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ABSTRACT: Habitat edges commonly support discrete communities compared to adjoining habi-
tats in response to unique boundary conditions. Coral reefs are often adjacent to other habitats,
e.g. sand or seagrass meadows, but little is known about how reef-associated organisms respond
to the presence of edges. Here, we examined fish communities and benthic assemblages at vary-
ing distance from a coral reef-sand edge. At 25 sites, 30 m transects were placed at 5 locations: 1
along the edge and at 5 m and 10 m away from the edge into reef and sand habitats. Counts were
made of 51 fish species and benthic composition surveyed. The fish community along the edge
was substantially different to communities only 5 m into the sand and reef habitats. Overall, 61 %
of the 51 fish species appeared to respond to the edge, with 43 % significantly higher or lower in
abundance along the edge compared to other locations. Twelve species showed positive edge
responses, including the wrasse Thalassoma lunare, which was 30 times more abundant along the
edge compared to 10 m into the reef. Ten species exhibited negative edge responses, including
the damselfish Pomacentrus moluccensis, which was 7 times more abundant 10 m into the reef
compared to the edge. Feeding ecology appears to influence edge-related distribution patterns,
with carnivores and omnivores dominating the edges and planktivores more abundant into the
reef. These findings suggest that habitat edges may play an important role in structuring coral reef
fish communities. Future research should focus on experimental approaches to identify the under-
lying mechanisms driving edge responses.
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INTRODUCTION

Understanding the spatial distribution of organ-
isms is an enduring goal in ecology (Gaston 2000,
Krebs 2006). Many ecological studies have concen-
trated on species distributions within a single habitat
type, yet most environments are heterogeneous and
composed of a mosaic of habitats (Turner 2005, Bo-
strom et al. 2011, Davis et al. 2014). Habitat edges are
therefore a ubiquitous feature of terrestrial and
aquatic landscapes, and are defined as the interface
between 2 adjoining habitat types (e.g. forest and
meadow, seagrass and sand) (Murcia 1995, Fagan et
al. 1999, Strayer et al. 2003). This boundary between
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contiguous habitats creates abiotic conditions (e.g.
light, exposure, temperature) that are distinct from
either of the adjacent habitats (Ewers & Didham
2006). Edges also bring species that are associated
with adjacent habitats into contact with each other,
which can produce novel biotic conditions and spe-
cies interactions (Fagan et al. 1999). Because species
may exhibit a range of responses to these altered abi-
otic and biotic conditions, unique community assem-
blages often occur along habitat edges (Fagan et al.
1999, Fletcher et al. 2007).

Habitat edges are hypothesised to influence spatial
distribution patterns through 4 principal mechanisms
(Ries et al. 2004). First, edges can modify the flow of
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organisms, materials, and resources. For example, a
reduction in wind-shear stress along an edge be-
tween a meadow and woodland can affect the disper-
sal distance of seeds into the forest (Cadenasso &
Pickett 2001). Edges can also provide motile organ-
isms with access to spatially separated resources
(Ries et al. 2004), which can sometimes be beneficial
for species living along habitat edges. For example,
nesting passerine birds select sites close to edges,
seeking refuge within the forest habitat and foraging
in neighbouring open pastures (Gates & Gysel 1978).
Moreover, the distribution of an organism is also a
reflection of its resource requirements, and hence,
individuals map onto gradients of resource availabil-
ity, which may differ along edges (Ries et al. 2004).
Finally, species interactions may influence edge-
related distribution patterns (Fagan et al. 1999). Ele-
vated predation risk is often cited as a major attribute
of edge habitat (Gates & Gysel 1978, Andrén &
Angelstam 1988), but competition and parasitism
may also be important factors underpinning edge
responses (Ries et al. 2004, Fletcher et al. 2007). The
magnitude of an edge effect, and therefore how indi-
vidual species respond, can vary with distance from a
habitat edge (e.g. Didham & Lawton 1999, Hylander
2005). Some organisms show a strong directional
response to the presence of edge habitat, whereas
others exhibit a subtler gradient of change with dis-
tance from the edge.

Interest in understanding species’ responses to
habitat edges is increasingly motivated by concerns
about the ecological consequences of habitat loss and
fragmentation, which typically increase the amount
of edge habitat in natural landscapes (Laurance &
Yensen 1991, Fletcher et al. 2007). In terrestrial land-
scapes, increased edge habitat has been implicated
in biodiversity losses, population declines, changes
to community composition, and altered ecosystem
functioning (Saunders et al. 1991, Cushman 2006,
Laurance et al. 2007, Haddad et al. 2015). For exam-
ple, fragmentation has exposed forest-dwelling birds
to habitat edges where they are more vulnerable to
novel species interactions, including increased pre-
dation, competition, and brood parasitism (Murcia
1995, Donovan et al. 1997, Harrison & Bruna 1999).

