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Abstract

Increased frequency of disturbances and anthropogenic activities are predicted to have a
devastating impact on coral reefs that will ultimately change the composition of reef
associated fish communities. We reviewed and analysed studies that document the
effects of disturbance-mediated coral loss on coral reef fishes. Meta-analysis of 17
independent studies revealed that 62% of fish species declined in abundance within 3
years of disturbances that resulted in >10% decline in coral cover. Abundances of
species reliant on live coral for food and shelter consistently declined during this time
frame, while abundance of some species that feed on invertebrates, algae and/or detritus
increased. The response of species, particularly those expected to benefit from the
immediate loss of coral, is, however, variable and is attributed to erratic replenishment
of stocks, ecological versatility of species and sublethal responses, such as changes in
growth, body condition and feeding rates. The diversity of fish communities was found
to be negatively and linearly correlated to disturbance-mediated coral loss. Coral loss
>20% typically resulted in a decline in species richness of fish communities, although
diversity may initially increase following small declines in coral cover from high
coverage. Disturbances that result in an immediate loss of habitat complexity (e.g. severe
tropical storms), have a greater impact on fishes from all trophic levels, compared with
disturbances that kill corals, but leave the reef framework intact (e.g. coral bleaching and
outbreaks of Acanthaster planci). This is most evident among small bodied species and
suggests the long-term consequences of coral loss through coral bleaching and crown-of-
thorn starfish outbreaks may be much more substantial than the short-term effects
currently documented.
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Introduction

Natural sources of physical and biological disturbance
play important roles in determining the structure and
dynamics of ecological communities (e.g. Sousa, 1984;
Pickett & White, 1985; Petraitis et al., 1989). The pre-
dicted outcomes of variation in the intensity, duration
and frequency of disturbances have become important
components of ecological theory (Connell, 1978;
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Huston, 1979; Wootton, 1998). Coastal marine habitats
in particular are exposed to and appear to be suscep-
tible to a wide range of natural disturbances, including
storms, temperature fluctuations, rainfall and terrestrial
run-off, diseases and outbreaks of predatory echino-
derms. Variations in the scale and intensity of these
disturbances contribute to the spatial complexity, bio-
diversity and dynamic nature of these habitats (Harris
et al., 1984; Dayton, 1985; Karlson & Hurd, 1993; Short &
Wryllie Echeverria, 1996).

The diversity, frequency and intensity of anthropo-
genic disturbances has been increasing exponentially
over the last 100 years, long-term records showing that
these are leading to directional changes in the structure
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of benthic marine ecosystems (Dayton et al., 1998;
Jackson et al., 2001; Hughes et al., 2003). Marine ecolo-
gists are alarmed over the extent of past impacts and the
predicted loss of coastal habitats, including seagrass
beds (Short & Wyllie Echeverria, 1996, Duarte, 2002),
kelp forests (Dayton et al., 1998; Steneck et al., 2002),
mangroves (Ellison & Farnsworth, 1996; Alongi, 2002)
and coral reefs (McClanahan, 2002; Hughes et al., 2003).
These structurally complex, yet seemingly fragile mar-
ine habitats support a large proportion of the world’s
shallow marine biodiversity and the full consequences
of the declining area and quality of these habitats
remain largely unknown.

As most habitats are exposed to multiple distur-
bances, identifying the role or importance of any one
agent of disturbance can be problematic. Disturbance
will differ in terms of the spatial scale of impact on
habitat, intensity and the magnitude of the effect,
duration of individual episodes of disturbance, and
temporal frequency of different episodic events
(Connell, 1978; Bender et al., 1984). Different kinds of
disturbances may impact on one habitat at the same
time or at different times, and they may have a range of
both common and unique impacts on habitat structure.
The current state of a community will be a product of a
complex disturbance history, and the impact of any new
disturbance will be contingent upon this history and the
stage of recovery (Hughes, 1989; Dayton et al., 1998;
Jackson et al., 2001). In addition, the timing and fre-
quency of different disturbances may be inextricably
linked at different scales of space and time. For exam-
ple, the mechanical effects of storms may be linked with
those of freshwater run-off, salinity changes and sedi-
mentation over short time scales (Jokiel ef al., 1993). At
the other extreme, global warming has been linked to
increasing frequency of storms over several decades
(Goldenberg et al., 2001; Webster ef al., 2005).

The bulk of the disturbance literature deals either
with a single type of disturbance or treats disturbance
as a single extrinsic force. However, as the diversity
and the relative importance of different disturbances
changes, it is important that we unravel their unique,
combined and/or synergistic effects. It is increasingly
evident that communities susceptible to natural
disturbances are even more vulnerable to increasing
pressure from anthropogenic factors (Waldichuk, 1987;
Glynn, 1994; Short & Wyllie Echeverria, 1996). While
the distinctions between ‘natural’ and ‘disturbed’
habitats, and between ‘natural’ and ‘anthropogenic’
agents of disturbance have become increasingly
blurred, we do know that multiple disturbances
are changing the nature of shallow water seascapes
world-wide. Perhaps the most documented changes
are for coral reefs.

© 2006 The Authors

Disturbance plays a major role in determining the
structure and dynamics of coral reef habitats and may
be critical to the maintenance of diversity in these
species-rich systems (Connell, 1978; Huston, 1985;
Karlson & Hurd, 1993; Jones & Syms, 1998). Distur-
bances such as crown-of-thorns starfish outbreaks,
sea-urchin die-offs, tropical cyclones, terrestrial run-
off, coral bleaching and disease can all result in
dramatic changes to coral cover and the structure of
benthic populations and communities. Long-term data
show that coral cover is in decline in many (not all)
regions of the world (Hughes, 1994; Gardner et al., 2003;
Bellwood et al., 2004) and ecologists have directed their
attention towards the causes of and remedies for this
decline. The number of publications dealing with dis-
turbance to coral reefs since 1960 show that research
and our understanding of these phenomena has in-
creased dramatically over the last 20 years (Fig. 1).
The range of disturbance agents that have been studied
has increased and the relative attention received by
different kinds of disturbance has changed. The pub-
lication record (Fig. 1) evidently reflects global decline
in reef health over this period (Roberts, 1993), increas-
ing concern over the susceptibility of coral reefs to
anthropogenic disturbance in general, and the percep-
tion that the relative importance of different threats to
coral reefs has changed. While the crown-of-thorns
starfish was once seen as the greatest threat (see review
by Grigg, 1992), since the 1998 bleaching event that
devastated many coral reefs world-wide, the impacts of
global warming have become a higher priority.

