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Abstract

Over-exploitation and habitat degradation are the two major drivers of global environ-
mental change and are responsible for local extinctions and declining ecosystem services.
Here we compare the top-down effect of exploitation by fishing with the bottom-up
influence of habitat loss on fish communities in the most diverse of ecological systems,
coral reefs. Using a combination of multivariate techniques and path analyses, we
illustrate that the relative importance of coral cover and fishing in controlling fish
abundance on remote Fijian reefs varies between species and functional groups.
A decline in branching Acropora coral is strongly associated with a decline in abundance
of coral-feeding species, and a decrease in coral-associated habitat complexity, which has
indirectly contributed to reduced abundance of small-bodied damselfish. In contrast,
reduced fishing pressure, brought about by declining human populations and a shift to
alternate livelihoods, is associated with increased abundance of some piscivores and
fisheries target species. However, availability of prey is controlled by coral-associated
habitat complexity and appears to be a more important driver of total piscivore
abundance compared with fishing pressure. Effects of both fishing and coral loss are
stronger on individual species than functional groups, as variation in the relative
importance of fishing or coral loss among species within the same functional group
attenuated the impact of either of these potential drivers at the functional level. Overall,
fishing continues to have an influence on Fijian fish communities; however, habitat loss
is currently the overriding agent of change. The importance of coral loss mediated by
climate change is expected to have an increasing contribution to fish community
dynamics, particularly in remote locations or where the influence of fishing is waning.
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Introduction

Top-down and bottom-up control of populations is a
central theme in ecology that is imperative to successful
management of natural resources. The relative impor-
tance of these two processes is, however, spatially
and temporally variable. For example, in temperate
freshwater and hard substrate marine ecosystems, there
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is strong evidence for top-down control (Pinnegar et al.,
2000); previous studies identifying keystone predators,
which when removed, cause dramatic increases in prey
and shifts in the ecosystem state (Estes et al., 1978) or
diversity (Paine, 1966). Conversely, studies on the con-
tinental shelf and open ocean indicate that the influence
of predators on prey abundance varies latitudinally, and
systems at low latitudes, which are warmer and more
diverse than those at higher latitudes, are more likely to
be controlled by bottom-up processes (Worm & Myers,
2003; Frank et al., 2006). Even within the same system,
the relative importance of top-down and bottom-up
processes are temporally variable and liable to change
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with shifting regimes of exploitation and temperature
(Wilmers et al., 2006; Frank et al., 2007).

In marine systems, fisheries exploitation typically
targets larger individuals and species at higher trophic
levels (Pauly et al., 1998) and is most likely to affect
top-down processes, whilst disturbances that alter the
availability of habitat resources will affect bottom-up
processes. Over-exploitation and habitat loss account
for >90% of all known marine population and species
extinctions (Dulvy et al., 2003), emphasizing the impor-
tance of these disturbances within the marine environ-
ment. As human populations increase, the pressure on
fish stocks from both fishing and habitat loss have
increased, leading to increasing pressure on fishery
resources (Newton et al., 2007). Moreover, loss of habitat
induced by climate change may further exacerbate
existing levels of stress on marine systems and fisheries
(Hughes et al., 2003), and as the impacts of climate
change are a relatively new phenomenon compared
with over-exploitation, the full, long-term effects may
be much greater than currently realized.

Coral reefs are particularly vulnerable to climate
change, as the primary foundation species, scleractinian
corals, are very susceptible to positive thermal anoma-
lies (Hoegh-Guldberg, 1999). In 1998, high sea surface
temperatures resulted in extensive coral mortality
throughout the Indo-Pacific and the loss of 16% of the
world’s corals (Wilkinson, 2000). Over the past 30 years,
coral bleaching, combined with other disturbances such
as outbreaks of coral predators and disease, has led
to regional declines of coral cover in the Caribbean
(Gardner et al., 2003) and Indo-Pacific (Bruno & Selig,
2007). This loss of live coral represents a serious
long-term threat to reef fish communities, as erosion
of coral skeletons following coral mortality reduces the
structural complexity of reefs, resulting in a decline in
fish reliant on small refuges and overall diversity of fish
communities (Garpe et al., 2006; Graham et al., 2006).
Furthermore, many fish recruit directly to live coral,
irrespective of adult habitat associations (Jones ef al.,
2004; Feary et al., 2007) and a loss of habitat, essential
during early life history, may restrict the size of future
adult stocks (Halpern et al., 2005; Graham et al., 2007).

Fishing is also prevalent on many of the world’s coral
reefs, with over-exploitation of fish stocks a common
management dilemma. A recent analysis of coral reef
fisheries on island countries found 55% are exploiting
stocks in an unsustainable manner (Newton et al., 2007).
The effects of fishing on fish communities and species
may be direct and/or indirect. Direct effects at the
species level include a decrease in abundance, biomass
and size (Russ, 2002), whilst at a community level the
size distribution of the assemblage may be altered
(Dulvy et al., 2004a; Graham et al., 2005). Changes
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in size distribution of fish communities may also be
attributed to indirect effects of fishing, as removal of
predators can result in the release of small-bodied prey
(Graham et al., 2003, 2005; Dulvy et al., 2004a). Some
fishing techniques (e.g. blast and cyanide fishing)
also cause severe habitat modification, often with detri-
mental consequences for fish diversity and abundance
(Jennings & Polunin, 1996a).

Although fishing and habitat loss frequently occur
concurrently on reefs, most studies examine the influence
of these disturbances on fish communities in isolation. The
few studies that have considered fishing and coral loss
simultaneously have often failed to unequivocally identify
the driver of changes in fish assemblages (e.g. McClana-
han et al., 2002). Some studies identify changes predomi-
nantly due to fishing (McClanahan & Arthur, 2001;
Grandcourt & Cesar, 2003), whilst others imply habitat
(Grigg, 1994) and loss of coral are more important (Jones
et al., 2004). Clearly, a key factor in determining the relative
importance of fishing- vs. habitat-mediated disturbance is
the extent of fishing pressure or habitat loss.

Here, we use a unique combination of multivariate
techniques and path analyses to simultaneously assess
the relative importance of fishing vs. coral loss to indivi-
dual species, functional groups and the community
structure of reef fish. The Lau Islands, Fiji, are an ideal
location for this investigation. Reefs in this archipelago
experienced severe bleaching in 2000 (Cumming et al.,
2002) following outbreaks of the coral-feeding crown-of-
thorns starfish (COTS), Acanthaster planci, in 2000 (Dulvy
et al., 2004b). Variable levels of impact and recovery from
these disturbances have resulted in a continuum of coral
cover among islands. Furthermore, locally managed fish-
ing grounds have measurably different levels of fishing
pressure (Jennings & Polunin, 1995a, 1996b), which have
been shown to influence the composition of local fish
communities (Dulvy et al., 2004a), and destructive fishing
techniques are not used by Lauan fishers (Dulvy et al.,
2002), eliminating potentially confounding effects of fish-
ing on habitat. Thus, the islands have a gradient of fishing
pressure and coral cover, suitable for assessing the top-
down impact of fishing, relative to the bottom-up effect of
habitat changes on reef fish communities.

Materials and methods

Extensive surveys of coral reef fishes and coral reef
benthos were undertaken at five Lauan islands: Kabara,
Matuku, Tavunasici, Totoya and Vuaqava, in the eastern
division of Fiji, in 2000 and 2006. Each island represents
a discrete fishing ground used for subsistence purposes
by local villagers. At each island, fish and benthic
surveys were carried out at three sites, in 2000, and
again at the same geographical co-ordinates in 2006.
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Sites were located on the leeward (western) side of each
island on the outer reef slope, at a depth of 7 m.

Abundance of 173 diurnal, noncryptic fish species,
from 17 families, was estimated within six replicate
point counts at each site. Surveyed fish included species
from families targeted by Fijian fishers: lethrinids, lut-
janids, serranids, acanthurids and scarids (Jennings &
Polunin, 1995a, 1997), as well as species from families
known to have strong habitat associations with coral:
chaetodontids, pomacentrids, labrids and mono-
canthids (Wilson et al., 2006). Point counts of fish
abundance were carried out within a cylindrical area
of 7m radius, encompassing a benthic area of approxi-
mately 154 m?. Large mobile species were counted from
outside the count area, before the area was thoroughly
surveyed for other, more site attached, species. Any
individuals entering the area once a count had started
were excluded from abundance estimates.

