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Abstract
Habitat area and fragmentation are recognised as important factors that influence population size, community structure and 
extinction risk. Abundance and species richness universally increase with habitat area. However, the effects of different 
aspects of habitat fragmentation, including variation in patch size, number and isolation are often not distinguished from each 
other or the overall effects of habitat amount. Here we experimentally tested predictions concerning the effects of isolation 
on abundance, species richness and community structure of coral reef fishes colonising patch reefs by constructing clusters 
of patches of the same number and size, but manipulating reef spacing. Hexagonal clusters of 7 experimental patch reefs (6 
edge and 1 central) with 3 levels of isolation (1 m, 5 m, and 15 m spacing) were established at Kavieng, Papua New Guinea 
and colonisation was recorded after 6 weeks in 2014. We also deployed video cameras to test whether isolation affected 
the activity of transient predatory fishes. As predicted, isolation had a positive effect on both mean abundance and species 
richness at both the cluster and patch scale. The cumulative abundance and species richness exhibited linear increases in 
relation to habitat area within clusters (from 1 to 7 patch reefs), but the slope increased with the degree of isolation. There 
was some evidence that transient predators remained longer and were more successful when patches were close together, 
which may explain the lower abundance and richness of juvenile fish assemblages on more aggregated patch reefs. This 
study demonstrates that while habitat amount is fundamentally important, isolation has significant effects that will need 
to be distinguished from other aspects of fragmentation when examining the processes structuring reef fish communities.

Introduction

Habitat loss is considered one of the major causes of the 
global decline in biodiversity, with the area of many natural 
habitats reduced to a small fraction of their historic area (Til-
man et al. 1994; Brooks et al. 2002; Hanski 2011; Watson 
et al. 2016). Habitat loss does not just result in a decline of 
the total area of habitat, it can also cause major changes in 
configuration, including an increase in the number of habi-
tat fragments, a reduction in the size of habitat patches and 
an increase in patch isolation (Saunders et al. 1991; Fahrig 
2013; Fisher and Lindenmayer 2007; Laurance 2008). The 
effects of habitat fragmentation, above and beyond simply 
the decline in area, are thought to decrease species rich-
ness and increase extinction risk (Fahrig 2013; Fattorini 
and Borges 2012; Hanski et al. 2013; Haddad et al. 2015), 
alter community composition (Davies and Margules 1998; 
Didham et al. 1998; Crist et al. 2006; Ewers and Didham 
2006; Öckinger et al. 2010) and impair ecosystem services 
(Lindenmayer and Luck 2005; Cagnolo et al. 2009; Haddad 
et al. 2015). However, the significance of fragmentation 
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has become increasingly controversial. Some argue that 
the effects often attributed to increased fragmentation can 
all be explained by the overall habitat loss—the so-called 
“habitat amount” hypothesis (Fahrig 2013; Martin 2018; 
Watling et al. 2020). No general consensus has emerged for 
the effects of fragmentation per se, with numerous studies 
showing negative (e.g., Andrén 1994; Kruess and Tscharntke 
1994; Davies and Margules 1998; Haddad et al. 2015, 2017; 
MacDonald et al. 2018), positive (e.g., Davies and Margules 
1998; Scheffer et al. 2006; Fahrig 2017, 2020; Siebold et al. 
2017) or little or no effect (e.g., Davies and Margules 1998; 
Prugh et al. 2008; De Camargo et al. 2018; Gardiner et al. 
2018; Rabelo et al. 2018) on abundance and/or species 
richness. This has led to a heated exchange over whether 
fragmentation is bad or good for biodiversity (Fahrig 2017; 
Fletcher et al. 2018; Fahrig et al. 2019). The relative effects 
of habitat loss versus fragmentation appear to depend on 
numerous factors including the overall level of habitat loss 
(Andrén 1994), the spatial and temporal scale of the study 
(Haddad et al. 2015; Bosco et al. 2019) or whether the focus 
is on the centre or edge of fragmented habitats (Debinski 
and Holt 2000; Ries et al. 2004; Ewers and Didham 2006; 
Laurance 2008). Teasing apart the separate effects of over-
all habitat area, the number of habitat fragments, the size 
of habitat patches and the degree of isolation can be chal-
lenging as they almost always co-vary in some way (Fahrig 
2003; Ewers and Didham 2006; MacDonald et al. 2018). 
The potential positive and negative effects of each are best 
resolved by controlled experiments in which each factor is 
manipulated independently (Davies and Margules 1998; 
McGarigal and Cushman 2002).

