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Abstract Habitat perturbations play a major role in
shaping community structure; however, the elements of
disturbance-related habitat change that affect diversity are
not always apparent. This study examined the effects of
habitat disturbances on species richness of coral reef fish
assemblages using annual surveys of habitat and 210 fish
species from 10 reefs on the Great Barrier Reef (GBR).
Over a period of 11 years, major disturbances, including
localised outbreaks of crown-of-thorns sea star (Acanth-
aster planci), severe storms or coral bleaching, resulted in
coral decline of 46-96% in all the 10 reefs. Despite
declines in coral cover, structural complexity of the reef
framework was retained on five and species richness of
coral reef fishes maintained on nine of the disturbed reefs.
Extensive loss of coral resulted in localised declines of
highly specialised coral-dependent species, but this loss of
diversity was more than compensated for by increases in
the number of species that feed on the epilithic algal matrix
(EAM). A unimodal relationship between areal coral cover
and species richness indicated species richness was greatest
at approximately 20% coral cover declining by 3—4 species
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(6-8% of average richness) at higher and lower coral cover.
Results revealed that declines in coral cover on reefs may
have limited short-term impact on the diversity of coral
reef fishes, though there may be fundamental changes in
the community structure of fishes.
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Introduction

Coral reefs are increasingly subject to a combination of
natural and anthropogenic disturbances, which may threa-
ten their extraordinary biodiversity (Jenkins 2003).
Biodiversity, which herein refers to the number of species
that coexist within a given area, is considered important
because it provides for continuity of ecological function
even after initial species losses (Naeem et al. 1994; Bell-
wood et al. 2004). Teleost fishes are an important
component of coral reef ecosystems, fulfilling many critical
ecological roles (McClanahan 2000; Bellwood et al. 2004;
Dulvy et al. 2004), and are a major source of food and
livelihood for people in tropical coastal areas (Pauly et al.
2002). Moreover, most reef fishes are closely associated
with the reef substratum (Choat and Bellwood 1991),
making them very susceptible to disturbances that alter the
biological and/or physical structure of coral reef habitats
(Wilson et al. 2006; Pratchett et al. 2008a, b). Under-
standing potential drivers of species richness for fishes is
therefore, fundamental for ongoing management of coral
reef habitats facing increasing frequency, severity and
diversity of disturbances (Bellwood et al. 2004).

Most major disturbances on coral reefs (e.g., severe
tropical storms, infestations of Acanthaster planci, and
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extreme changes in temperature or salinity) have direct
effects on scleractinian corals, and the impact of these
disturbances is often assessed as the extent of damage and
mortality of scleractinian corals. On many reefs, there are
long-term trends of declining coral cover caused by a
combination of natural and direct anthropogenic distur-
bances (Gardner et al. 2003; Bruno and Selig 2007), which
are being compounded by sustained and ongoing climate
change (Hoegh-Guldberg 1999; Sheppard 2003; Woold-
ridge et al. 2005). Reduction in the availability of live coral
directly affects the distribution and abundance of fishes that
live, feed or recruit onto live corals (e.g., Williams 1986;
Cheal et al. 2002; Halford et al. 2004). However, there are
relatively few species that are specifically dependent on
scleractinian corals (e.g., Munday et al. 2007) and the
effects of disturbance may depend on how disturbances
affect both coral cover and structural complexity (Garpe
et al. 2006; Graham et al. 2006).

Interactions between habitat and coral reef fish have
been intensely studied (e.g., McCormick 1995; Green
1996; Jennings et al. 1996; Munday et al. 1997; Friedlander
and Parrish 1998; Chapman and Kramer 1999; Holbrook
et al. 2000; McClanahan and Arthur 2001), and habitat
alterations are likely to influence an array of fish species
(Jones and Syms 1998). For example, acute reductions in
coral cover are often accompanied by increases in algal
abundance, which rapidly colonise the space vacated by
live coral tissue (Diaz-Pulido and McCook 2002). Conse-
quently, while loss of live coral may reduce resources for
obligate coral feeders and dwellers, it may simultaneously
improve conditions for species that feed on the epilithic
algal matrix (EAM). Meta-analysis of 17 independent
studies indicate EAM-feeding fish often increase in abun-
dance following coral depletion (Wilson et al. 2006), and
biomass of these fishes can be positively correlated to
percent cover of turf algae (e.g., Williams and Polunin
2001), algal productivity (Russ 2003) and detritus quality
(Wilson 2001). Thus, species lost from the coral-dependent
group may be replaced by species with fundamentally
different ecological roles without altering the species
richness of the community (Bellwood et al. 2006b).