Fish were placed into functional groups based on
their diet and feeding behaviour (Froese & Pauly,
2007). Species known to have a strong association with
live coral (Wilson et al., 2006) were categorized as coral
dependant, which included obligate coral feeders
(Pratchett, 2005), but excluded facultative coral feeders.
Other functional groups were territorial and roving
feeders of the epilithic algal matrix (EAM feeders),
invertivores and piscivores (see Table S1 for full species
list and functional group).

Benthic habitat was assessed within the same count
areas used to assess fish communities. In 2000, 30 digital
images were collected from each point count in a
haphazard fashion. Each image covered approximately
500cm® of benthos and microhabitat composition
within each was later assessed from 20 random points.
In 2006, benthos was assessed using point intercept
transects. A 30m tape was laid out in a haphazard
fashion within and around each survey count area
and microhabitat was recorded beneath 60 randomly
marked points along each transect. Microhabitat
categories used in both 2000 and 2006 were Acropora,
Pocillopora, Porites, Favids, other living scleractinian
corals, soft coral, Millepora, coralline algae, turf algae,
macroalgae and sponges. Temporal comparisons were
based on the proportional composition of the aforemen-
tioned taxa, which facilitated direct comparisons
between surveys despite differences in sampling
methodologies (Carleton & Done, 1995).

Topography and rugosity measures were used to
assess the structural complexity of the benthos.
Topographic measures provided an assessment of
habitat complexity at the seascape level, whilst rugosity
assessed complexity over a smaller spatial scale. Esti-
mates of reef topography were made on a scale of 0-5,
where reefs with no vertical relief were given a value of

0, and reefs with extremely complex habitats, with
numerous caves and overhangs, were given a value of
5 (Polunin & Roberts, 1993). Rugosity was estimated by
measuring the linear distance covered by a 3m long
chain fitted to the contours of the reef (Risk, 1972).
Topographic and rugosity estimates were carried out
within each count area, providing six estimates per site
in both 2000 and 2006.

A fishing intensity index was calculated for each
island, based on the number of people per linear km
of reef front, following Dulvy et al. (2002). This index
combines information on fishing behaviour and activity
and correlates well with catch rates and estimates of
reef fish yields (Jennings & Polunin, 1995a, 1996b).
However, at some islands, there has been a shift to
forms of subsistence other than fishing and an asso-
ciated decline in fresh fish consumption (Turner et al.,
2007). To account for differences in fish consumption,
the fishing intensity index was modified to calculate the
population size divided by the length of reef front,
multiplied by the median weekly consumption rate
of fresh fish per capita of local village households.
Estimates of population size were obtained from the
Lau provincial council, reef front was calculated from
maps produced by Australian Aerial Mapping in 1994
and consumption rates were based on household
surveys (Turner et al., 2007).

Statistical analyses

Temporal and spatial variation in the abundance of fish
within functional groups and total coral cover were
analysed using repeated measures analysis of variance
(aANovA), with islands as a fixed factor. Abundance data
were square-root transformed and percent coral cover
arcsine transformed to meet the assumptions of homo-
geneity of variance and normality, which were assessed
using Levene’s test and residual plots. Any significant
differences were investigated post hoc using Tukey’s
tests. Benthic composition of sites was further examined
using principal components analysis (PCA), carried out
on a correlation matrix of benthic and habitat complex-
ity variables. Values for all environmental variables
were normalized, allowing them to be compared on a
common scale, and eigenvectors overlaid on a bi-plot of
the first two components.

Fish assemblages at islands sites in 2000 and 2006
were compared using nonmetric multidimensional
scaling (MDS) based on Bray—Curtis similarity
measures. Data were fourth root transformed before
analysis to reduce the influence of dominant species.
Differences in fish assemblages between years
were investigated using the nonparametric permutation
procedure, ANOSIM. Significant differences were further
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assessed using SIMPER (Clarke & Warwick, 2001), which
uses the average Bray-Curtis dissimilarity among
samples to identify those species which contribute the
most to differences between years. The percent
contribution of species within functional groups was
summed to indicate the relative importance of different
functional groups in differentiating between fish
communities in 2000 and 2006.

To assess which combination of environmental
variables (benthic, habitat complexity and fishing
intensity) best explained patterns in fish communities,
Spearman’s rank correlations between environmental
and fish community matrices were calculated using BEST
analysis with the BIOENV algorithm (Clarke & Warwick,
2001). Significance of correlations was tested with
permutation tests.

The relative importance of coral cover and fishing
intensity in driving the abundance of each of the
functional groups and individual fish species were
investigated using path analysis implemented in a
structural equation modelling (SEM) framework. Path
analysis is a method for partitioning relationships
among variables on the basis of hypothetical pathways
of interaction that are identified a priori (Elmhagen &
Rushton, 2007). An a priori full model was developed
for each functional group and fish species, with path-
ways and variables included depending on relevant
ecological interactions. In all cases, the response
variable was the average square-root abundance at each
site for the group or species being examined. For path
analyses we were explicitly interested in the relative
importance of spatial differences in fishing and coral
loss on fish abundance, rather than temporal changes in
these potential drivers, hence time was not included as
a model variable. However, for individual species, path
analysis was only carried out on the five species within
each functional group that contributed the most to
temporal differences in MDS, as variation in abundance
of these species was typically high.

All the potential paths used for the full models are
shown in Fig. 1, but those actually included depended
on the ecological characteristics of the species or
functional group being examined. The full model was
based on two alternative groups of pathways: (1) the
bottom-up effects of habitat availability (coral cover;
Fig. 1, paths cl-c4) and (2) the top-down effects of
fishing (Fig. 1, paths f1—2). For coral-related paths, it
was assumed that coral cover would relate to both
rugosity and topographic complexity. These measures
of habitat complexity could then influence the response
variables for specific fish functional groups and species.
In addition, rugosity could affect abundance of
small-bodied prey fish, and could, therefore, indirectly
influence the abundance of piscivores. It was also
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Fig. 1 Paths used for the structural equation modelling (SEM)
analysis. Fishing could influence the prey species via one of two
alternate pathways (f1 and f2). A direct path between fishing and
the response variable was only included for those species known
to be targeted by Lau fishers (f1, path a). An indirect effect of
fishing (f2) was included for all species that, based on body size,
are potentially prey for fished species (paths b and c). Hard coral
cover could influence the response variable via four potential
pathways (c1-c4). A direct path between hard coral cover and
the response variable (c1, path d) was only included for those
species with a known dependence on live coral. For all models,
an indirect pathway between coral cover and the response (c2)
was formed via habitat topography or rugosity (paths e and f).
For piscivorous species, there is an indirect pathway (paths g, h
and i) between coral cover and the response, via rugosity and its
potential effect on prey species (c3). For all EAM-feeding species,
coral cover could indirectly influence the response variable via
an effect on their food source, which is represented as algal cover
(c4, paths j and k).

