClanahan et al. 2001; 
M cClanahan 2008), bu t have not considered the po ten ­
tial for synergy betw een fishing and bleaching. In this 
study, we focus particularly on 2 years of this tim e se­
ries: 1997 and 1999, i.e., 1 year before and after the 
1998 bleaching event. Seven sites w ere located on in ten ­
sively fished reefs (Diani, two sites; Kanamai, two sites; 
Ras Iwatine, one site; Vipingo, two sites) and five sites 
w ere located on reefs inside unfished, no-take m arine re ­
serves (Malindi M arine National Park, two sites; M om ­
basa M arine National Park, two sites; W atam u M arine 
National Park, one site); fished and unfished sites are in ­
terspersed along the coast (for map, see M cClanahan & 
Obura 1995). Fishing prohibition is enforced in  all M a­
rine National Parks while artisanal fishers intensively ex­
ploit the nonpark  reef sites (M cClanahan et al. 2008). 
All sites w ere located in shallow back-reef lagoons typ­
ical of Kenya's coral reef systems. Benthic cover was sur­
veyed annually  at each site using nine to 12 haphazardly
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placed 10 m  line-intercept transects. The lengths of m a­
jor benthic com ponents (hard coral, soft coral, turf al­
gae, and erect fleshy algae) underlying each transect line 
w ere m easured to the nearest centim eter. Percent coral 
cover was calculated as the sum  of the lengths of the hard 
coral com ponents divided by the total transect length. 
Site-specific m ean (±  standard error) percent coral cover 
was calculated for each year from the average of the in ­
dividual transect values and used in  all following anal­
yses. There was no evidence for spatial autocorrelation 
of coral cover either before or after the 1998 bleaching 
event (M oran's 1: 1997, P = 0.53; 1999, P = 0.49; M antel 
test: 1997, P = 0.54; 1999, P = 0.88), confirming tha t the 
estimates of coral cover at each site w ere independent.

Change in  coral cover following bleaching was quan ­
tified using an effect size m etric w hich estimates gains 
or losses in  coral cover relative to a baseline coral cover 
(equivalent to CA in Gardner etal. 2003; Côté etal. 2005). 
This effect size provides estimates of change tha t are com ­
parable across all sites and accounts for initial prebleach­
ing differences in  coral cover on fished and unfished 
reefs (Côté et al. 2005; Graham et al. 2008). W e com ­
pared changes in coral cover on fished and unfished reefs 
across the 1998 bleaching event to quantify the indepen­
dent and com bined effects of fishing and bleaching on 
live coral cover. For clarity, we use the absolute values 
of these effect sizes to estimate coral loss associated w ith 
fishing and bleaching.

The independent effect of fishing was calculated as:

Fishing =  [X .F F U id .1 9 9 7  —  X U n fis h e d ,1 9 9 ? )  / X u n ß k e d ,1 9 9 7  ( 1 )

w here X Fislled,i997 is the m ean percent cover of hard  corals 
on fished sites (n =  7) in  1997 and X UnftShedtI997 is the m ean 
percent coral cover at unfished sites (n =  5) in 1997. We 
calculated the variance of the fishing effect size from the 
delta m ethod, w hich is a m athem atical m ethod used to 
calculate the variance of a function from the variances of 
the individual input variables (see Oehlert 1992; Casella 
& Berger 2001). Here, the variance of the fishing effect 
size is calculated as:

. (  1 y
v a r Fishing —  s pished, 1997  *  ÿ  I

\ J iU n f i s k e i ,1 9 9  7 /

I „ 2  (  ~ - ^ F is h e d ,  1997  \  / ~ , x
+ S Unfished, 1997  * I ~TÇ % I ‘ '

\ \F S U n fls h e d ,1 9 9 7 )  /

w here 4 shed. 1997 and Slnfished.i997 are the variances of the 
1997 coral cover estimates at fished and unfished sites, 
respectively. The 95%  confidence interval (95% Cl) was 
calculated using the i-distribution, w hich is m ore ap­
propriate for small sample sizes (Zar 1999), and using 
pooled degrees of freedom (df =  10), as 95% CAFishin0 = 
2.228 * a.YFishin0/12. Evaluating the effect of fishing as