Previous studies have found that effects of distur-
bances on coral reef fishes are variable, some failing to
detect a change in species richness (e.g., Walsh 1983;
Shibuno et al. 1999; Adjeroud et al. 2002; Sheppard et al.
2002; Bellwood et al. 2006b), whereas others report
declines in species richness (Halford et al. 2004; Jones
et al. 2004; Sano 2004; Garpe et al. 2006; Graham et al.
2006). This disparity in results implies that disturbance
does not necessarily cause a change in species richness
and raises questions about the true drivers of diversity on
reefs. Some disturbances, such as infestations of A.
planci, coral disease and coral bleaching, kill
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scleractinian corals but leave the coral skeletons intact,
whereas physical disturbances (e.g., storms and tsunamis)
can cause loss of corals and reduce structural complexity
(Wilson et al. 2006). Structural complexity provided by
coral skeletons moderates key biological processes of
competition and predation (Beukers and Jones 1997,
Almany 2004) and may exert a much stronger influence
on the abundance and diversity of reef fishes compared to
loss of live coral tissue. Species richness of coral reef
fishes is often strongly correlated with structural com-
plexity of reef habitats (e.g., Risk 1972; Luckhurst and
Luckhurst 1978), and experimental reductions of struc-
tural complexity ostensibly cause declines in species
richness of fishes (Sano et al. 1984; Lewis 1997; Syms
and Jones 2000). It follows, therefore, that if structural
complexity is retained following a disturbance, the spe-
cies richness of fish communities may be relatively
unaffected.

The extent of habitat damage and initial reef condition
will also influence fish responses to disturbance. It is
often assumed that the relationship between coral cover
and fish diversity is linear (e.g., Bell and Galzin 1984).
However, Jones and Syms (1998) suggested that the
relationship between disturbance intensity and community
parameters, such as species richness, is only linear over a
restricted range of disturbance intensities, and this rela-
tionship may be unimodal over the entire disturbance
range. If the underlying relationship between coral cover
and fish species richness is a saturating or unimodal
function rather than being continuously linear, then the
response of fish communities to disturbance will depend
critically on start and end values of coral decline.

This study used data from annual surveys conducted
over 11 years to assess the impact of different distur-
bances on the species richness of coral reef fishes on the
Great Barrier Reef (GBR). Specifically, the study
explored relationships between diversity of fishes, coral
cover and topographic complexity. The two habitat
variables are typically modified by severe tropical storms,
coral bleaching and localised infestation of A. planci. It
also examined how coral losses affected the functional
composition of reef fish communities. Changes in com-
munity composition of fishes were considered for two
groups most likely to be affected by changes in the
biological and physical structure of coral reef habitats:
coral-dependent fishes (including both obligate coral
feeders and obligate coral-based species) and fishes that
feed on the EAM. By examining relationships between
species richness of key components of the fish commu-
nity with coral cover and structural complexity, this study
provides a thorough account of how habitat disturbance
influences species richness of highly diverse reef fish
communities.
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Materials and methods

This study documents changes in coral cover, structural
complexity and species richness of coral reef fishes at 10
reefs on the GBR (Table 1), each of which was subject to
major disturbances (COTS outbreaks, severe storms or coral
bleaching) during the course of the study. Disturbed reefs
were selected from the 47 reefs, which are surveyed annually
by the Australian Institute of Marine Science (AIMS) long
term monitoring team and represent the reefs with the most
severe declines in coral cover between 1995 and 2005.
Disturbed reefs were located over a wide geographical area,
and varied in latitude and position on the continental shelf
(inner, mid and outer shelf). In addition, temporal variation
in coral cover, structural complexity and species richness on
three ‘control’ reefs were analysed, and results compared to
those from disturbed reefs. The control reefs had not been
subjected to any major disturbances and coral cover on each
of these reefs had remained stable through the course of the
study. Data on disturbed and control reefs were collected
annually between 1995 and 2005 with two exceptions: Ha-
vannah Island, which was not surveyed before 1997,
Thetford Reef, which was not surveyed in 2001.