Of the different components of habitat loss and frag-
mentation, the role of patch isolation has received the least 
attention. According to island biogeography theory, isolated 
islands or patches of suitable habitat should have lower pop-
ulation sizes and species diversity due to lower colonization 
rates (MacArthur and Wilson 1967). Isolated islands com-
monly have lower species richness and a non-random subset 
of species compared to adjacent mainlands, but numerous 
mechanisms appear to be involved (Gilbert 2000; Simberloff 
2000; Fahrig 2003). Yet high levels of endemism caution 
against the proposition that isolated islands should have a 
low conservation priority due to their lower species richness 
(Kier et al. 2009; Wintle et al. 2019). In the literature, stud-
ies of habitat fragments that differ in the degree of isolation 
have produced all possible outcomes, including decreases 
(e.g., Davies and Margules 1998; Steffan-Derwenter and 
Tscharntke 1999; Bailey et al. 2010; Haddad et al. 2015; 
Lindgren and Cousins 2017), increases (e.g., Quinn and Har-
rison 1988; Scheffer et al. 2006; Bailey et al. 2010; Fahrig 
2017, 2020) and little or no effects of isolation on abun-
dance and/or species richness (e.g., van Dorp and Opdam 
1987; Andrén 1994; Prugh et al. 2008; Ord et al. 2017; De 

Camargo et al. 2018; MacDonald et al. 2018). The different 
outcomes may be dependent on the spatial scale of the study, 
with increasing isolation promoting species richness at large 
(landscape) spatial scales, but not necessarily at small spatial 
scales (Fahrig 2017).

The mechanisms that might lead to either an increase or 
decrease in species abundance or diversity with increasing 
isolation are not always clear, but predator–prey dynam-
ics may be implicated (Schneider 2001; Ryall and Fahrig 
2006). Positive effects of habitat isolation on prey abun-
dance and diversity have been linked to reduced predation 
pressure, perhaps because predators are more influenced by 
fragmentation than their prey or less likely to visit isolated 
habitats (Herrmann et al 2012; Kruess and Tsacharntke 
1994). The effects of isolation at different spatial scales can 
be addressed experimentally by manipulating patch spac-
ing while holding overall patch area, size and number con-
stant. The mechanisms underlying isolation effects may be 
resolved by documenting the effects of isolation on both prey 
communities and predator behaviour.

Globally, coral reefs are experiencing extensive habitat 
loss due to a range of human impacts (Pandolfi et al. 2003; 
Bruno and Selig 2007; Bruno and Valdivia 2016). Over-
all habitat loss or the decline in the area of healthy coral 
cover is having a major negative effect on reef-associated 
fish assemblages (Jones et al. 2004; Paddack et al. 2009; 
Pratchett et al. 2018). This level of habitat loss is also likely 
to be associated with increasing fragmentation of patches 
of healthy coral habitat, but the relative effects of habitat 
area and habitat fragmentation have received little attention. 
Coral reefs are naturally fragmented habitats in which patch 
number, size and spacing are all highly variable at a range 
of spatial scales. Hence, while overall habitat loss may be 
detrimental, increasing fragmentation may have little or no 
effect, or may even be beneficial. For example, Bonin et al. 
(2011) showed experimentally that while a decline in coral 
cover negatively affected damselfish survival, an outcome of 
several small patches rather than one large one had a posi-
tive effect on diversity and abundance. Likewise, Caley et al. 
(2001) showed that fragmenting coral patches promoted the 
abundance of coral-dwelling invertebrates. In the Caribbean, 
Acosta and Roberston (2002) showed the cumulative diver-
sity of fishes on many small patch reefs was higher than for 
the equivalent area of larger reefs and small reefs supported 
a greater number of rarer species.