Habitat loss and fragmentation are also growing
concerns in coastal marine ecosystems (Gray 1997,
Eggleston et al. 1998, Connolly & Hindell 2006),
where major drivers include coastal development,
destructive fishing practices, and severe storms
(Hovel & Lipcius 2001, Bostrom et al. 2006, Orth et al.
2006, Airoldi & Beck 2007). However, efforts to
understand the impacts of habitat loss on marine taxa

have predominantly concentrated on within-habitat
patterns rather than processes operating across the
interface of different habitat types. Coastal marine
seascapes are naturally composed of a mosaic of dif-
ferent habitat patches, making shallow water habi-
tats ideal systems in which to study edge effects. Yet
research into edge effects in the marine environment
has lagged behind terrestrial studies (Smith et al.
2008).

Of the few edge effects studies that have been con-
ducted within marine systems, most focus on subtidal
seagrass habitats adjacent to soft-sediment commu-
nities (e.g. Bologna & Heck 2002, Smith et al. 2008).
Almost nothing is known about edge effects in other
marine habitats (e.g. coral reefs, mangroves, rocky
reefs; but see Langlois et al. 2005, 2006). Moreover,
whilst edge effects in fish and invertebrate taxa have
been explored in seagrass systems, methods to col-
lect such data frequently vary between studies, or
taxa are grouped, which makes it challenging to
identify consistent patterns associated with the pres-
ence of edge habitat. Furthermore, only a few studies
to date have examined how marine communities
change with increasing distance from the habitat
edge (e.g. Tanner 2005). For fish, body size, stage of
ontogeny, and trophic group appear to contribute
towards edge effects in seagrass beds. Predatory fish
or large-bodied herbivores have been recorded in
higher abundances along edges (Dorenbosch et al.
2005, Smith et al. 2011), whereas small-bodied fish
and juveniles appear to be more abundant in patch
interiors (Shulman 1985, Macid & Robinson 2005).
These observations suggest that ontogenetic stage,
trophic group, and body size may be important con-
siderations in evaluating how individual species
respond to edge habitat in the marine environment.
However, to date, studies into edge effects in marine
habitats other than seagrass beds are scarce.

Coral reefs adjacent to sand are a common feature
of tropical marine seascapes, yet it is unknown how
coral reef fish communities respond to the presence
of this type of edge. Therefore, this study will use an
observational approach to provide the first descrip-
tion of distribution patterns of coral reef fishes, as
well as their underlying benthic habitat, with dis-
tance from the reef-sand edge. The following key
questions will be addressed to provide a basis for
future experimental research on edge effects in coral
reef fish communities: (1) Does the composition of the
reef fish community change along the edge com-
pared to 5 or 10 m into adjacent habitat patches, and
is this associated with changes in benthic habitat
structure? (2) Is there evidence that feeding ecology
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influences edge-related distribution patterns (e.g.
are predators more abundant along the habitat
edge)? (3) Given that edge responses are likely to be
species-specific, what proportion of the reef fish com-
munity responds positively, negatively, or neutrally
to the presence of edge habitat? (4) Does ontogenetic
stage influence edge effects (i.e. do juvenile coral
reef fishes avoid the edge in favour of more complex
habitat)?

MATERIALS AND METHODS
Study region and sampling design

The study was conducted in Kavieng lagoon, New
Ireland, Papua New Guinea (2°34'S, 150°48'E) over
a 2 wk period between March and April 2015. The
region is relatively undeveloped and characterised
by a mosaic seascape of coral reefs, mangroves, sea-
grass, and sandy soft-sediment habitats across an
area of ~380 km? Twenty-five survey sites were
identified on the leeward sides of continuous sections
of fringing reefs in the Kavieng lagoon. In this study,
the primary criterion for site selection was an abrupt
transition from coral reef into sandy soft-sediment
that provided a clear edge between the 2 habitat
types. All sites were separated by 250 m, and were
haphazardly interspersed across the lagoon. Surveys
were conducted on SCUBA between 09:00 and
16:00 h. To examine changes to fish communities and
benthic habitat across the coral reef-sand edge, sur-
veys were conducted at 5 locations: along the edge
itself and also at 5 m and 10 m from the edge into
each adjacent habitat type. At each site, five 30 m
transects were laid parallel to the edge, with the
edge transect laid first along the contour of the reef
edge, and the 4 remaining transects (Reef 5 m, Reef
10 m, Sand 5 m, and Sand 10 m) following the same
contours as the edge transect. Because there was
often a gradient in depth across these 5 transects,
water depth was also measured at the start and end
of each transect to allow us to determine the potential
of this abiotic factor to influence fish and benthic
assemblages irrespective of proximity to edge.