Even today, most studies on coral disturbance ad-
dress a single form of disturbance, studies on multiple
disturbances being the exception (Fig. 1). However, the
long-term decline in coral cover in many regions is
often explained by multiple disturbances. For example,
the phase-shift from corals to algae in Jamaica has been
explained by the sequential and combined effects of
cyclone damage, mass mortality of sea urchins and
over-fishing of herbivores (Hughes, 1994). Similarly,
coastal sedimentation, bleaching and crown-of-thorns
starfish have combined to devastate some coastal reefs
in PNG (Jones et al., 2004). Different agents of distur-
bance are likely to have similarities and differences,
which when combined, may hasten the collapse of coral
reef ecosystems.

The combined forces of nature and human interven-
tion all appear to be distinctly bad for corals, the major
habitat-forming organism on coral reefs (Bellwood et al.,
2004). However, the effects of different disturbances on
corals are also likely to be transferred to other organ-
isms that are reliant on reef habitats. Coral reefs which
cover only 0.09% of the ocean area are the habitat of
approximately a quarter of all fish species (Spalding
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Fig. 1 Temporal distribution of studies documenting response of fish to coral loss from different disturbance types.

et al., 2001) and fishes are the most conspicuous, diverse
and well-studied groups of organisms that are closely
associated with coral reefs. For the large part, they are
dependent on coral reef habitat for vital resources such
as food, shelter and living space, the requisites for
survival and reproduction (Jones & Syms, 1998). The
abundance of individual species and the structural and
functional composition of the community should, thus,
be very sensitive to disturbance-induced changes in
habitat structure. However, reef fish species vary from
small species that may be associated with a single coral
species to those that may be found almost anywhere on
the reef (Williams, 1991; Munday et al., 1997; Munday,
2000). In theory, the susceptibility to disturbance may
largely be determined by where most fish lie between
the extremes of specialization and versatility (Vazquez
& Simberloff, 2002). Disturbances may have a range of
effects including the loss, fragmentation and/or degra-
dation of preferred habitat, which may affect fish spe-
cies in different ways (Caley et al., 2001). In addition,
some fishes may be associated with biotic features of the
habitat such as corals or sponges (e.g. Bell & Gazlin,
1984), while others are more associated with the topo-
graphical complexity of the reef, occupying caves, holes
or crevices (e.g. McCormick, 1994). To understand the
impacts of habitat-disturbance on fishes we need to
understand, not only the specific habitat requirements
of the fish, but the ways in which different disturbances
affect the biological and physical structure of the sub-
stratum.

Developing an understanding of how coral reef fishes
respond to habitat loss and degradation is becoming
urgent. There has been a proliferation of studies that are
showing that reef fish communities are responding to
habitat change (see Table 1), and when coral loss has
been severe, reef fish biodiversity is in decline (Jones

et al., 2004; Graham et al., 2006). The consequences
could be far-reaching. The presence of important
functional groups of reef fishes is important for coral
reef health (Bellwood et al., 2004), and many fish
species are important to local economies and subsis-
tence in the more than 181 countries that have coral
reefs (Wilkinson, 2004). In developing theory to apply to
the problem, the published literature on the effects of
different kinds of disturbances on reef fish communities
and resources is fragmentary. As with studies on the
effects of disturbance on corals, most studies on fishes
have documented the short-term effects of single
known disturbance events (Fig. 1). When this subject
was first reviewed, based on papers published up until
the mid-1990s, few generalizations about different dis-
turbances and their effect on fishes had emerged (see
Jones & Syms, 1998). Despite a proliferation of new
studies over the last decade, there have been no further
attempts to synthesize this information or provide a
long-term prognosis for coral reef fish communities in a
changing seascape.

In this review, we take a ‘bottom-up’ approach to
understanding the determinants of change and long-
term trends in the structure and composition of coral
reef fish assemblages. That is, we assess to what degree
fish abundance and diversity is determined by the
nature of their underlying habitat, and to what degree
changes to fish communities are linked to habitat
change resulting from different agents of disturbance
on coral reefs. We provide a meta-analysis of the
empirical data from published papers to address a
number of specific questions:

(1) How does disturbance-induced coral decline affect
different fish species, different functional groups of species
and fish communities as a whole? A meta-analysis of
existing data is here presented to determine the effect
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Table 1 Details of studies used to assess the affect of coral loss on fish