Sampling was conducted at three sites separated by 300—
500 m on the northeast flank of each reef. At each site,
coral cover and abundance of fishes were recorded along
five replicate, permanently marked, 50 m transects at a
depth of 6-9 m on the reef slope. A video camera, held
x50 cm from the substratum, was used to record details of
benthic composition along each transect. In addition, a
360° pan view of the surrounding reef was taken at the start
of each transect, providing an overview of surrounding

Table 1 Details of reefs under study

topography. Structural complexity of the habitat was
assessed from these pan views, being scaled between 0 and
5, where O indicates no vertical relief, while reefs with
exceptional complexity (with numerous caves and over-
hangs) were given a rating of 5 (see Polunin and Roberts
1993). This technique provides estimates that correlate well
with other complexity measures (e.g., rugosity and reef
height) and is strongly correlated with species richness of
reef fish communities (Wilson et al. 2007). Coral cover was
expressed as a percentage of substratum, estimated by
recording the habitat under five points on each of the 40
systematically selected frames from each video transect
(Abdo et al. 2003). Coral cover used in models and anal-
yses was the mean cover at each site calculated from
percentage coverage of all scleractinian corals as well as
hydrozoans from the genus Millepora.

Composition of fish communities was assessed using
underwater visual surveys. Presence and abundance of
possibly 210 fish species from 10 families were recorded
by a single observer from the AIMS long-term monitoring
team passing along the same transects where the coral
cover was assessed. For large mobile species the observer
made a single pass over a transect of 5-m width, and for
pomacentrids a single pass over a transect of 1 m width.
Observers changed over time and for mobile or pomacen-
trid species; however, each observer was thoroughly
trained in fish identification and standard survey procedures
prior to collection of data (see Halford and Thompson 1996
for full survey details). Species richness estimates of fish
communities were calculated by summing all the mobile
and pomacentrid species recorded across the five transects
at a site.

Reef Location Shelf position Disturbance Coral cover
Max. Min. % loss

19-131 S 19°46' E 149°22' Mid Storm (97) 61 (96) 33 (04) 46
19-138 S 19°48' E 149°26 Mid Storm (97) 42 (96) 17 (97) 60
Chicken S 18°39' E 147°42' Outer COTS (03-04) 43 (99) 13 (04) 70
Gannet Cay S 21°59’ E 152°29’ Inner COTS (97-03) 46 (95) 4 (02) 91
Havannah Is. S 18°51’ E 146°33’ Inner Bleaching (98), Storm (00) 43 (97) 5 (04) 88
Horseshoe S 22°2' E 152°36 Mid COTS (98-03) 52 (97) 11 (03) 78
John Brewer S 18°38 E 147°3' Mid COTS (01-03) 31 (96) 1 (04) 96
Low Isles S 16°23' E 145°34/ Inner COTS (98-99), Storm (99) 39 (96) 9 (00) 77
Rib S 18°29' E 146°53' Mid COTS (00-02), Storm (97) 66 (96) 3 (03) 95
Thetford S 16°48' E 146°12 Mid COTS (00-03) 37 (99) 5(03) 86
Border Is. S 20°10' E 149°2' Inner Control 24 (01) 30 (02) 19
Dip S 18°25' E 147°28' Outer Control 23 (95) 30 (99) 23
Michaelmas S 16°35' E 146°1’ Mid Control 20 (95) 26 (99) 23

All suffered disturbances resulting in major coral loss between 1995 and 2005. Values in parentheses are the years in which disturbances
occurred and years when minimum and maximum coral cover was recorded during the study. Shelf positions from Sweatman et al. 2003
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Fishes were placed into distinct ecological groupings
(coral-based species, detritivore, excavator, facultative or
obligate corallivore, grazer, invertivore, omnivore, pisci-
vore, planktivore or scraper) based on their feeding habits,
diet and habitat associations (Froese and Pauly 2007). The
coral-dependent fishes included only those species that are
obligate coral feeders (Pratchett 2005) or that have strong
habitat associations with live coral (Wilson et al. 2008),
herein referred to as coral-based feeders, whilst EAM-
feeders included the functional groups: detritivores, exca-
vators, grazers and scrapers.