assumed that as benthic communities on reefs are space
limited, coral cover would be inversely related to the
cover of turf-forming algae, as turf rapidly colonizes
space vacated by coral tissue following coral mortality
(Diaz-Pulido & McCook, 2002). Turf-forming algae and
associated detritus are also the primary food of EAM-
feeding fishes (Choat, 1991; Wilson et al., 2003) and
changes in turf algae cover may influence abundance
of these fish. Fishing effort is often determined by social
factors and is not necessarily related to fish abundance
or habitat, particularly in artisanal fisheries (Pet-Soede
et al., 2001; Abernethy et al., 2007; Daw, 2008). Hence,
fishing intensity was assumed to be independent of
coral cover and was assumed to impact directly on all
known fished species, as well as the abundance of
piscivores, invertivores and roving EAM feeders. The
total effect (TE) of top-down (fishing) and bottom-up
(habitat) processes on the abundance of functional
groups and species was calculated by multiplying the
standardized coefficients within a pathway then sum-
ming these values for pathways associated with either
fishing or habitat. All models were fitted in R using
the SEM library (Fox, 2002). Goodness-of-fit and
chi-squared values were used to assess the robustness
of models.
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The type of habitat complexity measure used in
models (topographic or rugosity) was determined
based on the maximum observed body size of the
functional group or species (calculated as an average
across the sites). Topographic complexity was used for
species with maximum sizes >20cm, and rugosity for
smaller species. For piscivorous fish, an indirect path-
way between coral cover and the response, via rugosity
and its potential effect on prey species was included
(Fig. 1, c3). Rugosity was chosen here to represent
habitat complexity for the prey species, because of their
small size. Prey species abundance was the sum of all
individuals counted that were below a critical ‘prey’
size, estimated to be 13 cm, which is 50% of the body
length of the average-sized piscivore in counts.
The relationship between predator/prey sizes was esti-
mated by fitting a linear regression to the wide range of
predator/prey size ratios presented in Scharf et al.
(2000). Conversely, based on the same logic, piscivore
abundance could influence abundance of species or
functional groups considered potential prey.

Results

Spatial and temporal changes in benthos

Total coral cover had changed markedly between 2000
and 2006, although the direction and extent of change
varied among islands (islands x year interaction,
Fi10=26.2, P<0.001, Fig. 2a). At Matuku, Tavunasici
and Totoya, coral had declined by 50-70%, and in 2006
was 18-24% at these islands. In contrast, coral cover at
Kabara had increased from <1% to 18%, and was
similar to 2006 coverage at the aforementioned islands.
Coral cover at Vuaqava had remained relatively high
(44%) compared with other islands and was similar to
coral coverage in 2000.

Benthic communities in 2000 were mostly character-
ized by high cover of Acropora, Faviidae, Porites and
Pocillopora corals and high levels of rugosity (Fig. 2b).
At Kabara in 2000, live coral cover was <1% (attributed
to local infestations of A. planci); however, mean rugos-
ity at Kabara was 1.9, and similar to values recorded at
other islands. In 2006, mean coral cover across all sites
was 22% and reefs were dominated by macro
and coralline algae. Moreover, all islands had lower
rugosity than in 2000, although topography was similar
to 2000 estimates. At Vuaqava, coral cover had
remained high; however, the composition of the
coral community had shifted and was characterized
by Pocillopora, rather than Acropora corals, which were
dominant in 2000.
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Fig. 2 Spatial and temporal variation in (a) coral cover and (b)
benthic composition on reefs within five Lau Islands. Average
and standard error of coral cover calculated from three sites at
each island. Benthic composition presented as bi-plot of first two
components from principal component analysis, with
normalized benthic and structural complexity variables
presented as overlaid eigenvectors.

Spatial and temporal changes in fishing pressure

Fishing pressure at most islands declined between 2000
and 2006 (Table 1). The decline was greatest at Kabara
and is attributable to a combination of reduced
population size and a decrease in fish consumption
(Turner et al., 2007).

Spatial and temporal changes in fish communities

Composition of fish communities in the five Lau Islands
differed between the two sampling periods (ANOSIM,
global R =0.859, P<0.001), an MDS plot revealing a
distinct separation of sites surveyed in 2000 from those
surveyed in 2006 (Fig. 3a). No single species contributed
>3% to temporal differences in fish communities; how-
ever, when species contributions were summed as
functional groups, the difference between years was
driven by changes in the abundance of functional
groups that are susceptible to coral loss or fishing
(Fig. 3Db).
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Table 1 Spatio-temporal variation in fishing pressure

Fishing index

Kabara Matuku Tavunasici Totoya Vuaqava
2000 15.1 13.9 0.6 18.6 2.7
2006 4.6 8.3 0.6 15.4 0.7

Fishing index calculated as population per km of reef front
multiplied by median weekly consumption rate of fresh fish
per household.
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Fig. 3 Spatial and temporal distribution of fish assemblages on
reefs within five Lau Islands. (a) Nonmetric multidimensional
(MDS) plot of fish assemblages at the five Lau Islands in 2000
and 2007. (b) Percent contribution by functional fish groups to
temporal differences in Lau fish assemblages. Based on values
from SIMPER analysis of species data used in MDS and calculated
as the summed contribution of species within functional groups.
Bars represent the summed contribution from species that were
higher in abundance in 2000 (black) or 2006 (white).

Abundance of coral-dependant species declined at all
five islands (Fig. 4a, Table 2). Dramatic declines in this
group can be attributed to reduced abundance of the
coral-associated damselfish, Plectroglyphidodon dickii
and Plectroglyphidodon johnstonianus, and obligate
coral-feeding butterflyfish, such as Chaetodon trifascialis,
although abundance of one coral-feeding species,
Chaetodon lunulatus, increased following coral loss. Overall
numbers of coral-dependant fish were lowest at Kabara,
where coral cover was already negligible in 2000.
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Fig. 4 Spatial and temporal variation in abundance of
functional fish groups on reefs within five Lau Islands. Average
and standard error of abundance estimates calculated from
three sites at each islands.

EAM-feeding fish represented a major proportion of
the fish community, accounting for 45-70% of fish
abundance estimates at the different islands; however,
the relative contribution from territorial and roving
species varied temporally. Abundance of territorial
EAM feeders, which were all small-bodied pomacen-
trids, declined at all sites in 2006 (Fig. 4b, Table 2). In
contrast, abundance of the larger bodied roving EAM
feeders, which are primarily surgeon and parrotfish,
had generally increased between 2000 and 2006
(Fig. 3c). Temporal changes in the abundance of roving
EAM feeders were not consistent among islands
and significant increases only occurred at Tavunasici
and Matuku (Table 2).

The number of invertivore feeding and piscivorous
fish also increased between 2000 and 2006 (Table 2,
Fig. 4d and e). The invertivores were the most specious
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Table 2 Statistical results from repeated measures analysis of variance (ANOVA) for each functional fish group

Islands Time Time x Islands
Fs10 P Fi10 P Fs10 P Pairwise comparisons
Coral dependant 43 0.007 59.1 <0.001 1.7 0.231 2000>2006
Ma, Vu>Ka
Territorial EAM 21.2 <0.001 64.5 <0.001 2.9 0.075 2000 > 2006
To>Vu, Ma, Ta, Ka; Vu, Ma>Ka
Roving EAM 2.9 0.077 13.5 105 0.001 Ma 2006 >Ma 2000
Ta 2006 >Ta 2000
Invertivores 2.5 0.110 33.2 <0.001 1.2 0.358 2000 <2006
Piscivores 12.8 0.001 11.8 24 0.120 2000 <2006

Ma, Ta, To>Ka, Vu

Pairwise comparisons from Tukey’s test.

Ka, Kabara; Ma, Matuku; Ta, Tavunasici; To, Totoya; Vu, Vuaqava.

of all groups, accounting for 89/182 (49%) of species
surveyed. Changes to the composition of this group
accounted for 40% of the temporal variation in the
fish community (Fig. 3b). Most invertivores (e.g.
Pseudocheilinus species and Parupeneus bifasciatus)
increased in abundance, although some (e.g. Thalassoma
hardwicke) declined. Increases in piscivore abundance
were most noticeable at Matuku, Tavunasici and
Totoya, where the overall abundance of these fish
was greater (Table 2, Fig. 4e).

A comparison of the fish community with environ-
mental data found a combination of Acropora cover,
fishing pressure and habitat rugosity were driving
patterns in fish communities (p = 0.511, P<0.01). How-
ever, when the analysis was restricted to single envir-
onmental variables, Acropora cover was the best
predictor of change in fish communities, and explained
a similar level of variation as the three-variable model
(p =0.448, P<0.01).