% coral cover

Time since
Location Disturbance disturbance Before After Source
Iriomote Island, Japan Bleaching 2 years 95 0 Sano (2004)*"
Okinawa Island, Japan Experiment 1 month 90 0 Sano et al. (1984)*
Arabian Gulf, Dubai Bleaching 3 years 20 22 Riegl (2002)"
Kona, Hawaii Storm 4 months 78 37 Walsh (1983)*
Chagos Bleaching 3 years 69-39 47-8 Sheppard et al. (2002)"
Little Trunk reef, GBR, Australia Experiment 1 year 66 29 Lewis (1997, 1998)*"
Seychelles Bleaching 1 year 64-29 10-0 Spalding & Jarvis (2002)*
Palm Islands, GBR, Australia Bleaching 6 months 63-16 45-1 Thompson & Malcolm (1999)*"
Lizard Island, GBR, Australia Experiment 21 months 55 43-34 Syms (1998)*
Moorea, French Polynesia Multiple 1 year 51 24 Adjeroud et al. (2002)"
Seychelles Bleaching 6 months 50-23 17-0 S. Jennings (unpublished)*"
Ishigaki Island, Japan Bleaching 1 year 39 3 Shibuno et al. (1999)* "
Moorea, French Polynesia COTS 1 year 36 16 Bouchon-Navaro et al. (1985)*
Cairns sector, GBR, Australia Storm 1 year 36-21 23-9 Cheal et al. (2002)*"
One Tree Island, GBR, Australia Bleaching 1 year 35-26 20-9 Booth & Beretta (2002)*"
Tutia reef, Tanzania Bleaching 6 months 33 0 Lindahl et al. (2001)*
Trunk reef, GBR, Australia Multiple 3 years 33 3 Pratchett ef al. (in press)*
Trunk reef, GBR, Australia Bleaching 1 month 33 15 Pratchett et al. (2004)*
Lizard Island, GBR, Australia COTS 3 years 31-24 14-18 Pratchett (2001)*
Lizard Island, GBR, Australia Experiment 1 year 30-20 <10 Syms & Jones (2000)*
Kimbe Bay, Papua New Guinea Multiple 3 years 30 8 Jones et al. (2004)°
*Studies used in species and functional group analyses.
“Studies used for species richness analysis.
of coral depletion, caused by various disturbances (e.g. Methods

severe tropical storms, coral bleaching and outbreaks of
the coral feeding crown-of-thorns starfish, Acanthaster
planci), on coral reef fishes. Specifically, we wanted to
assess the extent of impacts of coral decline across entire
communities of fishes, as well as identify species and
groups of fishes that are disproportionately affected.
Our analysis of responses considers the life history and
ecology of different fish species, focussing on the diet
and habitat requirements of species assigned to differ-
ent functional groups. The influence of niche specializa-
tion on species response to coral decline will also be
investigated.

(2) How do different disturbance types, such as crown-of-
thorns starfish, tropical storms and coral bleaching, affect fish
communities? Herein, responses of coral reef fishes to
different types of disturbance will be compared. Speci-
fically, we wanted to compare disturbances that directly
kill corals (biological) vs. those that, in addition to
causing coral mortality, disrupt the underlying reef
framework (physical). We compare the response of
different functional groups to the two disturbance
types. The results will be discussed with reference to
the role that habitat complexity plays in determining
the structure of fish assemblages, and we examine the
longer-term impacts of disturbance.

© 2006 The Authors

To explore the effects of reduced coral cover, caused by
various disturbance events, on coral reef fishes we
collated and analysed data from 22 separate studies
(Table 1) conducted across six geographic regions, in-
cluding the Caribbean, Arabian Gulf, Indian Ocean,
Indo-Australia Archipeligo, Southern Japan and East
Pacific. These 22 studies are in no way exhaustive. Since
1961, there have been at least 84 separate studies that
have considered responses of fishes to coral declines
caused by different disturbances (Fig. 1). In this review,
however, we considered only those studies, which in-
cluded a temporal component, and repeatedly mea-
sured the abundance and/or diversity of fishes during
at least part of the disturbance event (preferably, before,
during and after the disturbance). Moreover, all studies
considered in this review resurveyed fishes within 3
years after the disturbance, as after extended periods
postdisturbance recovery of populations, as well as the
additional effects of subsequent disturbance events, are
likely to confound interpretation of results.

To explore variation in responses of reef fishes to
declines in coral cover, we extracted species-level data
from 17 studies (Table 1), which documented both
changes in the abundance of fishes and changes in coral
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cover during specific disturbances. As some distur-
bances have minimal impact on corals and are unlikely
to affect fish abundance (e.g. Syms, 1998; Cheal et al.,
2002), we considered only those studies where resulting
declines in coral cover were greater than 10%. Further-
more, as many fish species are sparsely distributed and
not consistently encountered during studies, we only
included data from species where five or more indivi-
duals were observed. To account for differences in the
initial abundance of fishes, their responses to coral
declines were calculated by dividing the proportional
change in the abundance of each fish species by the
proportional decline in coral cover within the local
environment. This metric (change in species abundance
divided by change in coral cover) puts greater weight-
ing on studies where small changes in coral cover
(e.g. <20%) lead to disproportionate changes in the
abundance of fishes, relative to studies where severe
large-scale disturbances cause almost 100% coral mor-
tality and there is a corresponding change in fish
abundance. As the size of survey areas may also influ-
ence estimates of fish abundance, results from each
study were weighted by multiplying the change in fish
abundance by the natural logarithm of the study area,
following Mosquera ef al. (2000). To detect congruent
trends in species responses to coral depletion, the
weighed change in fish abundance over coral decline
was averaged across multiple studies, and/or multiple
locations. Data presented are only for those 55 species
for which we had at least four separate records of their
responses. Each fish species was also assigned a func-
tional category based on diet or its use of live coral as
habitat (coral dwellers).

To further assess the effect of coral depletion on the
overall diversity of fish assemblages, data were collated
from 12 studies, where initial coral cover varied be-
tween 13% and 90%, and subsequent changes in coral
cover ranged from a 5% increase to 70% decline
(Table 1). In this review, we considered only studies
that measured diversity of fishes across a sample area
greater than 100 m? and included 30 or more species in
their analyses, as our purpose is to assess change at
large scale across many species. To summarize results
from these 12 separate studies, changes in species
richness were plotted against percent coral decline.
The significance of this relationship was assessed using
regression analysis.

The influence of different types of disturbance (e.g.
coral bleaching vs. severe tropical storms) on reef fish
assemblages was investigated by comparing the mean
response of five functional groups. It was not possible to
explore variation in the effects of different disturbances
on individual species due to a paucity of studies that
have considered identical species. The mean response

and 95% confidence intervals of each functional group
were calculated from the response of all representative
fish species. Here, we were particularly interested in
comparing biological (e.g. coral bleaching and out-
breaks of A. planci) vs. physical disturbances (e.g. severe
tropical storms). Variation in the effect of biological vs.
physical disturbances were analysed using a two-way
ANOVA, comparing variation in the effects among func-
tional groups [obligate corallivores, coral dwellers,
planktivores, invertebrate feeders and epilithic algal
matrix (EAM) feeders] and between biological vs. phy-
sical disturbances. Data were tested for homogeneity
and normality and if necessary transformed to meet the
assumptions of the ANOVA. Tukey’s HSD test was used
to further investigate significant differences.