Repeated measures ANOVAs was used to analyse
changes in coral cover and species richness over time. Year
and treatment (disturbed or control reefs) were entered as
fixed effects and significant results were further investi-
gated by carrying out repeated measures ANOVAs for
reefs independently, followed by Tukey’s post-hoc test.
Structural complexity data were analysed using Kruskal—
Wallis-ranked ANOVA. Normality and homogeneity of
variances were examined using normal probability plots
and Cochran’s test respectively. Complexity and species
richness values were Log;o (x + 1) transformed and per-
cent coral cover estimates were arcsine transformed when
necessary to meet the assumptions of ANOVA. The
assumption of sphericity was tested using Mauchly’s test
and when the assumption was violated a Greenhouse-
Geisser correction was used (Crowder and Hand 1990).

Temporal changes in the species richness of coral-
dependent and EAM-feeding groups were compared on
each reef to assess whether loss of coral-dependent species
following disturbance was compensated by increases in
EAM-feeding species. Change in species richness for both
groups was calculated as the difference between annual
estimates of coral-dependent or EAM-feeding species
richness and the mean species richness of these groups at
each reef over the 11 years of surveying. To assess the
effect of coral loss on entire fish communities a principal
components analysis (PCA) based on a correlation matrix
was carried out using abundance data for all fish functional
groups.

Mixed-effect modelling was used to identify the under-
lying relationships between the percentage of live coral
cover and structural complexity of the benthos with the
species richness of fish assemblages. Linear (y = a +
b * x), log-linear (y = e™a + b * In(x)) and unimodal
y=a+ b * 2+ b, * x) models, where y is the species
richness, x the habitat variables and a and b the constants,
were assessed and compared for the total assemblage, coral-
dependent and EAM-feeding species. Specifically, a ran-
dom-intercepts model was used, with random intercepts for
sites nested within reefs. Visual inspection confirmed
approximate normal distributions within groups for all
variables. Model residuals were inspected for temporal
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autocorrelation and other violations of model assumptions,
and an autoregressive component was included to model
temporal autocorrelation in the data. Akaike’s Information
Criterion (AIC) and Akaike Weights (WAIC) were used for
model selection. To assess the level of support for each
functional form of a predictor variable, wAIC values were
summed across subsets of models containing that functional
form of the variable (Burnham and Anderson 2002).
Analyses were carried out using R version 2.4.1 (R
Development Core Team 2006) with the package NLME
version 3.1-78 for mixed-effects modelling (Pinheiro et al.
20006).

Results

Hard coral cover had declined significantly between 1995
and 2005 at all 10 disturbed reefs and remained stable at
the three control reefs (significant interaction between time
and treatment, Table 2). The rate of coral decline varied
among disturbed reefs and was related to the type of dis-
turbance. Where reefs were affected solely by storms, e.g.,
19-131 and 19-138, coral decline was rapid and significant
differences were detected within a year (Table 1, Fig. 1).
In contrast, coral decline was protracted on reefs affected
primarily by COTS, where significant declines in coral
cover resulted from gradual declines across 3—4 consecu-
tive years. The amount of live coral remaining after
disturbances was also variable among reefs. Despite falling
to 54% of the initial cover, coral cover at Reef 19-131 was
still more than 30%, and although coral cover fell to 17% at
Reef 19-138, it had returned to pre-disturbance levels by
the end of this study (2005, Fig. 1). In contrast, coral cover
fell to less than 5% on John Brewer, Rib, Gannett Cay,
Havannah Island and Thetford Reefs and had not recovered
to pre-disturbance levels by 2005.

Although live coral cover declined severely at all dis-
turbed reefs, structural complexity only declined on five of
these reefs (Fig. 1, Table 2). On most reefs, structural
complexities was retained at reasonably high levels (>2),
even after significant declines occurred. The exception was
Havannah Island, where structural complexity had fallen to
levels indicative of low lying and sparse cover by 1995.
Live coral cover was positively related to structural com-
plexity (Fj 143 = 132, P < 0.001), although coral cover
accounted for only 24% of the variation in structural
complexity across all reefs. On some reefs (e.g., Gannett
Cay), coral and structural complexities were weakly cor-
related because coral skeletons remained in life position for
several years after the death of the coral tissue and struc-
tural complexity was not affected. Even on those reefs
where coral skeletons collapsed or were eroded, spur and
groove systems, caves and crevices remained, ensuring that
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Fig. 1 Temporal variation in coral cover (solid line), structural
complexity of habitat (bars) and species richness of fish assemblages
(dotted line) on the 10 reefs subjected to severe coral depletion

structural complexity remained moderately high. The one
exception was Havannah Island. Coral bleaching in 1998,
followed by a storm in 2000, resulted in high coral mor-
tality followed by the collapse of the dead coral skeletons
at Havannah Island. Unlike most of the other reefs under
study, complexity of the underlying substrate at Havannah
Island was low, and once the upright coral skeletons were
reduced to rubble, the vertical relief became low and
sparse, and structural complexity declined significantly
(Table 2).