Relative importance of fishing and coral loss to fish
abundance

In the path analyses, the relative influence of fishing
pressure and coral cover as drivers for fish abundance
varied between functional groups and among species
within these groups (Table 3, Fig. 5). At a functional
level, the TE of coral was clearly greater than fishing for
coral-dependant and territorial EAM feeders, whilst the
TE of fishing was greater for invertivores (Fig. 5).
Among the 20 species analysed, coral had a strong TE
(>0.3) on the abundance of eight, and fishing a strong
effect on four fish species (Table 3). Coral or habitat
complexity was identified as significant response
paths for 12 fish species, whilst fishing or piscivore
abundance was significant paths for four species.

The influence of coral and habitat on fish abundance
was most evident among the coral-dependant fish
(Table 3). A positive relationship was observed among
coral cover and abundance of the coral-dependant
group (Fig. 5a), as well as the obligate coral-feeding
fish C. trifascialis (Table 3). However, the abundance of
coral dwelling fish, P. dickii and P. johnstonianus and the
corallivore Chaetodon plebius, was more strongly linked
to habitat complexity (Table 3).

There was a strong negative relationship between
coral and algal cover, the primary food source of many
EAM-feeding fish (Table 3, Fig. 5). Abundance of terri-
torial species was, however, inversely related to pre-
dator abundance and positively related to complexity,
implying predation is a more important determinant of
abundance than dietary resources (Fig. 5b). Indeed
abundance of the territorial EAM feeders was nega-
tively correlated to algae, although this relationship was
primarily driven by Plectroglyphidodon lacrymatus (Table
3) and implies a positive relationship with coral and
habitat rugosity. The trophic group, roving EAM fee-
ders, were also more strongly affiliated with habitat
topography than algae (Fig. 5c). Abundance of some
species of roving EAM feeders such as Nuaso literatus and
Acanthurus lineatus was positively linked to algal cover,
although other species were more strongly linked with
habitat topography and Acanthurus nigricans was nega-
tively influenced by fishing pressure (Table 3). Models
for all EAM feeders were, however, poorly fitted and
response residuals indicate much of the variation in
abundances had not been explained.

Fishing pressure was the main driver of invertivore
abundance, although this was a positive relationship
(Fig. 5d). Many of the invertivores surveyed were not
directly targeted by fishers and a positive relationship
implies increased fishing reduces competition and, or
predation, resulting in an increase in abundance of
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Fig. 5 Path analyses models comparing the influence of fishing
and coral on the abundance of (a) coral dependant, (b) territorial
EAM feeders, (c) roving EAM feeders, (d) invertivores and (e)
piscivores. Path arrows made with dashed lines were not
included in the model for abundance of functional groups but
were included for certain species within the group, when
deemed appropriate. Values above arrows are path coefficients,
which estimate the strength of the relationship among variables
and if in bold are significant (P <0.05). Italicized values above
boxes represent the amount of unexplained variation for that
variable. The total effect (TE) gives an indication of the relative
importance of fishing and coral on functional groups and was
calculated by multiplying the standardized coefficients within a
pathway then summing these values for pathways associated
with either fishing or coral.
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invertivores. Analysis at the species level revealed that
whilst some invertivores are positively associated with
habitat complexity, others were negatively associated
with this variable, inferring a preference for low
complexity or rubble type environments (Table 3). For
species that are targeted by fishers, such as the goatfish,
P. bifasciatus, there was a negative effect of fishing on
abundance.

The overall abundance of piscivores was negatively
linked to the abundance of prey, which was positively
associated with rugosity (Fig. 5e). Models for piscivores
and piscivorous species were, however, generally poor

fits and path coefficients were not consistent among
species (Table 3). Fishing had a direct effect on two of
the piscivorous species, Cephalopholis argus and Lutjanus
gibbus, both species declining in abundance with in-
creasing fishing intensity (Table 3).

The most robust path analysis models in terms of
goodness-of-fit and chi-squared values were those for
coral-dependant fish (Table 3). For many of the other
models, chi-squared analyses were significant and the
goodness-of-fit indices were below 0.8, suggesting these
postulated models miss some important predictors and
associated descriptors of their interactions with
responses in the reef fish communities. Although it
appears that many of our models may miss substantial
sources of variability in reef fish abundance, interpreta-
tion of the relative importance of coral and fishing
in driving fish abundance are sound as we have
considered all potential pathways for these variables
to influence the response variables.

Discussion

Over-exploitation and habitat degradation are the two
primary drivers of population declines and species
extinctions across a wide range of habitats (Ludwig
et al., 1993; Brooks et al., 2002; Dulvy et al., 2003). There
are numerous examples where humans have hunted
individual species to extinction (Flannery, 1994) and
these events not only impact the target species but can
also induce changes in community composition via the
release of meso-predators (Crooks & Soule, 1999;
Elmhagen & Rushton, 2007) and prey (Terborgh et al.,
2001; Gilg et al., 2003; Frank et al., 2005). This may have
cascading effects on lower trophic levels, affecting
diversity and primary productivity of the system
(Crooks & Soule, 1999; Schmitz et al., 2000). Alterations
to habitat structure (e.g. through direct and indirect
anthropogenic disturbances) also have obvious impacts
on community structure and dynamics (Sousa, 1984;
Walther et al., 2002). For example, clearing of temperate
woodlands for agricultural and mining purposes
has reduced habitat heterogeneity and structural
complexity resulting in a decline in reptile (Brown,
2001) and bird (Jansen & Robertson, 2001) diversity.
Importantly, the combination of over-exploitation
(top-down effects) and habitat degradation (bottom-
up) can have potentially dire consequences for
ecosystem function (Pace et al., 1999; Travis, 2003).
Our study demonstrates that within an extremely
diverse reef fish assemblage, both ‘top-down’ fishing
and ‘bottom-up” habitat disturbances play critical roles
in determining abundance and community structure.
However, the relative importance of fishing and habitat
loss varies between functional groups and species of
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fish. Declines in fish that either feed or shelter within
live coral can be directly attributed to coral loss, a result
that has been widely reported in the literature (Wilson
et al., 2006). Among these species, the impact of coral
loss is greatest on specialists that feed or shelter within
a narrow subset of species from the coral community
(Munday, 2004; Pratchett et al., 2006; Wilson et al., 2008).
Thus, as observed here, specialist corallivores such as
C. trifascialis decline in abundance, whilst generalist
feeders such as Chaetodon lunula may proliferate. Subtle
shifts in a coral community can also favour some
species over others, influencing the composition of
coral-dependant fish communities (Berumen & Pratchett,
2006). For example, at Vuaqava, overall coral cover had
not changed between 2000 and 2006, but a shift
in coral composition resulted in dramatic declines in
coral-dependant fish. This can be attributed to declines
in Acropora feeding specialists and species that reside
within branching corals.

Corals, particularly branching acroporids, also play
a vital role in creating and maintaining habitat complex-
ity, which is essential for the survival of many
small-bodied reef fish (Graham et al., 2006). In the Lau
Islands, topographic complexity, which is relevant to
large- and medium-sized fish (Wilson et al., 2007), has
been maintained; however, the loss of Acropora coral has
reduced rugosity. This may explain why small, site
attached fish such as the territorial EAM feeders have
declined in abundance, whilst abundance of larger
bodied roving EAM feeders has generally increased.
In contrast, abundance of many small-bodied inverte-
brate-feeding fish, such as the Pseudochromids, was
unaffected by changes in rugosity, a pattern also
observed following widespread loss of coral and
structural complexity throughout the Indian Ocean
(Graham et al, 2008). The apparent stability
of small-bodied invertivore abundance may partially
relate to greater mobility of these fish compared with
similar-sized species from other trophic groups. For
example, EAM-feeding pomacentrids have territories
that are often <1m? (Ceccarelli et al., 2005), whilst
invertebrate-feeding wrasses of similar size forage over
30-150 m?, including areas of low complexity, such
as coral rubble (Jones, 2005). Some EAM-feeding
pomacentrids (e.g. P. lacrymatus) also show a preference
for habitats with skeletons of branching corals (Wilson
et al., 2008), whilst invertivores tend to be habitat
generalists (MacNeil et al., in press) and are therefore
expected to be less susceptible to disturbance (Vasquez
& Simberloff, 2002). Failure of coral recovery and
protracted loss of fine scale complexity may, however,
have serious long-term consequences, as most fishes
probably depend on fine scale reef complexity to
moderate predation and competition, particularly

© 2008 The Authors

during vulnerable juvenile life stages (Almany, 2004;
Graham et al., 2007).