Results and discussion

Impact of coral loss on fish species

The predominant response of fishes following coral
depletion caused by acute disturbance events was a
net decline in abundance, indicative of increased mor-
tality or relocation of fishes to alternate habitats. Of the
55 species considered, 34 (62%) including representa-
tives from eight different families, exhibited marked
declines in abundance following coral depletion. For 16
(29%) of these species, significant declines in abundance
were recorded across multiple study locations, even
where coral cover declined by as little as 10%. Some
fish species increased in abundance after coral decline,
however, variation about the mean response by all of
these species was high, suggesting increased abundance
was not consistent among study locations. High varia-
bility in the response of fish species expected to benefit
from coral loss may be partially attributed to the limited
time available for species to recruit to reefs following
disturbance, as most of the studies used in meta-analy-
sis surveyed fish population within 1-year postdistur-
bance (Table 1). However, within the same short time
period the rapid decline in abundance of more than half
the fish species investigated demonstrates coral is
essential for the survival of many species.

Specific responses of different fishes to coral deple-
tion were largely dependent on their reliance on coral
for food or shelter. The affect of coral loss was most
severe on obligate coral feeding fishes (Fig. 2).
All nine of the corallivore species included in our
meta-analysis declined in abundance following coral
loss, and corallivorous species accounted for six
of the seven most severely affected species (Fig. 2).
This functional group is represented by three families;
however, it is members of the family Chaetodontidae,
genus Cheatodon that are the most prominent and

© 2006 The Authors
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Fig. 2 Response of 55 fish species to decline in coral cover. Responses are mean values, calculated from four or more locations. Species
names are highlighted if mean value with 95% confidence interval fails to intersect 0, indicating consistency of response among locations.
Letters preceding species name indicate family: Ac, Acanthuridae; Ch, Chaetodontidae; Ci, Cirrhitidae; La, Labridae; Mo, Monacanthi-
dae; Ne, Nemipteridae; Pa, Pomacanthidae; Pe, Pomacentridae; Sc, Scaridae; Si, Siganidae.

well-studied corallivores on reefs. Indeed, the abun-
dance and diversity of chaetodontids, has been
positively correlated with total coral cover (Bouchon-
Navaro et al., 1985; Findley & Findley, 1985; Bozec et al.,
2005), the relationship being strongest when coral cover
is low (Bell et al., 1985). However, correlations do not
explain all of the variations in the abundance of obligate
coral feeding chaetodontids and some studies have
failed to detect any significant relationship between
chaetodontids and live coral cover (Fowler, 1990; Cox,
1994). Similarly, we found significant variation in the
effects of coral depletion on corallivorous butterfly-
fishes. Chaetodon lunulatus, for example, completely
disappeared from Iriomote Island, Japan, after coral
bleaching caused 100% coral mortality (Sano, 2004),
but was ostensibly unaffected on experimental plots
subjected to 25-75% coral loss at Lizard Island, northern
GBR (Syms, 1998). This suggests that coral cover is not
always limiting to the abundance of corallivorous
fishes, and the factors that regulate fish populations
may vary with time and space.

© 2006 The Authors

The other group of fish negatively impacted by
declines in coral cover are the obligate coral dwellers.
Six damselfish (family Pomacentridae) and one
hawkfish (family Cirrhitidae) species, all known to
shelter within live coral, exhibited declines in abun-
dance following coral depletion (Fig. 2). These species
are all small bodied, with maximum total lengths
of 10-20cm. A major consequence of small body size
is increased susceptibility to predation, and many small
fish species take refuge in specific microhabitat
types, including various coral species (Munday & Jones,
1998). Declines in the abundance of coral-dwelling
fishes following declines in coral cover may be
attributed to loss of shelter habitat, but reduced coral
cover does not necessitate an immediate loss in habitat
structure. Many disturbances, such as bleaching and
COTS, remove coral tissues without affecting the
structural integrity of the coral framework. Erosion will
eventually result in the loss of shelter associated with
coral skeletons (Sano ef al., 1987; Sheppard et al., 2002),
yet the rapid decline of coral dwellers following
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coral bleaching implies live coral per se is an important
facet of their habitat (Booth & Beretta, 2002). It is
possible that live coral confers benefits to coral dwellers
other than shelter, such as camouflage or supplement-
ing diet.

An important component of this study was the re-
velation that some fishes with no apparent reliance on
live coral are negatively impacted by declines in coral
cover. Of the 20 invertebrate feeding species, all of
which do not associate strongly with live coral colonies,
eight species exhibited declines in abundance following
coral depletion. Further, four of these species consis-
tently declined in abundance in multiple studies con-
ducted across multiple locations. Similarly, small-
bodied planktivorous fishes, such as Neopomacentrus
azysron and Chrysiptera rollandi, also declined in abun-
dance following coral loss, suggesting these fishes are in
some way reliant on corals, even though they do not
consistently seek shelter within live coral colonies
like the coral-dwelling damselfishes, Pomacentrus
moluccensis and Dascyllus spp.