Despite declines in coral cover of 46-96%, species
richness of fish communities remained stable on 7 of the 10
disturbed reefs and on all three of the control reefs.
Importantly, species richness on control and disturbed reefs
was similar throughout the 11 years of the study (Table 2),
suggesting major changes in coral cover on the impacted
reefs had not affected species richness. Independent
assessments of reefs indicate that at Havannah Island

1995
1996
1997
1998
1999
2000
2002
2003
2004
2005

2001

following disturbances and three control reefs. All values calculated
at the site level and standard errors are calculated from n = 3 sites

species richness of the fish community was lower in 2002
and 2004 than it was in 1998, when coral cover and
complexity were still high (Table 2). In contrast, at Low
Isles, species richness was greater in 2004 than it was in
1995 and 1997, when coral cover was high. This was most
likely due to a significant increase in the number of EAM-
feeding fish species after the disturbance (Fig. 2, Table 2).
Species richness of fishes was also variable at Reef 19-131,
where the lowest estimates of richness occurred when coral
cover was greatest (Fig. 1).

Species richness of coral-dependent species also varied
on two of the three control reefs (Table 2), lower numbers
of species occurring during 1995-1996 at Michaelmas and
2001 at Border Island. Low numbers of coral-dependent
species on Michaelmas and Border Island corresponded to
years when coral cover was lowest at these reefs (Table 1),
and contributed to temporal differences between disturbed
and control reefs (Table 2). Importantly, small variations in
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Table 2 Temporal variation in coral cover, structural complexity and species richness

Reef df Coral cover Structural complexity Total Coral dep. EAM dep.
Fish S Fish S Fish S
Combined
Time 7 8.8, <0.001 14.1, 0.049 2.2, 0.034 1.6, 0.122 24, 0.023
Treatment 1.3, 0.254 36.9, <0.001 0.4, 0.528 1.9, 0.171 3.6, 0.065
Time x treatment 7 8.5, <0.001 53.1, <0.001 1.4,0.214 5.0, <0.001 1.9, 0.075
Impacted reefs
19-131 10 22.6, <0.001 12.1, 0.276 11.6, <0.001 2.1, 0.072 5.9, <0.001
19-138 10 12.5, <0.001 16.0, 0.099 2.1, 0.075 1.5, 0.192 2.4, 0.044
Chicken 10 22.4, <0.001 21.6, 0.017 4.4, 0.109 1.6, 0.166 4.1, 0.004
Gannet Cay 10 41.5, <0.001 12.6, 0.245 1.7, 0.162 3.3, 0.011 1.6, 0.173
Havannah Is. 8 42.6, <0.001 23.5, 0.003 3.0, 0.029 2.4, 0.069 1.5, 0.239
Horseshoe 10 9.6, <0.001 20.6, 0.024 0.6, 0.823 1.0, 0.442 0.9, 0.521
John Brewer 10 31.2, <0.001 13.3, 0.209 1.3,0.318 3.0, 0.017 1.0, 0.458
Low Isles 10 19.6, <0.001 26.6, 0.003 3.4, 0.010 2.6, 0.032 3.9, 0.004
Rib 10 68.1, <0.001 22.2, 0.014 1.5, 0.208 2.4, 0.043 3.3, 0.010
Thetford 9 66.2, <0.001 4.3, 0.889 2.2, 0.069 2.1, 0.083 2.4, 0.054
Control reefs
Border Is. 10 1.5, 0.211 5.0, 0.892 1.9, 0.106 4.3, 0.003 0.4, 0.904
Dip 10 2.0, 0.085 6.2, 0.797 1.1, 0.440 1.5, 0.222 1.4, 0.250
Michaelmas 10 1.1, 0.38 8.1, 0.621 1.8, 0.121 2.8, 0.024 1.3, 0.303

Combined analysis based on years where data for all reefs were available (1997-2000, 2002-2005). Values represent the F statistic and P-value
from repeated measures ANOVAs of coral and species richness data and H statistic and P values of Kruskal-Wallis tests for structural

complexity. Values in bold face denote P < 0.05. S, species richness
Treatment, impacted or control

* df adjusted using Greenhouse-Geisser correction

abundance of coral-dependent species did not affect spe-
cies richness of the entire community.