Coral mortality instigated by bleaching or COTS is
not always associated with an immediate decline in
rugosity (Wilson et al., 2006). Coral skeletons may
remain for several years after such disturbances,
providing shelter for fish (Pratchett et al., 2008). For
example, at Kabara, an outbreak of COTS caused coral
cover to decline to <1% in 2000, but rugosity was
similar to sites with 40-50% coral cover. High rugosity
at Kabara probably allowed small fish, including some
coral-associated species, to persist. However, by 2006,
coral skeletons had eroded and although coral
cover had increased, colonies were encrusting or small
(S. K. Wilson, personal observations) and rugosity was
lower than it was in 2000. Consequently, the relation-
ship between structural complexity and coral cover
may become decoupled when rugosity is retained
immediately after disturbances or in the initial stages
of recovery, when coral colonies are small.

Historic exploitation of marine resources has had an
impact on the most remote of fish communities (Jackson
et al., 2001). However, fishing is currently having
a limited impact on Lauan fish communities. Path
analysis detected direct effects on only a few species
and patterns of piscivore abundance, which are targeted
by many Fijian fishing communities (Jennings &
Polunin, 1995a, 1997), are primarily linked to abun-
dance of prey, which is closely associated with
reef complexity. Furthermore, BEST analysis of fish
community and environmental data matrices indicates
that cover by Acropora corals alone explains almost the
same level of variation in fish data as the combination of
Acropora, fishing and rugosity. Similarly, results from the
inner Seychelles found a loss of predominantly branch-
ing coral-reduced habitat complexity, resulting in a
decline of small-bodied fish and their predators, even
in areas where fishing is excluded (Graham et al., 2007).

Many invertebrate-feeding fish are also targeted by
Lauan fishers, particularly those from the family
Lethrinidae (Jennings & Polunin, 1995a). However,
underwater visual surveys underestimate the abun-
dance of lethrinids (Jennings & Polunin, 1995b), making
it difficult to assess the direct impact of fishing on this
family. This may explain why fishing has a positive
impact on the abundance as invertebrate-feeding fish,
as many of the smaller bodied invertivores are not
targeted by fishers. Consequently, the removal of
lethrinids could reduce competition for resources,
encouraging an increase in the abundance of nonfished
species. This implies a direct effect of fishing on lethri-
nids, but an indirect effect on invertivore competitors.

Indirect effects of fishing are also implied through the
influence of predation on small-bodied EAM feeders.
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Fishing reduces the number of predators, which
increases the number of prey; in this case pomacentrids.
Such trophic cascades are not always observed at
aggregated levels (e.g. Jennings & Polunin, 1997) and
may relate to prey preferences of particular species
(Graham et al., 2003). However, declines in fishing
may result in changes to the size spectra of fish
communities, whereby large fish become more
abundant and, or, small fish less abundant (e.g. Dulvy
et al., 2004a).

We have focused on two probable drivers of abun-
dance in the path models: changes to habitat, brought
about by disturbance mediated coral loss, and fishing.
For some fish (e.g. coral dependants), coral variation
and fishing are the basis of comparatively robust
models; however, for more complex models there were
poor fits. In these models, limited sample size may have
contributed to poor model fits. However, high residual
values on response variables for some fish imply factors
other than coral cover and fishing pressure are
important determinants of fish abundance. Our models
do not consider supply rate of juvenile fish, which is
spatially and temporally variable, and may substan-
tially influence on the abundance of many fish species
(Doherty, 1991). Furthermore, the high complexity
inherent in diverse ecosystems such as coral reefs, mean
a wide array of competitive and predatory interactions
between fish and other co-habitants may occur. This
means the number of potentially important driving
pathways is vast, and may be highly variable on a
species-specific basis. We found that path models were
consistently stronger for species than for functional
groups, supporting the notion that species level
interactions are more common and detectable than
those that occur at a community level (Polis et al.,
2000). Indeed, abundance of species within the same
functional group was often controlled by different
drivers, effectively reducing the overall strength of the
response at the functional level. Thus, community level
responses to changes in exploitation or habitat are more
likely to be attenuated when there is high diversity
within a functional group (Schmitz et al., 2000).

Conclusion

Fishing pressure has declined in the Lau Islands due to
emigration of people and reduced reliance on live fish
as a food source (Turner et al., 2007). This has reduced
the direct impact of fishing on fish assemblages, though
some effects of exploitation are still apparent. However,
greater concern relates to coral bleaching and starfish
outbreaks, which caused substantial declines in coral
cover and small-scale complexity that are currently
influencing coral-dependant fish and small-bodied

species with potential long-term consequences for the
assemblage. These results suggest that in sparsely
populated remote locations, or where there is a decline
in exploitation of marine resources, such as recently
instigated reserves, loss of habitat is having an increas-
ingly important influence on fish communities relative
to fishing. Relative importance of top-down effects can
however change (Frank ef al., 2007), and increasing
fishing pressure, which impacts different elements
of the fish community, can put further pressure on
a stressed system. The models presented here provide
a basis for assessing the relative importance of fishing
and habitat loss to other reef fish communities,
providing spatial and temporal assessments of their
relative impact. As fishing pressure increases and
habitat disturbance becomes more severe, these models
will provide a useful tool for identifying how complex
top-down and bottom-up ecological processes interact
with coral reef fish communities.

Acknowledgements

We are grateful to the people of the Lau Islands for their support
for allowing access to their reefs, Leon Zann and staff at
University of South Pacific Fiji for logistical support and the
crew of the Mothership whilst in the field. The project
was financially supported by National Geographic and the
Leverhulme Trust.

References

Abernethy KE, Allison EH, Molloy PP, Coté IM (2007) Why do
fishers fish where they fish? Using the ideal free distribution to
understand the behaviour of artisanal fishers. Canadian Journal
of Fisheries and Aquatic Sciences, 64, 1595-1604.

Almany GR (2004) Differential effects of habitat complexity,
predators and competitors on abundance of juvenile and adult
coral reef fishes. Oecologia, 141, 105-113.

Berumen ML, Pratchett MS (2006) Recovery without resilience:
persistent disturbance and long-term shifts in the structure of
fish and coral communities at Tiahura Reef, Moorea. Coral
Reefs, 25, 647-653.

Brooks TM, Mittermeier RA, Mittermeier CG et al. (2002) Habitat
loss and extinction in the hotspots of biodiversity. Conservation
Biology, 16, 909-923.

Brown GW (2001) The influence of habitat disturbance on
reptiles in a Box-Ironbark eucalypt forest of south-eastern
Australia. Biodiversity and Conservation, 10, 161-176.

Bruno JF, Selig ER (2007) Regional decline of coral cover in the
Indo-Pacific: timing, extent, and subregional comparisons.
PLoS One, 8, e711.

Carleton JH, Done TJ (1995) Quantitative video sampling of
coral-reef benthos — large-scale application. Coral Reefs, 14,
35-46.

Ceccarelli DM, Jones GP, McCook LJ (2005) Effects of territorial
damselfish on an algal-dominated coastal coral reef. Coral
Reefs, 24, 606-620.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2796-2809



AGENTS OF CHANGE; FISHING AND CORAL LOSS 2807

Choat JH (1991) The biology of herbivorous fishes on coral reefs.
In: The Ecology of Fishes on Coral Reefs (ed. Sale PF), pp. 120-155.
Academic Press, San Diego, CA.

Clarke KR, Warwick RM (2001) Change in Marine Communities:
An Approach to Statistical Analysis and Interpretation, 2nd edn.
PRIMER-E Ltd, Plymouth.

Crooks KR, Soule ME (1999) Mesopredator release and
avifaunal extinctions in a fragmented system. Nature, 400,
563-566.