Some attention has been given to the effects of isolation 
on the structure of coral reef fish populations and assem-
blages. Large-scale studies have focussed on decreased 
species richness and high levels of endemism (Sandin et al. 
2008; Hobbs et al. 2012; Luiz et al. 2015), highly nested 
subsets of species, including higher proportions of larger-
bodied species (Bender et al 2013, 2017; Jacquet et al 2017), 
high temporal variability (Mellin et al. 2010) and high levels 
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of genetic differentiation and self-recruitment (Jones et al. 
2009; Jones 2015) on isolated islands. At the other extreme, 
small-scale experimental studies tend to show the opposite 
pattern, with increased abundance and diversity in relation to 
increased isolation (Schroeder 1987; Belmaker et al. 2005, 
2009; Jordan et al. 2005). These studies also emphasize a 
change in reef fish community structure with isolation (Jor-
dan et al. 2005) and more variable community structure on 
isolated reefs (Ault and Johnson 1998). There are at least 
two ecological mechanisms that might promote species rich-
ness on isolated reefs. First, the “settlement redirection” 
hypothesis (Stier and Osenberg 2010), a mechanism which 
appeared to account for up to 4 × higher fish settlement to 
isolated reefs, compared to those in close proximity. Iso-
lated and up-current patch reefs consistently receive higher 
recruitment than similar-sized reefs surrounded by other 
reefs (Schroeder 1987; Jones 1997). Secondly, transient 
predators may more frequently visit closely spaced patches 
(Belmaker et al. 2005, 2009; Jordan et al. 2005; Overholtzer-
McLeod 2006), with the large distances of sand between 
isolated patches a significant barrier to the fish movement 

(Turgeon et al. 2010). To date, no experimental studies have 
separated the relative magnitude of the effects of isolation 
and suitable habitat area on abundance or species richness of 
coral reef fishes. With the notable exception of Overholtzer-
McLeod (2006), few studies have examined the role of tran-
sient predators in determining the effects of isolation on prey 
reef fishes by manipulating reef spacing.

The aim of this study was to experimentally test the effect 
of isolation on the abundance, species richness and species 
composition of coral reef fishes colonising small patch reefs 
in Kavieng, New Ireland, Papua New Guinea. Hypotheses 
with respect to isolation were tested by constructing repli-
cate hexagonal clusters of small coral reef patches on shal-
low sand flats with three levels of distance among reefs. 
Patch size, number and total habitat area were held constant 
at the landscape (cluster) scale. This design allowed us to 
achieve four specific hypotheses: (1) Increasing isolation 
promotes abundance and species richness of juvenile reef 
fishes, both at the cluster scale and patch scale. (2) Isolation 
promotes the cumulative increase in abundance and species 
richness in relation to habitat area within clusters. (3) The 
degree of isolation influences fish species composition at the 
cluster scale. (4) Increasing isolation reduces the visitation 
rates of transient fish predators by mounting surveillance 
cameras on the central reefs in clusters from the different 
isolation treatments.

Methods

Study location

This study was conducted over a seven-week period between 
April and June 2014 in the Kavieng Lagoon, which is 
located at the northern end of the island of New Ireland in 
Papua New Guinea (2°34’S, 150°48’E; Fig. 1a). This expan-
sive lagoon (~ 380 km2) is primarily composed of patches of 
seagrass and coral reef interspersed across a matrix of the 
sandy substrate. The experimental system was constructed 
in a large area of sand (approximately four hectares) directly 
adjacent to Nago Island, where Papua New Guinea’s (PNG) 
National Fisheries Authority maintains a research and mari-
culture facility. The locations of the replicates of each treat-
ment were distributed in a random array on the leeward side 
of the island, with a sandy slope that gradually changes in 
depth from 4 to 12 m (Fig. 1b).