Across all reef sites, coral-dependent fishes accounted
for 12.7 & 0.2% of the species encountered, whilst EAM-
feeders accounted for 42.7 &+ 0.4% of the species
(mean £ SE). An increase in the species richness of coral-
dependent fishes was associated with a decline in species
richness of EAM-feeders, and vice versa (Fig. 2). How-
ever, a loss in coral-dependent species was often more than
compensated for by a gain in EAM-feeding species.
Annual changes in species richness of EAM-feeding fishes
were typically <4 and the maximum shift in coral-depen-
dent species was <3 (Fig. 2).

The relationship between coral cover and overall species
richness was best described by a unimodal, rather than a
linear model, as indicated by summed wAIC for models
containing a unimodal coral cover relationship
(WAIC = 0.94; see Table 3). These models suggested that
richness of fish communities increases with coral cover,
until coral cover reaches ~20%. Species richness then
declines by three or four species (6-8% of average species
richness for all reefs) at extremely high levels of coral
cover. Coral cover was a better predictor of species
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richness than complexity alone (WAIC 0.31 vs. 0.00), and
models containing structural complexity in addition to
coral cover gained only moderate support (WAIC 0.68)
relative to models containing only coral cover (WAIC
0.31). Failure to detect strong relationships between com-
plexity and species richness is most likely due to limited
variation in complexity values (co-efficient of variation
0.17), relative to coral cover (co-efficient of variation
0.64).

For coral-dependent species, a unimodal (wAIC 0.29)
relationship with coral cover was indicated. Richness
increased sharply as coral cover increased from very low
levels but this rate of increase declined at moderate cover
levels (Fig. 3). Thus, the decline in coral-dependent fish
species with decreasing coral cover was most evident on
those reefs where coral cover fell to extremely low levels
and was less pronounced on those reefs where coral cover
remained above 10% (Fig. 2). For example, on Reefs 19-
131 and 19-138, where coral cover did not fall below 15%,
species richness of coral-dependent species remained fairly
constant; on other reefs, richness of these species fell when
cover became extremely low (<5%). Again, structural
complexity alone was a poor predictor of species richness
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Fig. 2 Changes in species richness of coral-dependent fishes (black
bars) and EAM feeding fishes (white bars) relative to coral cover
(solid line) at the 10 reefs subjected to severe coral depleting

disturbances and three control reefs. All values calculated at the site
level and standard errors are calculated from n = 3 sites at each reef

Table 3 Comparison of models used to assess the relationship between coral cover, structural complexity and species richness of fish
assemblages on perturbed reefs of the GBR

Covariates Model All species Coral-dependent EAM-feeding
AAIC (WAIC) AAIC (WAIC) AAIC (WAIC)
None Intercept 94 (0.00) 62.5 (0.00) 51.1 (0.00)
Coral cover Linear 7.3 (0.01) 16.8 (0.00) 5.0 (0.05)
Log-linear 11.1 (0.00) 7.2 (0.01) 28.1 (0.00)
Unimodal 0.8 (0.30) 0.5 (0.29) 0.0 0.62)
Structural complexity Linear 11.1 (0.00) 38.7 (0.00) 44.0 (0.00)
Log-linear 12.2 (0.00) 339 (0.00) 47.7 (0.00)
Unimodal 11.9 (0.00) 40.4 (0.00) 44.8 (0.00)
Coral & complexity Linear, linear 5.0 (0.04) 14.1 (0.00) 6.8 (0.02)
Unimodal, linear 0.0 (0.46) 0.0 0.37) 2.0 0.23)
Unimodal, Unimodal 1.9 (0.18) 0.3 0.33) 4.0 (0.08)
Log-linear, linear 13.7 (0.00) 12.0 (0.00) 30.7 (0.00)

Delta Akaike Information Criteria values (AAIC) indicate the level of support for a model relative to the support for the best model in the set,
which has a AAIC of zero. Akaike weights (WAIC) indicate the probability that this is the best of this set of models. The most supported
relationships are in bold face. When coral cover and structural complexity covariates are combined, the first model refers to coral cover and the

second to structural complexity
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Fig. 3 Parsimonious relationships between coral cover and species
richness of fish communities (solid line, unimodal relationship), coral-
dependent species (dashed-dot line, log-linear relationship) and
EAM-feeding species (dotted line, log-linear relationship)

of coral-dependent species and adding complexity to coral
models gained only moderate support (WAIC 0.70 vs.
0.30). For EAM-feeding species a unimodal relationship
with coral cover was supported (WAIC = 0.62, Fig. 3).