The fish communities at each distance from the
reef-sand edge were surveyed by a single observer
(K.S.) using underwater visual census techniques on
SCUBA. A total of 51 fish species from 13 coral reef
families were selected, as these were the most com-
mon species observed at the study sites. Accuracy
of species identification was validated with photo-
graphs taken in situ during a pilot study. The 51 fish

species (Table S1 in the Supplement at www.int-
res.com/articles/suppl/m561p203_supp.pdf) were
counted along 30 x 2 m belts at each of the 5 locations
(edge, and 5 and 10 m into the sand and reef habitats)
at each site. After transect placement, divers left the
area for 5 min prior to the fish surveys to minimise
disturbance. Larger and more mobile fishes were
counted along each transect first, followed by smaller,
sedentary fishes. Care was taken to avoid multiple
counting of more mobile species that moved in and
out of the belt transect during the survey. For the
edge transect, the 2 m belt included 1 m of sand and
1 m of reef habitat. For 49 species, the counts did not
discriminate between adults or juveniles, because
juveniles were either rarely observed or difficult to
distinguish from adults. However for 2 of the 51 spe-
cies, Halichoeres melanurus and Thalassoma lunare,
both juveniles and adults were abundant and easily
identifiable. Therefore, adults and juveniles of these
2 wrasse species were counted to explore the poten-
tial for differences in edge responses with ontogenetic
stage.

Variation in benthic habitat composition across the
coral reef-sand edge was quantified using a line
point transect approach by identifying the benthos
below 60 random points along each of the 5 transects
at each site. Scleractinian corals were identified to
genus level. An additional 11 benthic categories
were recorded along each transect: Tubipora, Mille-
pora, gorgonians, soft corals, sponges, macroalgae,
coralline algae, turf algae/rock, rubble, soft sediment
(e.g. sand, silt, and mud), or other benthic organisms
(e.g. zoanthids and corallimorphs). Points were con-
verted to proportions prior to analysis.

Data analyses

Differences in the composition of the fish commu-
nity with distance from the habitat edge were
explored using non-metric multidimensional scaling
(nMDS) based on a Bray-Curtis resemblance matrix
using log(x + 1) transformed data (Primer-E v. 6).
Log(x + 1) transformed data are considered appropri-
ate for multivariate analyses, as the transformation
down-weights the influence of a few highly abun-
dant species to focus on examining community-level
patterns (Clarke & Warwick 2001). Hierarchical clus-
tering based on group-average mean linkage (Clarke
1993, Clarke & Warwick 2001) was used to identify
communities with 40 % similarity. Analysis of similar-
ities (ANOSIM) derived from the Bray-Curtis resem-
blance matrix (max. permutations: 9999) tested for
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significant differences in the fish communities
between the 5locations (i.e. the edge, and 5 and 10 m
from the edge into both sand and reef habitat). The
similarity percentages routine (SIMPER) was then
used to identify the fish species contributing to differ-
ences between and similarities within each location.
The same analyses were used to examine how the
overall benthic assemblage and live hard coral com-
position differed across the reef-sand edge, but were
based on untransformed proportion data (Clarke
1993). For the overall benthic assemblage, the 11
benthic categories (Tubipora, Millepora, gorgonians,
soft corals, sponges, macroalgae, coralline algae, turf
algae/rock, rubble, soft sediment, or other benthic
organisms) and coral genus were used in the analy-
sis. Changes in the live hard coral composition were
examined at the genus level and only compared
between the edge and 5 and 10 m into the reef.

Depth varied considerably across edge transects
(mean: 7.4 m, min.: 4.1 m, max.: 10.5 m); however,
sampling occurred across a reef slope, and conse-
quently there was a depth gradient, with transects
laid 10 m into the reef (mean: 3.4 m, min.: 1.0 m,
max.: 6.5 m) consistently shallower than transects
laid 10 m into sand (mean: 8.6 m, min.: 3.5 m, max.:
12.4 m). Because depth varied consistently across the
gradient, we evaluated whether it influenced the fish
community irrespective of edge location. This was
achieved by grouping transects into 3 depth ranges
irrespective of their location from the edge (0-4 m,
4.1-8 m, and >8 m) and using 1-way ANOSIM to test
for differences in the fish community across depth
categories. Because depth had little influence on fish
community composition (global R = 0.123, p = 0.400),
we assumed that any differences in fish communities
across locations were due to proximity to edge rather
than depth, and depth was not considered a factor in
further analyses.

To compare whether the total amount of live hard
coral differed between the edge and reef transects, a
1-way ANOVA using arcsin-transformed percent
data was conducted, followed by Tukey's post hoc
test. Coral genus richness between the edge and reef
transects was compared with a 1-way ANOVA on
untransformed data using the number of coral gen-
era counted per transect. Differences in fish species
richness with distance from the edge was analysed
using a 1-way ANOVA on untransformed data, fol-
lowed by a Tukey post hoc comparison. Preliminary
residuals analysis of fish count data revealed non-
normal distributions due to large differences in den-
sities between sand and edge/reef transects. Trans-
formations did not improve normality; therefore,

non-parametric Kruskal-Wallis tests were used to
compare total fish abundance, as well as the abun-
dance of individual species, across the edge. These
were followed by post hoc Mann-Whitney U-tests to
identify which locations differed. Because the spe-
cies-level analyses involved multiple comparisons
between groups, Bonferroni corrections were ap-
plied to make significance testing more conservative
(adjusted p = 0.0095).