While most species of fishes exhibited significant
declines in abundance following coral depletion, some
fishes actually increased in abundance (Fig. 2). De-
creases in coral cover are often associated with in-
creased algal cover, thereby increasing the availability
of dietary resources for herbivorous fishes. Accordingly,
the abundance of several fish species that feed on algae
and associated detrital resources (EAM or EAM fee-
ders) might be expected to increase following perturba-
tions of reef habitats (Sheppard et al., 2002). Contrary to
expectations, abundance of seven EAM feeding species
declined in response to coral loss, including four of six
surgeonfishes (family Acanthuridae; Fig. 2). Further-
more, apparent increases in the abundance of each of
the parrotfishes (family Scaridae) and Acanthurus trios-
tequs, the surgeonfish with the highest positive re-
sponse, can be attributed to a large increase of fish at
one or two locations. Changes to total ‘herbivore” abun-
dance after disturbance are also variable, some studies
finding significant increases (e.g. Shibuno et al., 1999;
Lindahl et al., 2001; Sheppard et al., 2002), while others
failed to detect any difference (e.g. Hart et al., 1996;
Riegl, 2002; Sano, 2004). These variable results and the
short time period between disturbance and resurveying
fish abundance suggest increases in abundances of fish
that feed on algae and associated detritus are due to
movement of fish rather than population growth.
Although most reef fishes are site attached, small-scale
patchiness in disturbance and associated changes in
resource availability will serve as a powerful force to
promote migrations of fishes among habitats or be-
tween adjacent reefs (Lewis, 1998). Consequently,
EAM feeding fish in areas surrounding disturbed reef

habitats may migrate to damaged areas to exploit
increased availability of food.

Although this analysis revealed significant and
consistent declines in the abundance of some species
and certain functional groups of fishes following coral
depletion, responses of fishes were for the most part
highly variable. Some species (e.g. C. lunulatus) were
shown to be negatively impacted by declines in coral
cover in some studies, but not others. Further,
some species of obligate coral-dwelling fishes consis-
tently decline in abundance following reductions in
coral cover, but others (e.g. Chromis atripectoralis)
do not. We attribute this variation in the responses of
fishes to three main factors; (i) the degree to which
coral (vs. other factors such as recruitment) may be
limiting the abundance of fishes, (ii) specialization vs.
versatility in the resource requirements of coral-
dependent fishes and (iii) the capacity of fishes to
persist despite major reductions in essential resources,
which is apparent from sublethal responses (e.g.
Pratchett et al., 2004). These three factors will be dis-
cussed in turn.

Resource limitation. The rate and magnitude of declines
in the abundance of fishes following disturbance-
induced coral depletion will vary depending on the
degree to which coral limits their abundance. For
example, common coral-dwelling gobies (e.g. Gobiodon
histrio) tend to saturate available habitats, such that
their abundance is limited by the availability of
suitable habitat (Munday et al., 1997). As such, any
decline in the availability of habitat immediately and
negatively affects their abundance. For obligate coral
feeding fishes, however, it is much less clear whether
population size is regulated by the availability of coral
prey, or by some other factor, such as recruitment or
availability of other essential resources (Fowler, 1990;
Cox, 1994). Where coral cover is high, and less likely to
be limiting, initial declines in the abundance of corals
may have little effect on local populations of
corallivores (e.g. Pratchett ef al., in press). Similarly,
for herbivorous fishes, if dietary resources or habitat
availability are regulating population size, an increase
in population density, following increased algal growth
will be reliant on sufficient recruitment. Robertson
(1991) demonstrated that abundance of herbivorous
surgeonfishes increased rapidly with increased
availability of algae in the Caribbean, but recruitment
of these species was consistently high. Supply of larval
fish and subsequent recruitment are typically variable,
both spatially and temporally (Doherty, 1991), and
delays are likely to occur before species respond to
increased availability of resources. Furthermore, many
monitoring studies do not count juvenile fish
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(e.g. Halford & Thompson, 1996), and it may take
several years to detect population responses to
increased resource availability.

Some fish species also settle into specific
microhabitats, such as certain coral species (Booth &
Wellington, 1998). A decline in coral cover can therefore
reduce the abundance of recruits and juveniles that rely
on live coral habitat (Lewis, 1998; Booth & Beretta,
2002), potentially influencing future adult population
size (Booth & Wellington, 1998). Unfortunately, a
paucity of information on the specific habitat
requirements of coral reef fish during their early life
history make it difficult to assess the impact of coral loss
on fish recruitment, although this could explain long
term declines in adults with no apparent reliance on
live coral.

Ecological versatility. The degree to which fishes are
specialized or versatile in their use of available
resources can have a significant bearing on their
response to habitat perturbations (Munday, 2004).
Highly specialized species are much more constrained
in their distribution and abundance by the availability of
specific resources, compared with more versatile species
that can exploit a range of resources (MacNally, 1995).
Declines in the abundance of a particular resource are
likely to have greater impact on species that specialize
on it, compared with versatile species that may utilize
alternative resources (Munday, 2004). Although most
fishes appear highly versatile and opportunistic in
their use of available resources (Pratchett et al., 2001;
Bellwood et al., 2003), there is increasing evidence that
some fishes are highly specialized in their use of certain
prey (Pratchett, 2005) and/or habitat types (Munday
et al., 1997, Gardiner & Jones, 2005). Munday (2004)
demonstrated that among obligate coral-dwelling
gobies of the genus Gobiodon, more specialized species
(i.e. those fishes that occupied fewer coral species)
suffered a greater decline in abundance following coral
loss and were more susceptible to local extinction. A
similar effect may be expected when comparing feeding
specialists and generalists. Following coral degradation,
Bouchon-Navaro et al. (1985) and Pratchett et al. (in
press) observed dramatic declines in the density of
obligate corallivores within a chaetodontid assemblage,
resulting in a shift to a community dominated by
omnivores and facultative corallivores. Even among
obligate corallivores, some butterflyfishes such as
Chaetodon trifascialis feed only on a few particular coral
species, while others such as C. lunulatus feed on a wide
range of different coral species (Pratchett, 2005). This
may explain why C. trifascialis is consistently negatively
affected by declines in live coral cover, whereas
responses of C. lunulatus are much more variable (Fig. 2).