Experimental design

To test the effects of isolation, we constructed 15 replicate 
reef clusters of 7 habitat patches, with at least 70 m of open 
sand separating each cluster from other experimental repli-
cates and any natural reef patches in the surrounding area. 
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Fig. 1    Study area and experimental design. (a) Study location, Nago 
Island, Kavieng Lagoon, New Ireland Province, Papua New Guinea. 
(b) Experimental array near the PNG National Fisheries Authority 
Nago Island Mariculture & Research Facility. The experimental patch 
reefs were placed over the sandy bottom off the leeward side of the 
island. Each isolation treatment (1, 5 and 15 m) was replicated five 
times and allocated randomly in the area maintaining at least 70  m 
of open sand between clusters or between clusters and natural reef 
patches in the surrounding area. 1 m arrays are indicated in turquoise, 
5 m arrays in red and 15 m arrays in orange. (c) Each of the 15 reef 
clusters was comprised of one central focal patch at the centre of a 
hexagon of six other patches to ensure equal spacing between neigh-
bouring patches
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This large spacing was considered sufficient to assume pat-
terns of colonisation by juvenile fishes in different clusters 
were independent and minimise any movement between 
natural habitat patches and experimental clusters. Each 
reef cluster was arranged with a single focal patch at the 
centre of a hexagon of 6 other patches to facilitate equal 
spacing among reefs (Fig. 1c). Habitat patches within each 
cluster were isolated by 1, 5 or 15 m (n = 5 per isolation 
treatment), and treatments were randomly assigned across 
the 15 clusters in order to minimise any influence of environ-
mental variation across the study site on treatment effects. 
The three isolation distances represent a typical range in 
the spacing of natural patch reefs in lagoonal and sheltered 
coral reef environments. Similar spacings have been used 
in other experimental studies on the effects of isolation on 
reef fishes (Overholtzer-McLeod 2006; Stier and Osenberg 
2010). Movement of juvenile coral reef fishes between patch 
reefs is possible at the 1 m spacing but would be unlikely at 
the 15 m spacing.

Each habitat patch was constructed to be as uniform as 
possible by attaching two branching coral colonies to a 
stacked pair of cinder blocks using cable ties. The two coral 
species used, Pocillopora verrucosa and Porites nigricens, 
are highly common branching corals on reefs in the study 
area and provide structurally complex recruitment habi-
tat to a wide range of fish species. Corals were selected to 
minimise size variation among colonies across the habitat 
patches, such that the P. verrucosa colony was ~ 20 cm in 
diameter and the P. nigricens colony was ~ 60 cm in diameter 
on each patch. Each patch offered approximately 0.32 m2 of 
live coral as recruitment habitat.

Construction of the experimental arrays occurred over 
one week and patches were cleared of all fish that colonised 
prior to the start of the experiment. Coral reef fish were sub-
sequently allowed to recruit to the experimental system over 
six weeks, at which point all individuals that had recruited 
to each patch in each replicate reef cluster were counted and 
identified to species level. Recruitment of juvenile fishes in 
this region happens all year round (Srinivasan and Jones 
2006) and the patch reefs were rapidly colonised over the 
6 week period.

Transient predator visitation

Transient predators were observed moving among the 
experimental reefs and surveillance video cameras were 
deployed to measure visitation rates and durations across 
isolation treatments. Five weeks after the experiment was 
started, GoPro video cameras were mounted on posts and 
positioned 1 m away from the central patch of each repli-
cate reef cluster. Approximately 1.5 h of video of this focal 
patch was recorded for each replicate cluster during both the 
morning (6:30–8:00 h) and evening (16:30–18:00 h) when 

predators were most likely to be active. For each video, data 
collection began 5 min after the diver left the field of view 
and continued until the camera ran out of battery.