the difference in  coral cover betw een the fished and u n ­
fished sites in 1997 removes any influence of the 1998 
bleaching event, w hich occurred 1 year later. However, 
if habitat quality w ere higher in  unfished reserves prior 
to im plem entation of protection (i.e., better quality habi­
tats w ere chosen as reserve sites), our estimate of the dif­
ference in coral cover betw een fished and unfished reefs 
w ould be artificially inflated (Halpern 2003). To address 
this potential problem , w e com pared coral cover in  1987 
on the M ombasa reef before this site was established as 
a m arine reserve, to coral cover in  the same year on six 
fished reefs tha t later rem ained unprotected. No prepro­
tection data w ere available for the M alindi or W atam u 
reserves, w hich w ere established in 1968 and 1972, re ­
spectively. Similarity betw een the M ombasa site (prior 
to its enforcem ent as a reserve) and other fished sites 
w ould suggest tha t bias caused by natural differences in 
site quality was limited. We also perform ed a post-hoc 
pow er analysis on the effect size of fishing, as detailed 
below.

The independent effect of bleaching was calculated 
from the average change in coral cover on unfished sites 
before and after the 1998 bleaching event:

5

5 Z  { X u n fis h e d .1 9 9 9  X  ! 9¡{¡F¡,.¡ / 7  ) /  X  ; / 007

Bleaching = —------------------------- - ---------------------------  (3)

w here X U nflshei, i 999  and X U nflshei, i 997  are the percent cover 
of hard  corals at each unfished site, /, (n = 5) in  1999 
and 1997, respectively. Evaluating the effect of bleach­
ing from only the unfished sites rem oved any influence 
of fishing. The variance of the m ean bleaching effect 
size was calculated from the variation of the individual 
bleaching effect sizes calculated for each protected site (n 
= 5) and used to quantify 95%  confidence limits, also us­
ing the i-distribution (df =  4), as 95%CAB¡eachin0 = 2.776 * 
^ v a r Bieachin0/5 . [Correction added after online publica­
tion 15 January  2010: Equation 3 originally read as
( X u n f l s h e d ,  1999 ~  X Fisk e d ,1 9 9 7 ) - ]

The independent effect sizes of fishing and bleaching 
w ere then  combined to produce an  additive expectation, 
w hich was used as a null hypothesis against w hich we 
com pared the observed combined effect of fishing and 
bleaching. The additive null expectation was generated 
from a multiplicative risk model, such that:

Fishing +  Bleaching = F + B — (F * B) (4)

w here F and B are the absolute values of the Fishing 
and Bleaching effect sizes, respectively. Multiplicative risk 
models correct for over-inflated m ortality estimates of 
simple additive sum  models (Soluk & Collins 1988; Sih 
et al. 1998). For example, if stressors X  and Y  kill 60%
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and 70% of a population, respectively, a simple addi­
tive expectation (X  +  Y) w ould predict an  unattainable 
m ortality of 130% while the multiplicative risk model 
generates a m ore realistic expectation of 88% mortality. 
For clarity, w e refer to the prediction of the multiplicative 
risk model as the "additive" or null expectation. The vari­
ance of the null expectation was again calculated using 
the delta m ethod to combine the variances of the inde­
pendent fishing and bleaching effect sizes:

varp+g =  v ar(F) * (1 — B)2 +  var(E) * (1 — F )2 (5)

w here v ar(F) and var(B) are the variances of the fishing 
and bleaching effect sizes, respectively. The 95%  Cl was 
then  calculated using the t-distribution (pooled df =  10), 
as 95%CIp+b =  2.228 * s/ vsccf+b/12.

To evaluate the nature of the interaction betw een fish­
ing and bleaching, w e com pared the additive null expec­
tation to the observed change in  coral cover on reefs that 
w ere exposed to both  fishing and bleaching, quantified 
as,

Fishing x Bleaching
=  { ^ F is h e d ,  1999 ~  ^ U n f l s h e d ,1 9 9 j )  /  X u n p s h e d .1 9 9 7  (£)

w here X Fisiledd999 is the m ean coral cover on fished sites 
in  1999 and X Unp lKdd999 is the m ean coral cover on u n ­
fished sites in  1997. The variance of the interaction b e­
tw een fishing and bleaching (F x B) was calculated using 
the delta m ethod to combine the variances of coral cover 
on fished sites in 1999 and unfished sites in  1997: [Cor­
rection added after online publication 15 January, 2010: 
this sentence originally read " . . .  fished sites in 1997 and 
unfished sites in 1999:".]