© 2006 The Authors

Diet and feeding modes also vary among species of
fish that feed on the EAM (Choat et al., 2002, 2004)
and on invertebrates (Hiatt & Strasburg, 1960;
Randall, 1967; Westneat et al., 2005) and as reef
disturbance influences the structure of algal (Cheroske
et al., 2000) and invertebrate (Moran & Reaka-Kudla,
1991; Dreyer et al., 2005) communities, changes to the
availability of algal types or invertebrate species
could influence abundance of diet specialists within
the EAM and invertebrate feeding groups. For
example, McClanahan et al. (1999) suggested increased
macroalgae cover suppresses feeding and abundance of
some ‘herbivorous’ surgeonfish, a family that displayed
highly variable responses to coral decline among species
(Fig. 2).

Sublethal responses. Fish responses to disturbance and
coral loss may be manifest in ways other than absolute
changes in abundance. Although the abundance of
obligate corallivores may be unaffected by low coral
cover, a decline in the availability of dietary resources
can lead to a reduction in energy reserves (Pratchett et al.,
2004; Berumen et al., 2005) or reduced growth rates
(Kokita & Nakazono, 2001). Loss of body condition and
reduced growth may allow fish to persist in the short
term, but may have longer-term consequences for
survivorship and reproductive output (Jones &
McCormick, 2002), leading to eventual declines in
population size. Reductions in live coral cover may
also increase the area over which corallivores forage
(Tricas, 1989; Kokita & Nakazono, 2001; Samways,
2005), potentially increasing both intra and interspecific
competition which may have further deleterious effects
on survivorship. Similarly, an increase in turf algae
following coral decline can lead to increased feeding
(McClanahan et al.,, 1999, 2000) and growth rates of
EAM-feeding fish (Hart & Russ, 1996), rather than
short-term increases in abundance.

Declines in the abundance of fishes from within
specific habitats may also be moderated by the ability
of fishes to find more suitable habitats. Although
implicitly assumed to represent the demise of fish
populations, declines in the abundance of fishes
following habitat perturbations may reflect the large-
scale migration of fishes to nearby and relatively
unaffected habitats. The potential for fishes to move to
more suitable habitats will depend upon the scale and
severity of the disturbance. Reef-wide disturbance, such
as that caused by mass coral bleaching, will severely
limit the ability of fishes to find alternate habitats, such
that these disturbances may appear to have lesser
impact on fish abundance compared with smaller-
scale disturbances of moderate amplitude.
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Impact of coral loss on species richness

Changes in the abundance of particular species and
functional groups of fishes following declines in coral
cover inevitably leads to changes in overall composition
and species diversity. High diversity among coral reef
fishes may be important because it provides a high
degree of functional redundancy, such that declines in
the abundance of some species and reduced species
richness will not necessarily affect ecosystem processes
(Chapin et al., 2000). However, a loss of key species
within critical functional groups, or the complete loss of
entire functional groups, can have a profound affect on
reef resilience (Bellwood et al., 2004). Our meta-analysis
has already revealed that extensive coral depletion can
potentially lead to the loss of corallivorous and coral-
dwelling fishes, although the impact this has on reef
ecosystems is equivocal. More pertinent is the response
of ‘herbivorous’ fishes, as increased abundance and
feeding of these following coral loss should maintain
substratum suitable for coral recovery and, thus, reef
resilience (Bellwood et al., 2004). However, we found
that abundance of EAM-feeding fishes does not always
increase after coral loss and in some circumstances
these fishes fail to compensate for increased growth of
macroalgae on surfaces previously occupied by corals
(Williams et al., 2001) potentially leading to phase shifts.

Studies specifically on changes in the species diver-
sity of fishes following large-scale coral depletion have
shown that such disturbances can have broad impacts
across a wide range of different fishes and lead to
marked reductions in species diversity (e.g. Jones
et al., 2004; Graham ef al., 2006). Information from 12
independent studies show there to be a negative linear
relationship between fish species richness and coral
decline (r = 0.61, F; 3 = 16.52, P<0.001; Fig. 3), indicat-
ing the severity of species decline is dependant on the
degree of coral loss. Interestingly, a reduction in coral
cover, particularly when small, can result in an increase
in species richness. This is most likely related to an

(7] -
@ 20 -
c ] n ]
§ 10 "L ] - ] L
=, . -
3 i, ol
:'5. -10 [
[=4
- u
— u
g 20 -
E —301 [ ]
o
® -40 : T T T "
-20 0 20 40 60 80

Decline in live coral cover (%)

Fig. 3 Relationship between coral decline and species richness
of fish assemblages on coral reefs.

increase in habitat heterogeneity, especially when coral
cover was initially extensive. Species richness may also
be inflated immediately after perturbations, even when
coral loss is high, as species reliant on coral may persist
for short periods while other species migrate into the
area to exploit new resources (Garpe et al., 2006).
However, coral loss (>40%) can lead to extensive algal
cover of reefs, effectively homogenizing habitat and
reducing the number of niches available for fish species,
resulting in a decline in species richness. Furthermore,
increased frequency of disturbances such as coral
bleaching and storms (Hoegh-Guldberg, 1999;
Wooldridge et al., 2005), combined with increased fish-
ing pressure and pollution will inhibit reef recovery
after disturbances, and coral reef communities may be
held in early successional stages, keeping species rich-
ness low.

When coral decline is severe, the loss of fish species
must extend beyond those species reliant specifically on
corals for food or habitat. Fishes with such reliance on
corals typically represent a small portion (=11%) of the
overall fish community (Jones et al., 2004) and the loss of
these groups alone can not account for the overall
reduction in the number of fish species following severe
coral decline. We have already revealed that coral
declines impacted at least four species of invertebrate
feeding and two planktivorous species. Although not
obligate coral dwellers, these species and many others
must benefit from the presence of corals, which may
provide refuges from predators, provide suitable sub-
strate for settlement, reduce effects of exposure or have
other benefits, such as on prey abundance. Moreover,
the full extent of species loss after coral decline is rarely
measured, as very small and cryptic fishes are often
overlooked in community studies and monitoring pro-
grams, yet they may become locally extinct following
coral loss (Munday, 2004; Bellwood et al., 2006).
These small cryptic fishes may play an important role
in reef ecology (Depczynski & Bellwood, 2003; Wilson,
2004) and a concerted effort should be made to include
these species in community studies.