To examine the influence of feeding ecology on
edge-related distribution patterns, the 51 species
were assigned to 1 of 5 feeding guilds (i.e. carnivores,
corallivores, herbivores, omnivores, and plankti-
vores) based on published information on their feed-
ing habits (Table S1 in the Supplement). In this study,
carnivores were defined as species that primarily con-
sume macroinvertebrates (e.g. crustaceans, echino-
derms, gastropods) and/or fish. Omnivores were clas-
sified as species that consume both plant and animal
material, and the category herbivore included species
that primarily eat organic plant matter and/or detritus.
Differences in the mean abundance of fish in each
feeding guild were compared across the edge loca-
tions with 1-way ANOVAs, followed by Tukey's post
hoc tests. Residuals analyses and Levene's tests were
used to check assumptions, and abundance data for
each feeding guild was square root-transformed to
homogenise variances of residuals across groups
prior to analyses.

Finally, contingency analyses were used to test
whether ontogenetic stage influenced distributions
across the edge for 2 coral reef fish species. Two-way
tables were constructed by cross-classifying counts
based on: ontogenetic stage (i.e. juvenile or adult)
and location across edge (i.e. 10 m sand, 5 m sand,
edge, 5 m reef, 10 m reef). Prior to analyses, tables
were checked to ensure that no more than 20% of
cell values were below 5. A chi-squared statistic was
used to test the null hypothesis that distribution
across the edge was independent of ontogenetic
stage, and standardised Pearson's residuals were
used to interpret lack of independence.

RESULTS
Benthic assemblage structure across habitat edge

Benthic composition changed significantly with
distance from the habitat edge (ANOSIM: global R =
0.562, p < 0.01). Looking at the multivariate space
(Fig. 1), benthic transects along the habitat edge
clustered together and were characterised by a mix-
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Fig. 1. Variation in the structure of (a) benthic habitat and (b)
coral reef fish communities with distance from the coral
reef—sand edge. Benthic habitat and fish communities along
the edge were distinct from those only 5 to 10 m away from
the edge into adjacent sand and reef habitats. Stress values
in non-metric multidimensional scaling (nMDS) plots indi-
cate that 2 dimensions were adequate to accurately display
relationships between points in multivariate space

ture of soft sediment, Porites rubble, and turf algae/
rock (Fig. 1a, Table 1). They were significantly differ-
ent in their composition to both sand locations (5 m
into sand: R = 0.647, p < 0.001; 10 m into sand: R =
0.78, p < 0.001), which was largely due to the sub-
stantially higher percentage cover of soft sediment
5 to 10 m from the edge, 75 % and 83 % respectively,
relative to 25 % cover along the edge. Edge transects
were also significantly different in composition to
transects both 5 m (R = 0.204, p < 0.001) and 10 m
away from the edge into the reef habitat (R = 0.352,
p < 0.001). The reef benthic composition 10 m and
5 m away from the edge was dominated by Porites,
soft corals, rubble, and turf algae/rock (Table 1). Dif-
ferences between the edge and the reef benthic
assemblages were driven by more soft sediment re-
corded along the edge and more Porites into the reef
habitat.

Table 1. SIMPER analysis showing average % similarity of benthic assemblage and fish community across 25 replicate transects
at each of the 5 locations relative to habitat edge. Benthic habitat categories and fish species contributing most to similarities
among transects for each location are listed, along with their % contribution at that location

Location ——————— Benthic assemblage Fish community
% Similarity = Characteristic % Contribution % Similarity Characteristic % Contribution
among benthic to among fish to
transects categories assemblage transects categories assemblage
Sand 10 m 75.87 Soft sediment 96.15 6.85 Pomacentrus coelestis 35.80
Scolopsis lineata 24.97
Dascyllus reticulatus 7.71
Sand 5m 68.61 Soft sediment 90.26 10.94 D. reticulatus 13.76
Scolopsis ciliata 11.57
Halichoeres melanurus 11.44
Edge 47.33 Soft sediment 38.24 47.48 Pomacentrus amboinensis 11.54
Porites 13.24 H. melanurus 10.48
Rubble 12.29 Chrysiptera talboti 10.30
Turf algae/rock 10.72

Reef 5m 38.20 Porites 32.02 46.64 Pomacentrus moluccensis 12.31
Soft corals 13.25 Amblyglyphidodon curacao 11.53
Turf algae/rock 10.87 C. talboti 10.99
Reef 10 m 37.69 Porites 36.44 51.77 P. moluccensis 19.48
Soft corals 11.29 A. curacao 14.47
Rubble 10.74 Pomacentrus lepidogenys 10.86
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Although the composition of the benthic assem-
blage changed with distance from edge, there was no
difference in the composition of the hard coral com-
munity between the edge and 5 or 10 m into the reef
(ANOSIM: global R = 0.003, p = 0.4), and coral genus
richness was also similar across the 3 locations (F,,7, =
3.017, p = 0.055; Fig. 2a). However, live hard coral
cover was significantly lower along the edge com-
pared to both reef locations (F; 7, = 13.944, p < 0.001;
Fig. 2b).