varp b =  %
1

Xunpshed,1997  ,

, I  X p js h e d , 1999
~f  S ij}itïshed,1997 * 1 , T7

\ ( F Í U n fis l¡ e d ,1 9 9 7 ) ~ (7)

w here s jislm1I999 and sjjHßhedI99J are the variances of the 
coral cover estimates from fished sites in  1999 (n = 7) and 
unfished sites in  1997 (n = 5), respectively. The 95% con­
fidence limit of the fishing x bleaching interaction was 
calculated using the t-distribution for small sample sizes 
(pooled df =  10) as 95%CIp B = 2 .228* v/varp B/12. If 
the observed F x B change in  coral cover was greater 
than  the additive null expectation in  absolute term s (i.e., 
no overlap of 95% CIs), the interaction betw een fishing 
and bleaching was classified as synergistic. If the observed 
change in  coral cover was less than  the additive null ex­
pectation (with no overlap in 95% CIs), the interaction 
betw een fishing and bleaching was classified as antag­
onistic. If the 95%  Cl of the additive null expectation 
overlapped w ith  the 95%  Cl of the observed fishing x

L*
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o
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F ig u re  1 The lack of fishing p r e s s u r e  in unf ished  m a r in e  r e s e r v e s  did n o t  

am e l io r a te  t h e  effec ts  of a coral  b le ach in g  e v e n t  in 1998.  V alues  sh o w n  

a r e  p e r c e n t  cora l c o v e r  on f ished (open circles) a n d  unf is hed  (filled circles) 

Kenyan  ree f s  b e t w e e n  1991 a n d  2008 . The g ray  b a r  Ind ic a te s  t h e  1998 

ENSO-IOD (El Niño S o u th e r n  Osc lllatlon-lndlan O cean  Dipole) b leach in g  

ev e n t .  M ean  coral c o v e r  Is s h o w n  =E 1 SEM.

bleaching effect size, the interaction was classified as ad ­
ditive. [Correction added after online publication 15 Jan ­
uary, 2010: Equation 7 original read as sjislm1199J in the 
second part of the Equation.]

To test w hether the interaction type was robust to 
changes in  the calculated independent effect sizes, we 
perform ed a post-hoc pow er test by independently  in ­
creasing and decreasing the fishing and bleaching effect 
sizes by 10%, increasing both effect sizes by 10% and de­
creasing both  effect sizes by 10% (e.g., Sala et al. 2000). 
W e then  recalculated the additive expectation for each 
scenario and retested w ith  the 95%  CIs of the new  ex­
pectations against the 95% Cl of the observed interac­
tion, reclassifying each outcom e as antagonistic, additive, 
or synergistic. We also com pared annual rates of change 
in  coral cover on fished and unfished reefs across the 
bleaching event (betw een 1997 and 1999) and quantified 
the subsequent postbleaching recovery trajectories (be­
tw een 1999 and 2008) using a geometric rate of change, 
w hich is appropriate for nonlinear tim e series, as C RG =  
100* [(Ce„d/C surt)lld -  1], w here Cmd and Cstan are the 
percent coral cover at the start and end years, respec­
tively, and d is the num ber of years betw een the start 
and end years (Côté et al. 2005).

Results
Coral cover declined on both  fished and unfished reefs 
following the El N iño-Southern Oscillation and Indian 
Ocean Dipole (ENSO-IOD) event of 1998 (Figure 1). 
Percent hard  coral cover was higher on unfished reefs 
(m ean coral cover ±  SEM: 42.0 ±  1.6%) than  on fished 
reefs (20.6 ±  1.3%) in 1997 before the bleaching event
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72.2%  (95% Cl =  60.9% -83.4% ) in  coral cover, w hich 
was less, in  absolute terms, than  the predicted additive 
expectation of the combined stressors (null m odel F +  
B = 87.2% , 95%  CI =  83.0% -91.4% ), suggesting an 
antagonistic interaction betw een fishing and bleaching 
(Figure 2). However, the small overlap in  the 95% CIs 
(0.4%) indicates that the additive null hypothesis can­
not be fully rejected. Our classification of the fishing x 
bleaching interaction as nonsynergistic was confirmed in 
all scenarios of the post-hoc pow er test. Increasing any 
or all of the stressor impacts by 10% resulted in antago­
nistic interactions and decreasing the stressor impacts by 
10% resulted in additive interactions. Since none of these 
scenarios resulted in the reclassification of the fishing x 
bleaching interaction as synergistic, our finding of a n o n ­
synergistic interaction appears to be robust.