Comparing different types of disturbance

To this point, we have ignored potential differences in
the effects of different types of disturbances (e.g. coral
bleaching vs. severe tropical storms), simply assessing
the effect of coral depletion on fishes. However, it is
important to discern how different disturbances differ
in their affects on the biological and physical structure
of reef habitats. Severe coral bleaching events and out-
breaks of A. planci cause widespread loss of live coral
tissue (Moran, 1986, Hoegh-Guldberg, 1999) and algal
proliferation in the remaining space (McClanahan et al.,
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2001) without directly modifying the physical structure
of the reef, at least in the short term (Sano et al., 1987;
Sheppard et al., 2002; Garpe et al., 2006). Conversely,
during severe tropical storms (Cheal et al., 2002; Halford
et al., 2004) and direct physical perturbations (Lewis,
1997; Syms & Jones, 2000), there is an immediate
reduction in both live coral cover and structural com-
plexity of the reef framework. This distinction may be
important in teasing apart the impacts of disturbance to
fish assemblages. Whereas, live coral may be important
for only some species (Ohman et al., 1998) and certain
functional groups of fishes (Spalding & Jarvis, 2002),
habitat complexity is likely to be important for most
fishes (Luckhurst & Luckhurst, 1978; Gratwicke &
Speight, 2005). In extreme cases, where very severe or
successive disturbances have caused a complete loss of
topographical structure, resulting rubble banks support
only a very depauperate and low diversity assemblage
of fishes (e.g. Sano et al., 1987; Garpe et al., 2006; Graham
et al., 2006).

Impacts of physical disturbances are generally much
greater than those of biological disturbances (F = 4.35,
P =0.03), highlighting the importance of topographic
complexity and live coral cover in supporting reef fishes
(Fig. 4). However, the effects of both biological and
physical disturbances varied among the five fish func-
tional groups (F=5.03, P<0.001). Corallivorous and
coral-dwelling fishes exhibited greater declines in abun-
dance after disturbance-induced coral declines, com-
pared with all other functional groups (Fig. 4), 95%
confidence limits indicating significant reductions due
to both biological and structural disturbances (Fig. 4).
Of the remaining three functional groups, only plankti-
vores display significant departures from 0 and only in
response to structural disturbance (Fig. 4).
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Fig. 4 Mean responses of function fish groups to two types of
disturbance. Error bars are 95% confidence intervals calculated
from 10 or more observations.
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The potential reasons for these differences in re-
sponse to the two categories of disturbance are many.
The importance of the structural matrix of a
reef to small-bodied fish is well known (Munday &
Jones, 1998), so a loss of structure is likely to
have a greater impact on these. This is well demon-
strated by the response of planktivorous fish to the two
disturbance types. In our analysis, planktivores are
predominantly represented by small-bodied pomacen-
trids that are not reliant on live coral for food or shelter.
However, after physical disturbance alters the struc-
tural complexity of the reef, reducing the availability of
refuges, there is a significant decline in planktivores.
Small-bodied prey fish may be depleted by predators
on reefs (Graham ef al., 2003), and this applies to smaller
life history stages of all species (Dulvy et al., 2004b).
Consequently, as refuge space from predators is lost,
competition over the remaining space and susceptibility
to predation may increase (Dulvy et al., 2004b), resulting
in greater impacts on a wide range of species
from different size ranges and functional groups. It is
also likely that many reef fish require structural
complexity at the time they settle from the plankton; a
time when they are particularly susceptible to predation
and competition.

Different disturbances may further vary in their ef-
fects due to selective impacts on particular coral species
(De’ath & Moran, 1998; McClanahan et al., 2004) or
growth forms (De’ath & Moran, 1998; Cheal et al.,
2002). For example, both coral bleaching and outbreaks
of A. planci have disproportionate impacts on different
corals, having the greatest effect on Acropora spp. and
other fast-growing coral species (Marshall & Baird,
2000). This will likely have implications for the follow-
on effects of these disturbances on coral reef fishes. For
example, certain fishes (including both specialist coral-
feeding butterflyfishes and obligate coral-dwelling go-
bies) have a specific reliance on Acropora corals, and will
be disproportionately affected by declines in the abun-
dance of these corals during coral bleaching and out-
breaks of A. planci (Pratchett, 2001, Munday, 2004).
These fast growing, habitat forming functional forms
of coral are also most susceptible to physical damage
through storms (Halford et al., 2004). The importance of
them to fish as habitat (Bellwood et al., 2004) is high-
lighted by the greater declines across the board for this
kind of disturbance (Fig. 4).

Conclusions

Results of this review show that disturbances on coral
reefs are broadly differentiated into two groups based
on their effects on reef corals, with concomitant differ-
ences in the geographic, temporal and taxonomic extent
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of their effects on coral reef fishes. On the one hand,
declines in live coral cover have direct effects across a
fairly narrow range of species, with disproportionate
impacts on those fishes that rely on corals for either
food or shelter (e.g. Pratchett ef al., in press). In contrast,
large-scale physical degradation of coral reef habitats
affects a wide range of fishes and has profound im-
plications for the ecosystem as a whole (e.g. Sano et al.,
1987). Corals are ecosystem engineers par excellence
(Jones et al., 1994), playing a key role in the formation of
the system, but their susceptibility to changes in the
physico-chemical environment and reef community
(such as through competition with algae) is evidently
a major reason for ecosystem fragility (e.g. McClanahan,
2002).