Fish community responses to habitat edge

During the study, a total of 14 732 individuals from
51 fish species were counted across 125 transects.
Total fish abundance along the edge was similar to 5
and 10 m into the reef habitat, with approximately
150-200 fish per 30 m? (Fig. 2c). Fish abundance
along reef and edge transects was approximately 9
times higher compared to sand transects (Fig. 2c).
The edge had the highest species richness of all 5
locations, with 21 fish species on average, signifi-
cantly different to all other locations, except 5 m into
the reef (Fy 150 = 73.376, p < 0.001). Coral reef fish

a) Coral genus richness

c) Fish species richness

5m
Reef

Edge Edge

b) % live hard coral cover
b

d) Fish abundance

species richness along the edge was almost 8 times
higher than 10 m onto the sand, and 1.4 times higher
than 10 m into the reef (Fig. 2d).

Multivariate analyses revealed that the composi-
tion of the fish community along the habitat edge was
substantially different to the fish community only 5 to
10 m into both the sand and reef habitats (ANOSIM:
global R = 0.384, p < 0.001). An initial nMDS plot
revealed that fish communities in the sandy habitat
were so highly dissimilar in their composition com-
pared to those along the edge and on the reef that
when all 125 transects were plotted together in nMDS
space, the 75 edge and reef transects formed a tight,
overlapping cluster (Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m561p203_supp.pdf).
Fish communities in the sand were highly variable
(i.e. only 6-10% similarity among transects), but
were generally characterised by Pomacentrus coel-
estis, Dascyllus reticulatus, Halichoeres melanurus,
Scolopsis lineata, and Scolopsis ciliata (Table 1).
When only transects from the edge and reef habitat
were plotted in nMDS space (Fig. 1b), it became
clear that fish community composition along the
habitat edge was also distinct from that of fish com-
munities only 5m (R=0.416, p<0.001) and 10 m (R =

0.763, p < 0.001) into the reef.

Cluster analysis revealed that
b 92% of the transects along the
edge were contained within one
40 % similarity cluster, which in-
dicated that fish communities
along the edge were highly simi-
lar in their composition despite
sampling edges across a wide
range of locations and depths.

SIMPER analysis revealed that
differences in edge communities

b 2501 from those 5-10 m away were

bc o 200 due to overall shifts in community

c <i>| composition, rather than variation

=4 1501 in the abundance of 1 or 2 spe-

é 100 cies. There was a high degree of

a dissimilarity (61.8%) in the com-

e 501 positions of the fish communities
0- along the edge and 5 m into the

10m 5m Edge 5m 10m 10m 5m Edge 5m 10m reef, with 14 species contributing
Sand Reef Sand Reef to 50% of this dissimilarity. Like-

Fig. 2. Mean (+SE) scleractinian coral (a) genus richness and (b) percent cover with

distance from edge, and fish (c) species richness and (d) abundance. Percent coral

cover was higher into the reef compared to the edge. Fish species richness was low-

est in the sand habitat and highest along the edge, with the fish community 10 m

into the reef having lower fish species richness than the edge. Fish abundance was

lowest on the sand, but did not differ between the edge and reef habitat. Letters
above bars denote similar groups based on post hoc tests

wise, the fish community 10 m
into the reef was also highly dis-
similar to the edge (68.6 %), with
13 species contributing to these
differences in community compo-
sition.
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In addition to revealing the degree of dissimilarity
between fish communities with increasing distance
from the habitat edge, SIMPER also provided insight
into the species that characterised each location. Six
species accounted for 50% of the similarity among
transects surveyed along the edge habitat: Pomacen-
trus amboinensis, Chrysiptera talboti, Amblyglyphi-
dodon curacao, Pomacentrus nigromanus, H. mela-
nurus, and S. ciliata (Table 1). The reef transects 5 m
away from the edge were characterised by the dam-
selfishes Pomacentrus moluccensis, A. curacao, C.
talboti, Chromis atripes, and wrasse of the genus
Labroides. Diagnostic species for the reef transects
10 m away from the edge were P. moluccensis, Poma-
centrus lepidogenys, and A. curacao, which together
accounted for over 50% of the similarity observed
between the 10 m reef transects (Table 1).

Edge responses across coral reef fish
feeding guilds

Grouping the 51 species based on their feeding
ecology revealed that edge responses were highly
consistent across feeding guilds (Fig. 3). Carnivores
and omnivores were both significantly more abun-
dant along the edge compared to all other locations
(carnivores: Fj 15 = 54.636, p < 0.001; omnivores:
F, 120 =57.688, p < 0.001). With an average of 38 indi-
viduals per m? along the edge, carnivores were 2 and

507 a) Carnivore (20 species) 80+

404 -
304

401
20 4

10+ e

Mean abundance (+SE) / 30 m?