F ig u re  2 The im p a c t  of t h e  199 8  b le ach in g  e v e n t  w a s  significantly g r e a t e r  

th a n  fishing im p ac t s  on  t h e  loss  of cora l c o v e r  on  Kenyan ree fs .  The o b ­

s e r v e d  dec l ine  in coral  cov e r  f rom  t h e  c o m b in e d  ef fec t of t h e  tw o  s t r e s s o r s  

w a s  an t ag o n is t i c  or  w eakly  add it ive , n o t  synergis tic;  b le ach in g  a p p e a r s  to  

o v e r r id e  t h e  ben e fi t s  of local p r o te c t io n  from  fishing in n o - tak e  m a r in e  

r e s e r v e s .  M ean  e f fec t  sizes  a r e  s h o w n  with  95% co n f id en ce  in te rvals  and  

t h e  d a s h e d  line ind ica tes  t h e  95% co n f id en ce  interval of t h e  add i tive  (null) 

ex p e c ta t io n  (see  M ethods) .

(two-sample Mest, fio =  —10.4, P < 0.0001; Figure 2). 
This difference does not appear to be due to the selec­
tion of high-quality reefs for reserve establishm ent since 
coral cover on the M ombasa reef in 1987, before it was 
protected, was not significantly different from coral cover 
in  the same year on reefs that rem ained unprotected 
(m ean 1987 coral cover ±  SEM: Mombasa: 6.8 ±  5.5%, 
fished reefs: 12.4 ±  3.2%; one-sam ple f-test, f5 =  0.61, 
P = 0.57). Following the 1998 bleaching event, there 
was no difference in  coral cover betw een fished and u n ­
fished reefs (m ean 1999 coral cover ±  SEM: unfished 
reefs: 11.1 ±  2.4%, fished reefs: 11.4 ±  2.0%; two-sample 
f-test, fio =  0.12, P = 0.91). Overall, live coral cover de­
clined m ore on unfished reefs (m ean coral loss per year ±  
SEM: 49.6 ±  3.7% per year) than  on fished reefs (28.0 ±  
7.3%  per year) following the bleaching event and coral 
cover betw een 1999 and 2008 has been recovering along 
similar trajectories on unfished reefs (9.9 ±  1.8% per 
year) and fished reefs (8.1 ±  1.6% per year) (see also 
M cClanahan 2008).

Fishing on its ow n was associated w ith  a 50.9% de­
cline in  relative coral cover (95% Cl =  38.6% -63.1% , 
Figure 2), as revealed by the com parison of fished and 
unfished sites prior to bleaching. Bleaching was associ­
ated w ith  a 74.0%  decline in  relative coral cover (95% 
Cl =  63.2% -84.7% , Figure 2). The observed combined 
effect of fishing and bleaching was a relative decline of

Discussion
The potential for interactive effects betw een co-occurring 
stressors has been highlighted as a severe threat to bio­
diversity and ecosystem function (Sala et al. 2000; Folke 
etal. 2004; B rookei al. 2008). Empirical evaluations of the 
cum ulative impacts of multiple stressors and predictions 
of future ecological change are, however, challenged by a 
poor understanding of the nature and interaction of the 
impacts (Didham et al. 2007; Halpern et al. 2008a; M ora 
2008). Here, parts of a long-term  data set of coral cover 
on K enyan reefs w ere used to quantify the nature of 
the interaction betw een two com m on stressors on coral 
reefs, fishing and therm al-stress-associated coral bleach­
ing. Fishing and bleaching w ere predicted to interact syn­
ergistically and an  accelerated decline of live coral cover 
on fished reefs was expected following bleaching (relative 
to an  additive expectation). This prediction was not em ­
pirically supported and we conclude that the interaction 
betw een fishing and bleaching on K enyan coral reefs is 
antagonistic or weakly additive, bo th  of w hich are n o n ­
synergistic. Immediately following the 1998 bleaching 
event, hard  coral cover declined less on fished (—28.0% 
per year) than  on unfished reefs (—49.6%  per year) 
(Figures 1 and 2). The larger decline of live coral 
cover on unfished reefs was not solely a function of 
higher absolute coral cover on unfished reefs in  1997 
(Figure 1) because our effect size m etric takes into ac­
count prebleaching differences in  initial cover on fished 
and unfished reefs (Gardner et al. 2003; Côté et al. 2005; 
Graham et al. 2008).