Cumming RL, Toscano MA, Lovell ER et al. (2002) Mass coral
bleaching in the Fiji Islands, 2000. In: Proceedings of the Ninth
International Coral Reef Symposium, Bali, Vol. 2 (eds Moosa MK,
Soemodihardjo S, Soegiarto A et al.), pp. 1161-1169.

Daw TM (2008) Spatial distribution of effort by artisanal fishers:
exploring economic factors affecting the lobster fisheries of the
Corn Islands, Nicaragua. Fisheries Research, 90, 17-25.

Diaz-Pulido G, McCook LJ (2002) The fate of bleached corals:
patterns and dynamics of algal recruitment. Marine Ecology
Progress Series, 232, 115-128.

Doherty PJ (1991) Spatial and temporal patterns in recruitment.
In: The Ecology of Fish on Coral Reefs (ed. Sale PF), pp. 261-292.
Academic Press, San Diego, CA.

Dulvy NK, Freckleton RP, Polunin NVC (2004b) Coral reef
cascades and the indirect effects of predator removal by
exploitation. Ecology Letters, 7, 410-416.

Dulvy NK, Mitchell RE, Watson D, Sweeting CJ, Polunin NVC
(2002) Scale-dependant control of motile epifaunal community
structure along a coral reef fishing gradient. Journal of Experi-
mental Marine Biology and Ecology, 278, 1-29.

Dulvy NK, Polunin NVC, Mill AC, Graham NA] (2004a) Size
structural change in lightly exploited coral reef fish commu-
nities:
evidence for weak indirect effects. Canadian Journal of Fish and
Aquatic Sciences, 61, 466-475.

Dulvy NK, Sadovy Y, Reynolds JD (2003) Extinction vulnerabil-
ity in marine populations. Fish and Fisheries, 4, 25-64.

Elmhagen B, Rushton SP (2007) Trophic control of mesopreda-
tors in terrestrial ecosystems: top-down or bottom-up? Ecology
Letters, 10, 197-206.

Estes JE, Smith NS, Palmisano JF (1978) Sea otter predation and
community organization in the Western Aleutian Islands,
Alaska. Ecology, 59, 822-833.

Feary DA, Almany GR, McCormick MI, Jones GP (2007) Habitat
choice, recruitment and the response of coral reef fishes to
coral degradation. Oecologia, 153, 727-737.

Flannery T (1994) The Future Eaters: An Ecological History of the
Australasian Lands and People. Read Books, Sydney, Australia.

Fox J (2002) An R and S-PLUS Companion to Applied Regression.
Sage, Thousand Oaks, CA.

Frank KT, Petrie B, Choi JS, Leggett WC (2005) Trophic cascades
in a formerly cod-dominated ecosystem. Science, 308, 1621-
1623.

Frank KT, Petrie B, Shackell NL, Choi JS (2006) Reconciling
differences in trophic control in mid-latitude marine ecosys-
tems. Ecology Letters, 9, 1096-1105.

Frank KT, Petrie B, Shackell NL (2007) The ups and downs of
trophic control in continental shelf ecosystems. Trends in
Ecology and Evolution, 22, 236-242.

© 2008 The Authors

Froese R, Pauly D (2007) FishBase. World Wide Web electronic
publication. www.fishbase.org

Gardner TA, Coté IM, Gill JA, Grant A, Watkinson AR (2003)
Long-term region-wide declines in Caribbean corals. Science,
301, 958-960.

Garpe KC, Yahya SAS, Lindahl U, Ohman MC (2006) Long-term
effects of the 1998 coral bleaching event on reef fish assem-
blages. Marine Ecology Progress Series, 315, 237-247.

Gilg O, Hanski I, Sittler B (2003) Cyclic dynamics in a simple
vertebrate predator-prey community. Science, 302, 866—868.
Graham NA]J, Dulvy NK, Jennings S, Polunin NVC (2005) Size
spectra as indicators of fishing effects on coral reef fish

assemblages. Coral Reefs, 24, 118-124.

Graham NAJ, Evans RD, Russ GR (2003) The effects of marine
reserve protection on the trophic relationships of reef fishes
on the Great Barrier reef. Environmental Conservation, 30,
200-208.

Graham NAJ, McClanahan TR, MacNeil MA et al. (2008) Climate
warming, marine protected areas and the ocean-scale integrity
of coral reef ecosystems. PLoS Orne, 3, e3039.

Graham NAJ, Wilson SK, Jennings S, Polunin NVC, Bijoux JP,
Robinson ] (2006) Dynamic fragility of oceanic coral reef
ecosystems. Proceedings of the National Academy of Sciences of
the United States of America, 103, 8425-8429.

Graham NAJ, Wilson SK, Jennings S, Polunin NVC, Robinson J,
Bijoux JP, Daw TM (2007) Lag effects in the impacts of mass
coral bleaching on coral reef fish, fisheries, and ecosystems.
Conservation Biology, 21, 1291-1300.

Grandcourt EM, Cesar HSJ (2003) The bio-economic impact of
mass coral mortality on the coastal reef fisheries of the
Seychelles. Fisheries Research, 60, 539-550.

Grigg RW (1994) Effects of sewage discharge, fishing pressure
and habitat complexity on coral ecosystems and reef fishes in
Hawaii. Marine Ecology Progress Series, 103, 25-34.

Halpern BS, Gaines SD, Warner RR (2005) Habitat size, recruit-
ment and longevity as factors limiting population size in
stage-structured species. The American Naturalist, 165, 82-94.

Hoegh-Guldberg O (1999) Climate change, coral bleaching and
the future of the world’s coral reefs. Marine and Freshwater
Research, 50, 839-866.

Hughes TP, Baird AH, Bellwood DR et al. (2003) Climate change,
human impacts and the resilience of coral reefs. Science, 301,
929-933.

Jackson JBC, Kirby MX, Berger WH et al. (2001) Historical over-
fishing and the recent collapse of coastal ecosystems. Science,
293, 629-637.

Jansen A, Robertson AI (2001) Riparian bird communities in
relation to land management practices in floodplain wood-
lands of south-eastern Australia. Biological Conservation, 100,
173-185.

Jennings S, Polunin NVC (1995a) Comparative size and compo-
sition of yield from six Fijian reef fisheries. Journal of Fish
Biology, 46, 28—46.

Jennings S, Polunin NVC (1995b) Biased underwater visual
census biomass estimates for target species in tropical reef
fisheries. Journal of Fish Biology, 47, 733-736.

Jennings S, Polunin NVC (1996a) Impacts of fishing on tropical
reef ecosystems. Ambio, 25, 44—49.

Journal compilation © 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2796-2809



2808 S. K. WILSON et al.

Jennings S, Polunin NVC (1996b) Effects of fishing effort and
catch rate upon the structure and biomass of Fijian reef fish
communities. Journal of Applied Ecology, 33, 400—412.

Jennings S, Polunin NVC (1997) Impacts of predator depletion by
fishing on the biomass and diversity of non-target reef fish
communities. Coral Reefs, 16, 71-82.

Jones KMM (2005) Home range areas and activity centres in six
species of Caribbean wrasses (Labridae). Journal of Fish Biology,
66, 150-166.

Jones GP, McCormick MI, Srinivasan M, Eagle JV (2004) Coral
decline threatens fish biodiversity in marine reserves. Proceed-
ings of the National Academy of Sciences of the United States of
America, 101, 8251-8253.

Ludwig D, Hilborn R, Walters C (1993) Uncertainty, resource
exploitation, and conservation: lessons from history. Science,
260, 17-36.

MacNeil MA, Graham NA]J, Polunin NVC, Kulbicki M, Galzin R,
Harmelin-Vivien M, Rushton SP (in press) A confederacy of
processes: hierarchical drivers of reef-fish metacommunity
structure. Ecology.

McClanahan TR, Arthur R (2001) The effect of marine reserves
and habitat on populations of east African coral reef fishes.
Ecological Applications, 11, 559-569.

McClanahan TR, Maina J, Pet-Soede L (2002) Effects of the 1998
coral mortality event on Kenyan coral reefs and fisheries.
Ambio, 31, 543-550.