10m 5m Edge 5m 10m
Sand Reef

b) Omnivore (9 species)

10m 5m Edge 5m 10m

0 - 0 A
10m 5m Edge 5m 10m
Sand Reef Sand
37 d) Corallivore (2 species) 81 e) Herbivore
(4 species)

0
10m 5m Edge 5m 10m
Sand

3 times more abundant on the edge compared to 5 or
10 m into the reef (Fig. 3a). Similarly, omnivores were
also twice as abundant along the edge compared to
5 m into the reef and 3 times more abundant along
the edge than 10 m into the reef (Fig. 3b). In contrast,
both planktivores and corallivores were less abun-
dant along the edge compared to 10 m into the reef
(Fig. 3c,d). For planktivores, this decrease in abun-
dance along the edge was significant (Fy 159 = 67.720,
p < 0.001), with almost 2.5 times less fish counted
along the edge than 10 m into the reef (Fig. 3c). Her-
bivorous fishes were more abundant at locations con-
taining reef habitat compared to the soft-sediment
habitat, but there was no significant difference
between the edge and reef locations (Fig. 3e).

Species-specific responses to habitat edge

The 51 fish species surveyed showed considerable
variation in their responses to habitat edges, with
some species exhibiting strong positive and negative
responses, while others had neutral responses to the
presence of edge habitat (Fig. 4). Nineteen species
(37 %) appeared to exhibit a positive edge response,
and for 12 of these species (i.e. 24 % of the commu-
nity), abundance was significantly higher along the
edge compared to other locations (Fig. 4a-d). For
example, the damselfish P. amboinensis was at least
10 times more abundant along the edge compared to

200 - Cc

c) Planktivore
(16 species)

150 -

100 A

10m 5m Edge 5m 10m
Sand Reef

Reef

Fig. 3. Mean (+SE) fish abundance by
b feeding guild: (a) carnivores, (b) omni-
vores, (c) planktivores, (d) corallivores,
and (e) herbivores. Letters above bars
denote similar groups based on post
hoc tests. Carnivores and omnivores
were significantly more abundant
along the edge compared to other lo-
cations. In contrast, planktivores were
more abundant away from the edge
into the reef. Herbivores were distrib-
uted evenly between edge and reef
Reef habitat, but lower on sand
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Fig. 4. Mean abundance (+SE) of individual species in relation to the edge habitat. Species in (a—d) show positive edge re-

sponses, (e—h) show negative edge responses with abundance lower towards the edge from one habitat type, and (i-1) exhibit a

neutral edge response. Letters above bars denote similar groups based on post hoc tests interpreted with Bonferroni-corrected
p-values

only 5 m away into the reef or sand (Fig. 4a). Simi-
larly, the bream S. ciliata was at least 5 times more
abundant along the edge, compared to 5 m from the
edge into the reef or sand habitats (Fig. 4d). These
strongly edge-positive species spanned 6 families
and included both small-bodied (Chrysiptera rol-
landi, P. nigromanus, P. amboinensis, H. melanurus,
and Halichoeres hortulanus) and larger-bodied
(S. ciliata, Scolopsis bilineata, Parupeneus barberi-
nus, Parupeneus multifasciatus, Upeneus tragula,
Monotaxis grandoculis, and Lutjanus gibbus) mem-
bers of the coral reef fish community.

In contrast, 12 of the 51 species (24 %) surveyed
appeared to respond negatively to the presence of
an edge, with mean abundance higher 5 or 10 m into
either the reef or sand compared to the edge
(Fig. 4e-h). For 10 of these species (i.e. ~20% of the
community), abundance was significantly lower
along the edge compared to only 5 or 10 m into the
reef. For example, abundance of the damselfish
P. moluccensis was lowest along the edge but in-
creased gradually into the reef habitat, with more
than 3 and 7 times greater abundance at 5 and 10 m
from the edge respectively (Fig. 4e). There were also

2 fish species with negative edge responses that were
primarily associated with the sand habitat (i.e. P.
coelestis, Centropyge bicolor), with mean abundance
of the angelfish C. bicolor reduced by ~50% along
the edge compared to 10 m into the sand (Fig. 4h). It
should be noted that P. coelestis and C. bicolor were
only observed on sand when there were small coral
bommies along the transect. Once again, fish species
that exhibited negative edge responses spanned mul-
tiple families and included both small-bodied (A. cu-
racao, Chromis margaritifer, Neoglyphidodon nigro-
ris, Neopomacentrus azysron, P. lepidogenys, and P.
moluccensis) and large-bodied (Zebrasoma scopas,
Chaetodon lunulatus, Heniochus varius, and Paracir-
rhites forsteri) members of the reef fish community.
Of the remaining species, 39% (20 out of 51)
showed no clear response to the presence of the
edge. Instead, these species appeared to fall into 1 of
3 distribution patterns. Species were either evenly
distributed between the edge and reef habitat, but
absent or present in low numbers in sand (e.g. Labro-
ides spp.; Fig. 4i); or they were equally distributed
between the edge and sand habitat, but absent or
rarely observed on the reef (e.g. S. lineata; Fig. 4j).
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Finally, a few species were observed across all 5 loca-
tions with no clear distribution pattern (e.g. Chaeto-
don vagabundus; Fig. 4Kk).