W hile the mechanism s that cause coral m ortality from 
coral bleaching and therm al stress are well studied (re­
viewed in  Hoegh-Guldberg et al. 2007), the impacts of 
fishing on coral decline are less well understood and
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could greatly influence the outcom es of the interactive 
responses. Fishing disturbances m ay directly damage liv­
ing corals from tram pling by fishers or damage by fishing 
gear (Cros & M cClanahan 2003; M angi & Roberts 2006). 
Fishing m ay also indirectly influence corals th rough  the 
loss of predatory fishes. For example, the loss of fish 
predators can increase the abundance of coral-eating 
starfish (Dulvy et al. 2004), bu t fishing also removes 
coral-eating fishes, w hich can reduce the predation pres­
sure on corals such tha t fast-growing corals released from 
corallivory could increase in  abundance on fished reefs 
(M cClanahan et al. 2005; Cole et al. 2008; Green et al. 
2008; Rotjan & Lewis 2008). Fishing could also influence 
interactions betw een corals and algae th rough the re ­
moval of grazing herbivorous fishes (Bellwood etal. 2004; 
M um by etal. 2007), and it m ay increase the abundance of 
sea urchins tha t can reduce algal cover and im pact corals 
via settlem ent success and bioerosion (Sammarco 1980; 
Carreiro-Silva & M cClanahan 2001). However, the im ­
pacts of fishing on total coral cover and the structure of 
coral assemblages have no t been fully explored.

W hy do fishing and bleaching have a nonsynergistic ef­
fect on coral cover? The answ er m ay partly depend on the 
asymmetric effects of the two stressors considered. For 
example, Folt et al. (1999) suggested tha t the dom inant 
stressor could drive the m agnitude of combined stres­
sor effects. W e found tha t greater declines in coral cover 
w ere associated w ith  bleaching com pared to fishing; the 
average coral m ortality from  the 1998 bleaching event 
(74%) was nearly 25% higher than  m ortality from fish­
ing (51%, Figure 2). The dom inant effect of coral bleach­
ing on K enyan reefs m ay therefore drive the m agnitude 
of the fishing x bleaching interaction, potentially over­
riding a synergistic interaction w ith  fishing. The m echa­
nisms causing such an effect are not currently know n but, 
nonetheless, confirm ation of this result in other parts of 
the world w ould indicate tha t a global strategy to mitigate 
climate change should provide m ore benefits to corals 
than  local m anagem ent efforts to reduce fishing pressure 
(see also Graham etal. 2008).

Covariation in  the response of coral species to the two 
stressors could also greatly influence the interaction ob­
served. For example, if the tolerance of a species to one 
stressor is associated w ith  tolerance to another stressor 
(positively correlated tolerances or cotolerance), the cu­
m ulative im pact of both  stressors should be less than  the 
sum  of both effects, resulting in an  antagonistic in te r­
action (Vinebrooke eta l. 2004). By contrast, negatively 
correlated tolerances due to trade-offs in stress tolerance, 
or no relationship betw een sensitivities to different stres­
sors m ay result in synergistic or additive effects, respec­
tively (Vinebrooke etal. 2004). Species-diverse com m u­
nities are expected to be composed of species w ith  both

positively and negatively correlated tolerances such that 
the net effect m ay depend on the abundance and dom i­
nance of to lerant or sensitive species w ithin the com m u­
nity. The similarity in postbleaching coral cover on fished 
and unfished reefs is consistent w ith  the idea of positively 
correlated tolerances to fishing and bleaching effects. If 
fishing pressure has already rem oved coral species that 
are sensitive to bleaching stress, then  the fishing-sensitive 
species tha t had become abundant w ith in  m arine re ­
serves are also the bleaching-sensitive taxa tha t w ere 
mostly lost in the 1998 bleaching event. The com bination 
of fishing and bleaching m ay therefore reduce assem ­
blages on both  fished and unfished reefs to a few species 
tha t are both  fishing- and bleaching-resistant. These sim­
ilar postbleaching assemblages w ould be expected to re ­
cover at the same rates and this m ay explain the similar 
recovery trajectories in fished and unfished sites.