Munday PL (2004) Habitat loss, resource specialisation, and
extinction on coral reefs. Global Change Biology, 10, 1642-1647.

Newton K, Coté IM, Pilling GM, Jennings, Dulvy NK (2007)
Current and future sustainability of island coral reef fisheries.
Current Biology, 17, 655-658.

Pace ML, Cole JJ, Carpenter SR, Kitchell JF (1999) Trophic
cascades revealed in diverse ecosystems. Trends in Ecology
and Evolution, 14, 483-488.

Paine RT (1966) Food web complexity and species diversity. The
American Naturalist, 100, 65-75.

Pauly D, Christensen V, Dalsgaard ], Froese , Torres F (1998)
Fishing down marine food webs. Science, 279, 860-863.

Pet-Soede C, Van Densen WLT, Hiddink ]G, Kuyl S, Machiels
MAM (2001) Can fishermen allocate their fishing effort in
space and time on the basis of their catch rates? An example
from Spermonde Archipelago, SW Sulawesi, Indonesia. Fish-
eries Management and Ecology, 8, 15-36.

Pinnegar JK, Polunin NVC, Francour P et al. (2000) Trophic
cascades in benthic marine ecosystems: lessons for fisheries
and protected-area management. Environmental Conservation,
27, 179-200.

Polis GA, Sears ALW, Huxel GR, , Strong DR, Maron ] (2000)
When is a trophic cascade a trophic cascade? Trends in Ecology
and Evolution, 15, 473-475.

Polunin NVC, Roberts CM (1993) Greater biomass and value of
target coral-reef fishes in two small Caribbean marine
reserves. Marine Ecology Progress Series, 100, 167-176.

Pratchett MS (2005) Dietary overlap among coral-feeding
butterflyfishes (Chaetodontidae) at Lizard Island, northern
Great Barrier Reef. Marine Biology, 148, 373-382.

Pratchett MS, Munday PL, Wilson SK et al. (2008) Effects of
climate-induced coral bleaching on coral-reef fishes: ecological

and economic consequences. Oceanography and Marine Biology,
Annual Review, 46, 251-296.

Pratchett MS, Wilson SK, Baird AH (2006) Declines in the
abundance of Chaetodon butterflyfishes following extensive
coral depletion. Journal of Fish Biology, 69, 1269-1280.

Risk MJ (1972) Fish diversity on a coral reef in the Virgin Islands.
Atoll Research Bulletin, 153, 1-6.

Russ GR (2002) Marine reserves as reef fisheries management
tools: yet another review. In: The Ecology of Fish on Coral reefs
(ed. Sale PF), pp. 421-444. Academic Press, San Diego, CA.

Scharf FS, Juanes F, Rountree RA (2000) Predator—prey size
relationships of marine fish predators: interspecific variation
and the effects of ontogeny and body size on niche breadth.
Marine Ecology Progress Series, 208, 229-248.

Schmitz O], Hamback PA, Beckerman AP (2000) Trophic
cascades in terrestrial systems: a review of the effects of
carnivore removals on plants. The American Naturalist, 155,
141-153.

Sousa WP (1984) The role of disturbance in natural communities.
Annual Review of Ecology and Systematics, 15, 353-391.

Terborgh JT, Lopez L, Nuiiez P et al. (2001) Ecological meltdown
in predator-free forest fragments. Science, 294, 1923-1926.

Travis JM (2003) Climate change and habitat destruction: a
deadly anthropogenic cocktail. Proceedings of the Royal Society
B: Biological Sciences, 270, 467-473.

Turner RA, Cakacaka A, Graham NAJ, Polunin NVC, Pratchett
MS, Stead SM, Wilson SK (2007) Occupational shifts reduce
reliance on marine resources in remote South Pacific societies.
Coral Reefs, 26, 997-1008.

Vasquez DP, Simberloff D (2002) Ecological specialization and
susceptibility to disturbance: conjectures and refutations.
The American Naturalist, 159, 606—623.

Walther G-R, Post E, Convey P et al. (2002) Ecological responses
to recent climate change. Nature, 416, 389-395.

Wilkinson CR (2000) Status of Coral Reefs of the World: 2000.
Australian Institute of Marine Science, Townsville, Australia.

Wilmers CC, Post E, Peterson RO, Vucetich JA (2006) Predator
disease out-break modulates top-down, bottom-up and climatic
effects on herbivore population dynamics. Ecology Letters, 9,
383-389.

Wilson SK, Bellwood DR, Choat JH, Furnas MJ (2003) Detritus
in the epilithic algal matrix and its use by coral reef
fishes. Oceanography and Marine Biology, Annual Review, 41,
279-309.

Wilson SK, Burgess SC, Cheal AJ et al. (2008) Habitat utilisation
by coral reef fish: implications for specialists vs. generalists
in a changing environment. Journal of Animal Ecology, 77,
220-228.

Wilson SK, Graham NAJ, Polunin NVC (2007) Appraisal
of visual assessments of habitat complexity and benthic
composition on coral reefs. Marine Biology, 151, 1069-1076.

Wilson SK, Graham NAJ, Pratchett MS, Jones GP, Polunin NVC
(2006) Multiple disturbances and the global degradation of
coral reefs: are reef fishes at risk or resilient? Global Change
Biology, 12, 2220-2234.

Worm B, Myers RA (2003) Meta analysis of cod-shrimp
interactions reveals top-down control in oceanic food webs.
Ecology, 84, 162-173.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2796-2809



AGENTS OF CHANGE; FISHING AND CORAL LOSS 2809

Supporting Information

The following Supporting Information for this article is avail-
able online:

Table S1. Functional group of surveyed fish species.

Table S2. Path analysis results for representative species
from each functional group. Only the top 5 species
that contributed >1% to temporal differences in MDS are
presented. Values for Response Paths, Associated Paths
and Residuals are un-standardised coefficients for the
full model. In all cases the response variable is the
square-root abundance of the species. Genus abbrevia-

tions; Pl, Plectroglyphidodon; Ch, Chaetodon; Na, Naso; Ac,
Acanthurus; Sc, Scarus; Ze, Zebrasoma; Pa, Parupeneus; He,
Heniochus; Bo, Bodianus; Th, Thalassoma; Ce, Cephalopholis; Lu,
Lutjanus.

Additional Supporting Information may be found in the online

version of this article.

Please note: Blackwell Publishing is not responsible for the

content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2796-2809




Table S1. Functional group of surveyed fish species

Species

Trophic group

Acanthurus blochii
Acanthurus guttatus
Acanthurus lineatus
Acanthurus nigricans
Acanthurus nigricauda
Acanthurus olivaceus
Acanthurus pyroferus
Acanthurus triostegus
Acanthurus xanthopterus
Aluteres scriptus
Amanses scopas
Anampses caeruleopunctatus
Anampses neoguinaicus
Anampses twisti
Anyperodon leucogrammicus
Aphareus furca

Aprion virescens
Arothron mappa
Arothron nigropunctatus
Balistapus undulatus
Balistoides conspicillum
Balistoides viridescens
Bodianus anthioides
Bodianus axillaris
Bodianus diana
Bodianus loxozonus
Bodianus mesothorax
Cantherhines dumerilii
Cantherhines pardalis
Canthigaster valentini
Cephalopholis argus
Cephalopholis leopardus
Cephalopholis urodeta
Cetoscarus bicolor
Chaetodon auriga
Chaetodon baronessa
Chaetodon bennetti
Chaetodon citrinellus
Chaetodon ephippium
Chaetodon flavirostris
Chaetodon kleinii
Chaetodon lineolatus
Chaetodon lunula
Chaetodon lunulatus
Chaetodon melannotus
Chaetodon mertensii
Chaetodon ornatissimus

EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Piscivore
Piscivore
Piscivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Piscivore
Piscivore
Piscivore
EAM rover
Coral dependant
Coral dependant
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Coral dependant
Invertivore
Invertivore
Coral dependant