Adult and juvenile distribution
with distance from edge

Ontogenetic stage influenced distribution across
the edge for both H. melanurus (x* = 32.762, p <
0.001) and Thalassoma Iunare (x> = 17.246, p =
0.002). For H. melanurus, 57 % of juveniles were ob-
served along edge habitat, compared to 31% of
adults. Inspection of standardised residuals indicated
that juveniles were more concentrated along the
edge, whereas adults were more evenly distributed
across edge and reef transects (Fig. 5a). For T. Iunare,
adults were more concentrated along the edge than
would be expected by chance (Fig. 5b). Almost two-
thirds of T. lunare adults occupied edge habitat,
whereas juvenile T. lunare were more uniformly
spread between the edge and reef locations.

DISCUSSION

This study is the first to describe the distribution
patterns of coral reef fishes in relation to a coral reef—
sand habitat edge. Overall, 61 % of the 51 fish species
appeared to respond to edge habitat, and of these, 22
species (43 %) were significantly lower or higher in
abundance along the edge. Twelve species had posi-
tive edge responses with abundance highest along
the edge, and 10 species exhibited a negative edge
response with abundance lower along the edge com-
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o
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pared to either the reef or sand habitat. The ubiquity
of strong edge responses observed in this study sug-
gests that edge effects are prevalent on coral reefs
and that edges should be distinguished when looking
at processes structuring coral reef fish communities.

Not only did individual fish species respond to the
presence of the edge, the composition of the coral
reef fish community changed within only 5 to 10 m of
the edge into both sand and reef habitats. The small
spatial scale over which edge responses were de-
tected has not been shown before for fishes in coastal
marine seascapes. Of the few studies that have exa-
mined fish communities along habitat edges, the spa-
tial scales used to measure edge effects have been
much larger than in the present study (e.g. 10s to
100s of m from the edge; Dorenbosch et al. 2005,
Schultz et al. 2012, Smith et al. 2012). For example,
Schultz et al. (2012) examined fish assemblages on
sedimentary habitat away from rocky reefs with
measurements taken at 25-400 m. Here, edge-related
distribution patterns within 10 m were observed
across a range of families irrespective of body size,
mobility, or feeding ecology, highlighting the need to
apply appropriate scales to the study of edge effects.
Two further patterns were also revealed that were
only detected because multiple measurements were
taken away from the edge into each habitat type.
First, the reef fish community became increasingly
dissimilar with distance from the habitat edge, sug-
gesting a gradient of change rather than an abrupt
transition. Secondly, some species (e.g. Chromis atri-
pes, Paracirrhites forsteri) were most abundant 5 m
away from the edge into the reef, rather than either
at the edge or 10 m locations. This finding suggests
that fine-scale changes in edge-related distribution
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Fig. 5. Percent abundance of adults (black bars) and juveniles (white bars) of 2 reef fish species with distance from the edge

habitat. Ontogenetic stage appeared to influence edge-related distribution patterns. (a) Juvenile Halichoeres melanurus were

more concentrated along the edge, whereas adults were more evenly distributed between the edge and reef habitat. (b) Adult

Thalassoma Iunare were more concentrated along the edge, whereas juveniles were more uniformly distributed between the
edge and 5 m into the reef
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patterns may be obscured by sampling designs that
only compare edge versus core habitats. Hence we
advocate the use of spatially relevant measurements
at multiple distances from the edge when exploring
the mechanisms underlying edge effects.

Almost half of the fish species in this study were
significantly more (e.g. positive edge response) or
less (e.g. negative edge response) abundant along
the coral reef-sand edge. Ries et al. (2004) proposed
4 main drivers of edge-related distribution patterns:
access to spatially separated resources, movement of
organisms and materials between adjoining habitat
types, mapping on to resources such as food avail-
ability and habitat quality, and species interactions
(e.g. competition, predation). Here, species-specific
edge responses were observed between the edge
and reef habitat despite relatively little difference in
benthic cover or composition across these locations,
raising interesting questions about what is driving
these strong response patterns. For example, the
corallivore Chaetodon Iunulatus was most abundant
10 m into the reef and rarely observed along the edge
(negative edge response), yet in contrast, the con-
generic Chaetodon baronessa was evenly distributed
between the edge and reef (neutral edge response).
Fish species richness also differed between the edge
and adjoining habitats. Species richness was consis-
tently highest along the reef edge. This pattern cor-
responds with findings from the literature on terres-
trial edge effects, where higher species diversity is
commonly associated with habitat edges (e.g. Ewers
& Didham 2006). Experimental approaches that exa-
mine fitness metrics (e.g. survival, recruitment) as
well as the strength of species interactions (e.g. com-
petition, predation) across edge gradients will help to
tease out the underlying mechanisms driving these
edge responses.