Shifts in fish communities following coral decline were
still apparent when coral and EAM-dependent groups were
subdivided and compared with abundances of fish in other
functional groups. The first two components of a PCA
explained 50% of the variation in abundance of fish groups
(Fig. 4). The first axis was strongly correlated with the
EAM-feeding groups, grazers and detritivores, whereas the
second axis was correlated with both obligate coral feeders
and coral-based feeders, which combined to form the coral-
dependent group. The second axis is also highly correlated
with planktivores, primarily because of the extremely high
abundance of the two related species, Neopomacentrus
azysron and Neopomacentrus bankieri, on reefs with high
coral cover. Fish communities from different reefs formed
distinct groups when plotted on the first two components,
suggesting spatial variation in reef position and latitude
strongly influences community composition. Within reefs,
years with high coral cover were associated with high
abundances of coral-dependent species. Interestingly, there
is only one point in the bottom left-hand corner of the plot,
suggesting a high abundance of coral-dependent and EAM-
feeding species is uncommon. Low abundance of both
these groups is, however, associated with low coral cover
at Low Isles and Havannah Island.
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Discussion

Coral cover and structural complexity are critical defining
features of coral reef habitats, both of which may be sig-
nificantly depleted by a range of different disturbances
(Sano et al. 1987; Garpe et al. 2006; Graham et al. 2006).
Corals inevitably contribute to reef structure; however, the
relationships between coral cover and structural complex-
ity are not always apparent, as structural complexity may
decline several years after coral mortality (e.g., Graham
et al. 2006). In this study, coral cover declined significantly
on all the ten of the disturbed reefs, but structural com-
plexity was affected on only five reefs (Fig.1). An
important aspect of this study was that many of the study
sites were located on exposed reef slopes, where inherent
complexities within the reef framework (e.g., caves and
crevices) contributed most to structural complexity. Thus,
the underlying topographic complexity at these sites is
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substantial and may be resistant to major disturbances,
even after the breakdown of coral skeletons on the reef
surface. The time scale for erosion of the actual reef
framework may be hundreds or even thousands of years,
though increasing ocean acidification may expedite this
process (Hoegh-Guldberg et al. 2007). Nonetheless,
ancient reefs retain facets of reef topography, even though
coral cover and reef accretion has been negligible since the
late quaternary (Harris et al. 2004). Similarly, reefs foun-
ded on granitic boulders retain some structural complexity
even after extensive coral mortality and erosion of car-
bonate structures (Graham et al. 2007).

Havannah Island was distinctive among the 10 study
reefs, in that structural complexity recorded in 1997 was
provided by extensive stands of erect branching corals. As
a result of bleaching-induced coral mortality in 1998,
remaining skeletons gradually eroded until storm damage
in 2000 reduced many of these to rubble. The length of
time that structural complexity persists subsequent to dis-
turbances will depend heavily on the rates of subsequent
biological and physical erosion, versus coral recovery
(Pratchett et al. 2008a). Within the study period, most of
the reefs under study showed little or no coral recovery
after the disturbance, yet structural complexity was often
retained. This was most evident at Gannett Cay, where
COTS outbreaks in 1997 led to declines in coral cover.
However, the structural complexity, provided primarily by
skeletons of branching Acropora spp., had remained intact
over the ensuing eight years.