Chaetodon pelewensis
Chaetodon plebeius
Chaetodon quadrimaculatus
Chaetodon rafflesi
Chaetodon reticulatus
Chaetodon trifascialis
Chaetodon ulietensi
Chaetodon unimaculatus
Chaetodon vagabundus
Cheilinus chlorourus
Cheilinus fasciatus
Cheilinus oxycephalus
Cheilinus trilobatus
Cheilinus undulatus
Chlorurus frontalis
Chlorurus microrhinos
Chlorurus sordidus

Coris aygula

Coris gaimard
Ctenochaetus binotatus
Ctenochaetus striatus
Ctenochaetus strigosus
Diodon hystrix

Epibulus insidiator
Epinephelus fuscogutattus
Epinephelus hexagonatus
Epinephelus howlandi
Epinephelus maculates
Epinephelus polyphekadion
Forcipiger flavissimus
Forcipiger longisrostris
Gnathodentex aurolineatus
Gomphosus varius
Gracila albomarginata
Halichoeres hortulanus
Halichoeres margaritaceus
Halichoeres marginatus
Hemigymnus fasciatus
Hemigymnus melapterus
Heniochus chrysostomus
Heniochus monoceros
Heniochus singularis
Heniochus varius
Hipposcarus longiceps
Kyphosus cinerascens
Larbichthys unilineatus
Lethrinus atkinsoni
Lethrinus erythracanthus
Lethrinus nebulosus
Lethrinus olivaceus

Coral dependant
Coral dependant
Coral dependant
Invertivore
Invertivore
Coral dependant
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
EAM rover
EAM rover
EAM rover
Invertivore
Invertivore
EAM rover
EAM rover
EAM rover
Piscivore
Piscivore
Piscivore
Piscivore
Piscivore
Piscivore
Piscivore
Invertivore
Invertivore
Invertivore
Invertivore
Piscivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
EAM rover
EAM rover
Coral dependant
Piscivore
Piscivore
Piscivore
Piscivore




Lutjanus bohar Piscivore
Lutjanus fulviflamma Piscivore
Lutjanus fulvus Piscivore
Lutjanus gibbus Piscivore
Lutjanus kasmira Piscivore
Lutjanus monostigma Piscivore
Lutjanus russelli Piscivore
Lutjanus semicinctus Piscivore
Lutjanus vitta Piscivore
Macolor niger Invertivore
Macropharyngodon meleagris Invertivore
Melichthys vidua Invertivore
Monotaxis grandoculus Piscivore
Mulloidichthys vanicolensis Piscivore
Naso lituratus EAM rover
Naso tuberosus EAM rover
Naso unicornis EAM rover
Ostracion meleagris Invertivore
Oxycheilinus digramma Piscivore
Oxycheilinus unifasciatus Piscivore

Oxymonacanthus longirostris

Coral dependant

Parupeneus barbarinus Invertivore
Parupeneus bifasciatus Piscivore

Parupeneus ciliatus Invertivore
Parupeneus cyclostomus Piscivore

Parupeneus multifasciatus Invertivore
Pervagor melanocephalus Invertivore
Plectorhinchus chaetodontoides Invertivore
Plectorhinchus obscurus Invertivore
Plectorhinchus picus Invertivore

Plectroglyphidodon dickii
Plectroglyphidodon johnstonianus
Plectroglyphidodon lacrymatus

Coral dependant
Coral dependant
EAM territorial

Plectropomus areolatus Piscivore
Plectropomus laevis Piscivore
Plectropomus leopardus Piscivore
Plectropomus maculatus Piscivore

Pomacentrus bankanensis
Pomacentrus vaiuli

EAM territorial
EAM territorial

Pseudocheilinus hexataenia Invertivore
Pseudocheilinus octotaenia Invertivore
Rhinecanthus lunula Invertivore
Rhinecanthus rectangulus Invertivore
Scarus altipinnis EAM rover
Scarus chameleon EAM rover
Scarus dimidiatus EAM rover
Scarus forsteni EAM rover
Scarus frenatus EAM rover
Scarus ghobban EAM rover
Scarus globiceps EAM rover




Scarus longipinnis
Scarus niger

Scarus oviceps

Scarus psittacus
Scarus rubroviolaceus
Scarus schlegeli

Scarus spinus
Scolopsis bilineatus
Siganus doliatus
Siganus punctatus
Siganus stellatus
Siganus uspi

Stegastes fasciolatus
Stegastes lividus
Stegastes nigricans
Stethojulis bandanensis
Sufflamen bursa
Sufflamen chrysopterum
Sufflamen fraenatus
Thalassoma harwicke
Thalassoma jansenii
Thalassoma lutescens
Thalassoma quinquevittatum
Variola louti
Zebrasoma scopas
Zebrasoma veliferum

EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
EAM rover
Invertivore
EAM rover
EAM rover
EAM rover
EAM rover

EAM territorial
EAM territorial
EAM territorial

Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Invertivore
Piscivore

EAM rover
EAM rover




Table S1. Path analysis results for representative species from each functional group. Only the top 5 species that contributed >1% to temporal
differences in MDS are presented. Values for Response Paths, Associated Paths and Residuals are un-standardised coefficients for the full
model. In all cases the response variable is the square-route abundance of the species. Genus abbreviations; Pl, Plectroglyphidodon; Ch,
Chaetodon; Na, Naso; Ac, Acanthurus; Sc Scarus; Ze, Zebrasoma; Pa, Parupeneus; He, Heniochus; Bo, Bodianus; Th, Thalassoma; Ce,
Cephalopholis; Lu, Lutjanus.

Response Paths Associated Paths Residuals
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Coral dependant 0.15 -0.31 0.09 0.07 0.12
Ch. plebius 0.06 0.59 0.09 0.07 0.19
Ch. trifascialis 0.13 0.91 0.09 0.07 0.15
Ch. lunulatus 0.13 -1.02 0.09 0.07 0.33
PI. dickii 0.05 2.54  -0.41 -0.05 0.09 0.07 0.09 0.28
PI. johnstonianus ~ 0.09 1.61 -0.16 -0.05 0.09 0.07 0.09 0.20
Ter. EAM feeders -0.07 041 -0.43 -0.90 -0.05 0.09 1.38  0.07 0.09 0.27
PI. lacrymatus -0.26  -0.05 -0.49 -0.90 -0.05 0.09 1.38  0.07 0.09 0.62
Stegastes spp. 0.02 020 0.12 -0.90 -0.05 0.09 1.38  0.07 0.09 0.75
Rov. EAM 0.04 0.00 0.20 -0.90 0.03 1.38  0.19 0.09




feeders

Ac. lineatus
Ac. nigricans
Na. lituratus
Sc. schlegeli
Ze. veliferum

Invertivores

Bo. loxozonus
He. varius

Pa. bifasciatus
Pseudocheilinus
Th. Hardwicke

Piscivores

Ce. argus

Ce. urodeta

Lu. bohar

Lu. gibbus

Pa. cyclostomus

0.03

-0.10
-0.95
-0.20
0.21

-0.12

0.14

-0.53

0.03
-0.47
0.04
-0.21
-0.44
0.15

0.15
0.03
0.16
-0.02
0.03

0.41
-0.81
0.49
0.66
0.08

0.07
0.08
0.43
-0.21
-1.86
0.28

0.03
-0.22
-0.87
-0.30
-0.02
-0.41

-0.21

-0.20
0.20
0.59
-0.01
-0.16
-0.42

-0.90
-0.90
-0.90
-0.90
-0.90

-0.05

1.14
1.14
1.14
1.14
1.14
1.14

0.03
0.03
0.03
0.03
0.03

0.03
0.03
0.03
0.03
0.09
0.09

0.03
0.03
0.09
0.03
0.03
0.03

1.38
1.38
1.38
1.38
1.38

0.19
0.19
0.19
0.19
0.19

0.19
0.19
0.19
0.19
0.07
0.07

0.19
0.19

0.19
0.19
0.19

0.09

0.25
0.25
0.25
0.25
0.25
0.25

0.40
0.26
0.40
0.32
0.39

0.04
0.37
0.36
0.41
0.17
0.45

0.08
0.30
0.36
0.40
0.24
0.32
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