Edge-related distribution patterns appear to be, at
least partially, influenced by feeding ecology. Carni-
vores and omnivores were much more frequently
observed along the edge than in sand or reef habitat.
Our findings are comparable with other edge effects
studies in terrestrial and marine environments, where
predators are often associated with edge habitat (e.g.
Bologna & Heck 1999, Fagan et al. 1999, Vanderklift
et al. 2007, Gorman et al. 2009, Smith et al. 2011).
Carnivores and omnivores could be more abundant
along reef edges if food availability is higher along
edge habitat (Andrén 1995). For example, common
prey items for fish, such as crustaceans, polychaetes,
and nematodes, have been recorded in higher abun-
dances along the edge of seagrass beds compared to
patch interiors (Bowden et al. 2001, Bologna & Heck

2002, Tanner 2005), and the same may be true of
coral reef habitat edges. An alternative, but not
mutually exclusive, explanation for the positive edge
effects observed among these feeding guilds is that
the edge may provide an optimal location from which
to access spatially separated resources (Ries et al.
2004). This may be particularly relevant for coral
reefs, where many carnivorous coral reef fishes are
known to feed on invertebrates in adjacent soft-sedi-
ment habitats (Jones et al. 1991). Whilst herbivores
appeared unaffected by edge habitat in the present
study, their response may differ depending on the
type of edge under investigation. For example, the
presence of sand halos between coral reefs and sea-
grass meadows has been attributed to herbivory by
reef-associated fishes that use the reef for shelter,
and move short distances away from the reef to feed
(Ogden & Zieman 1977, Madin et al. 2011).

In contrast, planktivores generally exhibited neg-
ative edge responses and were most abundant into
the reef and away from the edge. This finding con-
trasts with observations from seagrass beds, where
planktivorous fishes appear to be more abundant
along edge habitat (e.g. Bologna & Heck 2002, Jel-
bart et al. 2006, Macreadie et al. 2010). In seagrass
beds, edges are considered absorptive boundaries
(Strayer et al. 2003). Water flow can be rapidly at-
tenuated upon reaching the seagrass boundary
(Gambi et al. 1990, Peterson et al. 2004), and as a
consequence, deposition rates of passively trans-
ported particles (e.g. algae, plankton, invertebrate
larvae) can be enhanced along edge habitat
(Bologna & Heck 2002, Bologna 2006, Carroll et al.
2012). Edges can therefore be preferential habitat in
terms of prey availability for planktivorous fishes
associated with seagrass beds. However, on coral
reefs, edges may not act as absorptive boundaries
because the depth profile on a reef is typically
greater than that of a seagrass bed. As a result, pas-
sively transported particles may be less affected by
the reef edge and instead be delivered more uni-
formly across the reef slope, which would diminish
the potential for plankton to accumulate along reef
edges. If that assumption is accurate, then it might
be expected that planktivores would show no edge-
related distribution patterns if their edge response
was driven primarily by the distribution of their food
resources. However, the strong negative edge ef-
fects we observed among planktivores, combined
with the positive edge effects observed among their
predators, suggests that both feeding ecology and
species interactions contribute to edge-related dis-
tribution patterns on coral reefs.
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Ontogenetic stage may also influence edge-related
distribution patterns. Here, the distribution of adults
and juveniles from 2 species of wrasse were exam-
ined. Halichoeres melanurus juveniles were more
concentrated along edge habitat, whereas adults
were uniformly distributed between the edge and
reef locations. In contrast, adults of Thalassoma Iuna-
re were more abundant along the edge, whereas
juveniles were equally distributed between the edge
and 5 m into the reef. Ontogenetic shifts in habitat
use have been documented for several coral reef
fishes, and edge-related ontogenetic shifts in fish
have been observed in seagrass beds (Nagelkerken
et al. 2002, Dorenbosch et al. 2005, Adams et al. 2006,
Smith et al. 2011). For example, Smith et al. (2011)
observed higher numbers of juvenile King George
whiting Sillaginodes punctatus in seagrass bed inte-
riors than adults, which were more abundant on sand
adjacent to seagrass. Juveniles may occupy different
habitats or within-patch locations compared to adults
in order to avoid predators (Shibuno et al. 2008, Grol
et al. 2011), to reduce intraspecific competition
(Sweatman & Robertson 1994, Bay et al. 2001), or
because they have different resource requirements
(Kimirei et al. 2011). Here, although adults and juve-
niles of each species of wrasse occupied similar habi-
tat (i.e. habitat with reef structure), the subtle spatial
differences in distribution patterns indicate that re-
productive behaviour by adults, active habitat selec-
tion by juveniles, or differential post-settlement
mortality processes could be operating to drive edge-
related ontogenetic differences in distribution. Fur-
thermore, the different patterns of distribution of
these 2 species of wrasse suggest that adult and juve-
nile edge responses will be species-specific.

This study is the first to explore whether coral reef
fishes respond to a coral reef-sand habitat edge.
Edge responses were common, with almost half of
the 51 fish species exhibiting either a positive or neg-
ative response to edge habitat. Furthermore, these
effects were detected within 10 m of the edge, and
did not appear to be driven by habitat structure.
These findings suggest that habitat edges may play
an important, but overlooked role, in structuring
coral reef fish communities. As the first study to exa-
mine edge effects between coral reef and sand habi-
tats, it raises many interesting questions about why
coral reef fishes respond to edge habitat. In particu-
lar, how might increasingly fragmented reefs, which
are likely to increase the amount of edge habitat,
affect reef fish communities? Here, an observational
approach was an important first step in identifying
edge-related distribution patterns. Future research

should focus on experimental approaches that will
enable us to identify the underlying mechanisms
driving edge responses.
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