Despite the occurrence of major disturbances that sig-
nificantly reduced coral cover on each of the 10 reefs,
under study, species richness of fishes was largely unaf-
fected on both the disturbed and control reefs. The only
reef where there was evidence of a decline in the diversity
of fishes was at Havannah Island, where declines in coral
cover were accompanied by declines in structural com-
plexity to levels lower than any other reef. These findings
have important implications for conservation and man-
agement, as reefs that retain high structural complexity
may be capable of sustaining high fish diversity, which is
important for reef recovery (Bellwood et al. 2004). How-
ever, extensive coral loss may have long-term
consequences for fish diversity, which will only become
apparent during ongoing monitoring. Jones et al. (2004)
suggested that declines in diversity following coral loss
were partially attributable to reliance on living coral at
earlier life history stages. This suggestion is supported by
findings that coral association among juveniles is much
higher than that among adult conspecifics of some reef fish
(Feary et al. 2007; Garpe and Ohman 2007; Wilson et al.
2008). Up to 65% of fishes may be reliant on corals at
settlement (Jones et al. 2004) suggesting that if coral
recovery from disturbance is negligible, lagged declines in

diversity of fishes may occur due to natural mortality
combined with minimal population replenishment.

Structural complexity did not correlate well with species
richness, most likely because of the limited variation in
structural complexity over the 10-year study period. Con-
sequently our study does not definitively identify structural
complexity as a major determinant of diversity on reefs. In
contrast, while variation in coral cover was extensive and a
unimodal relationship between coral cover and species
richness was apparent, this model accounted for an overall
variation of only 2-4 species. Nonetheless, the model
demonstrated that coral cover was a significant determinant
of species richness on reef communities when cover was
very low (<10%), but its influence was negligible beyond a
certain threshold. This is consistent with the findings of
Holbrook et al. (2006) who demonstrated once coral cover
exceeded 10% in lagoonal sites at Moorea, French Poly-
nesia differences between fish communities were much less
apparent.

Species richness is, however, a simplistic measure of
natural communities, and similarity in fish diversity on
reefs with fundamentally different habitat structure may
belie major changes in species composition of fish
assemblages (Bellwood et al. 2006b). Major shifts in the
species composition of fish assemblages were apparent
following disturbances that reduced coral cover across the
10 disturbed reefs. Changes to the fish community fol-
lowing coral depletion were principally driven by a decline
in coral-dependent fishes and increases in EAM-feeding
species. Fluctuations in species richness of coral-dependent
and EAM-feeders were however small with maximum
species replacement of <4 species each year. Moreover,
species richness of coral-dependent and EAM-feeding
species varied by less than four and six species respec-
tively, despite extensive changes in coral cover (60%).
Consequently, although changes in the abundance of coral-
dependent and EAM-feeding species often accounted for
shifts in community composition, reciprocal replacement
of species between these groups played a minor role in
maintaining species richness of the community.

The replacement of coral-dependent species with EAM-
feeders following disturbance contributes to our under-
standing of resilience mechanics on coral reefs. EAM-
feeding species are expected to prevent the expansion of
macroalgae and maintain surfaces suitable for future coral
settlement, preventing phase shifts from coral to algal
dominated reefs (Hughes et al. 2007; Mumby et al. 2007).
Differing feeding modes and subtle variation in the diet of
EAM-feeders imply different ecological roles (Wilson
et al. 2003; Bellwood et al. 2006a; Ledlie et al. 2007;
Mantyka and Bellwood 2007), and the presence of a greater
diversity of EAM-feeding species following disturbances
suggests comprehensive maintenance of reef surfaces
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suitable for recovery. Thus, species redundancy within a
broad functional group such as the EAM-feeders may be
low and recovery of reefs may depend in part on coloni-
sation by a broad suite of EAM-feeders following
disturbances.

Results of this study clearly demonstrate that a decline
in coral cover does not necessarily lead to a decline in
structural complexity or species richness of coral reef
fishes. Coral cover varied from 0 to 60%, yet species
richness of the fish community changed by only 6-8%. The
relationship between coral cover and species richness was
best explained by a unimodal model. When coral cover was
low, a loss of coral-dependent species was compensated for
by an increase in EAM-feeders. Conversely, at very high
coral cover, species richness may have declined slightly, as
increases in the diversity of coral-dependent species did not
fully compensate for the declining richness of EAM-feed-
ers. This replacement of guilds helps to keep species
richness at equilibrium and is an important mechanism of
reef recovery. However, changes in coral-dependent and
EAM-feeding species involved only a small portion of the
species in the fish community and could not account for
sustained species richness after extensive coral mortality.
Instead, continuity of species richness within fish com-
munities may be partially attributed to the persistence of
high reef structural complexity, which may be retained
indefinitely on those reefs where underlying reef frame-
work complexity is high.
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