Direct empirical evidence for com m unity tolerance or 
sensitivity to different stressors in reef corals is currently 
lacking. Nevertheless, based on independent observa­
tions of coral assemblages inside and outside of fishing- 
protected areas and their responses to bleaching (e.g., 
M cClanahan et al. 2001, 2007b; M cClanahan 2008), as­
semblages dom inated by foliaceous Montipora and various 
branching taxa such as Acropora, Stylophora, Seriatopora, 
and Pocillopora are likely to be sensitive to both  fishing 
and coral bleaching; conversely, assemblages dom inated 
by massive and submassive taxa, such as faviids (e.g., 
Pavia, Favites, Platgyra) and massive Porites, are expected 
to show cotolerance to bleaching and fishing. Predict­
ing cotolerance and consequences for coral assemblages is 
complicated, how ever, because fishing pressure m ay also 
favor "weedy" branching coral species w ith  fast-growing 
and short-lived life histories tha t m ight be m ore tolerant 
of subsequent and continuous disturbances (Knowlton 
2001; M cClanahan etal. 2006; Green etal. 2008). Thus, if 
the selection pressure exerted by fishing leads to the re ­
placem ent of disturbance-sensitive individuals or species 
w ith  disturbance-tolerant ones, the tolerance of the en ­
tire assemblage to a future disturbance, such as bleaching, 
w ould effectively be increased (Odum 1985; Blanck & 
W ängberg 1988). Ultimately, it should be relatively sim­
ple to test for species tolerances or sensitivities to differ­
en t stressors. Identifying these life-history attributes will 
m ake it easier to identify species of special conservation 
concern for both in situ and ex situ conservation actions. 
Furtherm ore, the prevalence and role of correlated to ler­
ances is critically im portant for predicting future ecolog­
ical changes on coral reefs and developing m anagem ent 
priorities.

Can our results be generalized to future stressor events 
and to other com binations of stressors on coral reefs 
in  other regions? Interactive effects tha t depend on the
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relative effects of contributing stressors m ay be both 
context- and m agnitude-dependent. For example, if our 
fished sites had experienced coral m ortality from m ore 
destructive fishing gears, such as cyanide poisoning or 
bomb fishing, w e m ay have reached different conclu­
sions. In addition, if herbivorous sea urchins w ere not 
abundant on fished reefs, w hich they are on K enyan reefs 
(M cClanahan 2008), then  the fishing effects of reduced 
herbivorous fishes m ight have been considerably greater. 
Similarly, interactive effects that are explained by species 
cotolerance m ay also be context dependent (Vinebrooke 
et al. 2004). For example, if the background stressor had 
selected for species assemblages tha t are m ore sensitive 
to therm al stress, w e m ight have detected a synergistic 
response. As such, m anaging interactions will likely re ­
quire an  understanding of the underlying mechanism s of 
the individual stressors, their com bined effects, the m ag­
nitude of the impact, and the ecosystem context.

W hile ours is the only study tha t found a nonsynergis- 
tic interaction betw een two stressors, it adds to the grow ­
ing evidence tha t antagonistic and additive effects m ay 
be as com m on as synergies (Crain etal. 2008; Darling & 
Côté 2008). This evidence suggests tha t synergies are ne i­
ther pervasive nor inevitable. Instead, quantifying the n a ­
ture of stressor interactions and identifying the dom inant 
drivers of change can improve fu ture forecasts of ecolog­
ical change and inform successful m anagem ent and m iti­
gation of m ultiple stressors.

In the context of coral reef conservation, the finding 
tha t the impacts of fishing and bleaching are no t synergis­
tic is hopeful news given fu ture predictions for coral reefs. 
However, our results also suggest that m arine reserves 
are no t enough to protect K enyan corals in a changing 
climate. This conclusion challenges the com m only held 
belief tha t m anaging local stressors, such as fishing, will 
mitigate global stressors, such as climate change. W hile 
there is some evidence for a reduction of climate change 
impacts th rough local protection on Caribbean coral reefs 
(Carilli et al. 2009), an  exclusive focus on local stressor 
m anagem ent in  Kenya, w here climate change is the dom ­
inan t driver of coral loss, m ay lead to unrealistic expec­
tations of reef resilience. This is, of course, no t to say 
tha t local protection efforts should be abandoned. M a­
rine reserves provide a m yriad of w ell-docum ented b ene­
fits for coral reef ecosystems and fisheries (Halpern 2003; 
Russ et al. 2004; K now lton & Jackson 2008). However, 
to fulfill their im portant role as refuges and recoloniza­
tion sources for disturbance-sensitive coral species (Mc­
Clanahan 2008), m arine reserves will need to be located 
in  areas tha t are no t vulnerable to therm al stress (Gra­
ham  et al. 2008; M aina et al. 2008). Through judicious 
placem ent in areas of climate refugia, m arine reserves can

help to protect coral reefs by reducing additional an th ro ­
pogenic disturbances.
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