The data we present shows that removal of coral
cover per se typically has more limited effects than
physical disturbance (Fig. 4), though removal of coral
tissues will ultimately lead to erosion of intact skeletons
and declines in the physical structure of reef habitats
(Sano et al., 1987). Physical disturbances are however,
mostly limited in their spatial extent (Cheal et al., 2002;
Halford et al., 2004), meaning that undamaged areas
remain and can support recovery in impacted areas
(Bythell et al., 2000; Halford et al., 2004). In contrast, coral
bleaching, which is expected to become more severe
and frequent in coming decades (Hoegh-Guldberg,
1999; Sheppard, 2003), may cause degradation through-
out entire reef systems (Goreau et al., 2000). The supply
of both coral and fish recruits are expected to be
diminished, reducing the probability of rapid reef
recovery, especially for geographically isolated reef
systems (Cowen et al., 2006). Further, shifts in the
composition of coral communities towards species
and genera that are more thermally tolerant, following
bleaching, is also of considerable concern as these
species and genera are generally less structurally com-
plex McClanahan et al., 2004), reducing refuge sites for
recruits and prey fishes. If recovery does not occur,
the reef structure will become further degraded through
biological and physical erosion (Sano et al., 1987;
Sheppard et al., 2002). In these circumstances, impacts
on fish assemblages may be similar to structural dis-
turbances, such as those caused by storms. In this
review, our analyses have focussed on short-term
effects of disturbance, and considerable research is
still required to elucidate these longer-term effects of
disturbances to coral reef ecosystems.

Implications of coral loss for processes which depend
on physical habitat are many, including declines in
settlement and survivorship of coral reef fishes, and
modifying interactions between species. The conse-
quences of coral and habitat degradation for processes
such as predation and competition are potentially wide-

ranging. Change in habitat may affect predator and
prey populations at species and group levels including
that of size, the last as indicated by recent work in the
Seychelles (Graham et al., 2006). Understanding of these
important spatially-driven processes is severely con-
strained, partly because experimental manipulations
are very limited in their spatial extent (Lewis, 1997;
Syms & Jones, 2000), whereas natural disturbances can
simultaneously affect 10s-100s km?® of reefal habitat
(Cheal et al., 2002; Halford et al., 2004). Information on
most key processes such as recruitment at the level of
the whole ecosystem is scarce enough, but we know
next to nothing about how these may respond at
different temporal and spatial scales.

The findings of this review are not unique to coral
reefs, rather the consequences of coral loss are compar-
able with the effects of habitat degradation in kelp and
other ecologically engineered ecosystems. Most notably,
reductions in the abundance of dominant habitat form-
ing taxa (e.g. kelp) interrupt trophic pathways and have
wide-ranging impacts across a multitude of organisms
(e.g. reviews of Williams & Heck, 2001; Witman &
Dayton, 2001). Further, such ecosystems appear parti-
cularly subject to changes of state (e.g. Steneck et al.,
2002). The large-scale dynamics of these system-level
phenomena are poorly known. In the cases of kelp and
coral reef ecosystems, phase changes are linked to the
prevalence of trophic cascades in which echinoderms
play a prominent part (e.g. Pinnegar et al., 2000). How-
ever, corals, which not only provide the predominant
habitat, but form the very foundation of coral reefs, are
particularly sensitive to increasing temperature (and
many other stressors), making coral reef ecosystems
especially vulnerable to global climate change (Donner
et al., 2005). Their high species richness, dynamism and
evident susceptibility to a range of factors, both natural
and anthropogenic, mean that coral reef ecosystems are
integral in the development of diversity-stability theory
(e.g. Chapin et al., 2000; Cottingham et al., 2001), for
example, in relation to concepts of resilience (Bellwood
et al., 2004). Large-scale ecology approaches are begin-
ning to use de facto (e.g. fisheries; Dulvy et al., 2004a)
and management-led manipulations (e.g. Mumby et al.,
2006) to elucidate dynamics of the whole ecosystem.
There are many issues of the longer-term impacts of
system-wide reef degradation that are scarcely studied
but deserve far greater scientific attention. Moreover,
experimental and observational studies of disturbance
must be conducted at greater temporal and spatial
scales.

Are there substantial socio-economic implications
associated with the vulnerability of coral reef ecosys-
tems to coral loss? The short-term socio-economic im-
plications of reef disturbances appear relatively minor.
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For example, in the Seychelles which experienced
substantial coral bleaching in 1998, changes in abun-
dance of fishery target species within 2-3 years
were driven more by ongoing fishery depletion than
any effects of the loss of coral cover (Grandcourt &
Cesar, 2003). The indication is that if reversing
declines in target species biomass is the objective, then
resources should be invested in fisheries management
rather than mitigating effects of disturbance or its
consequences. However, later effects of disturbance
may be substantial. Longer-term degradation of
physical reef structure by biological disturbances is
much more likely to affect abundances, catch rates
and compositions of fishery-target reef species and
thus affect livelihoods of those dependent on that
exploitation. More pertinently, while there are impor-
tant alternatives to reef fishing (e.g. pelagic resources),
the value of reefs to tourism is potentially far greater
than that to fisheries (Pet-Soede et al., 1999). The state
of reef coral and fish communities affects tourists’
perceptions and their enjoyment of reef recreational
diving (e.g. Shafer & Inglis, 2000; Williams & Polunin,
2000), such that widespread degradation of coral reef
habitats is likely to have far greater economic conse-
quences for tourism industries, compared with fish-
eries. Profound systemic changes in the abundance of
reef fishes and state of reef habitats are likely to impact
local, and in some cases national, revenues derived
from recreational uses of coral reefs. There are specific
actions that management can take to address specific
facets of the tourism value; for example effective marine
protected areas may increase abundances of species
appreciated by divers (Williams & Polunin, 2000) but
the system-wide changes brought about by major dis-
turbance events are far more challenging, both in terms
of management and enhancing scientific understanding
of their potential effects.

It is clear that the focus now should be on the longer-
term impacts of disturbances, particularly those acting
at large spatial scale such as coral bleaching. This work
should include impacts on biodiversity, fisheries, tour-
ism and resilience. Many current management actions
are likely too small for the scale of the impact (Bellwood
et al, 2004) and a move towards large-scale, trans-
boundary and international management, policy and
interventions will be required to offer sustainability in a
changing climate.
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