Video recordings were viewed in their entirety to quan-
tify predation pressure across experimental reefs. Predators 
entering the field of view were counted and identified to the 
highest taxonomic level possible, and their entry and exit 
times were also noted to quantify the duration of their visits. 
The frequency of predatory strikes was also recorded, and 
these were defined as sudden bursts of speed directed at a 
resident recruit. Strikes were recorded only when they were 
directed at fish inhabiting the central patch, although other 
patches were visible within the camera’s field of view for the 
1 and 5 m isolation treatments.

Hypotheses and data analysis

One-way analysis of variance (ANOVA) was used to test 
the hypothesis that the degree of isolation (Fixed, 3 levels: 
1, 5 or 15 m) would increase coral reef fish abundance and 
species richness at both the cluster and patch scale (H1). 
Counts of abundance and species obtained from individual 
patches were aggregated for each cluster of patches and the 
total count of individuals and species was used in the test 
(n = 15). Patch-scale effects were tested by calulating the 
mean patch abundance and species richness for each cluster 
(n = 15). Normality of residuals and homoscedasticity were 
tested prior to interpretation using the Shapiro–Wilk’s nor-
mality test and Leven’s test, respectively. The level of sig-
nificance for all statistical tests was set at P < 0.05. Pairwise 
comparisons between the three isolation treatments were 
made using Tukey HSD tests. Raw data were illustrated as 
box and whiskers to visualise differences in abundance and 
species richness between isolation treatments. All analyses 
and visualisations were carried out in R.

Analysis of covariance was used to test the hypothesis 
that isolation would promote the cumulative increase in the 
number of individuals and species of coral reef fish recruits 
with increasing habitat area (H2). Total abundance and spe-
cies richness were the two response variables of interest, and 
these were modelled as a function of habitat patch isolation 
(categorical, 3 levels) and habitat area (continuous). Habitat 
area was modelled as a continuous factor by sequentially 
adding a patch reef at random until all seven patches in each 
cluster were included. Note that habitat area only includes 
the live coral habitat provided by the reef cluster and not 
the sand in between. Habitat area increased from 0.32 m2 (1 
patch) to 2.24 m2 (7 patches).

Permutational multivariate analysis of variance 
(PERMANOVA; Anderson 2001) was computed in 
PRIMER + PERMANOVA (v7) to test the hypothesis that 
(H3) habitat isolation would promote changes in reef fish 
assemblage structure at the cluster level. PERMANOVA 
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was used because it is robust to zero-inflated datasets and 
has significant advantages over conventional MANOVA as 
it makes no assumptions about underlying data distributions. 
One-way PERMANOVA was used to test for the effect of 
isolation (Fixed, 3 levels: 1, 5, 15 m) on fish assemblage 
composition. To reduce the influence of abundant species, 
the whole dataset was square-root transformed and used to 
calculate the resemblance matrix based on the Bray–Curtis 
similarity used by the model. Before analysis and transfor-
mation, counts of abundances for each fish species were 
aggregated for each habitat at the cluster level. This was 
done to acknowledge the cluster as the appropriate spa-
tial scale for community analyses as species-accumulation 
curves tended to level-off, allowing valid comparisons of 
species richness across clusters (Gotelli and Colwell 2001). 
P values were obtained by 9999 permutations using unre-
stricted permutation of raw data and considered significant 
if P < 0.05. Pairwise comparisons among all pairs of levels 
of significant factors of interest made using the pseudo-t 
statistic obtained by doing an additional separate runs of the 
PERMANOVA routine (Anderson et al. 2008). Bray–Curtis 
similarity matrixes were then used to visually explore differ-
ences between fish assemblages by non-metric multidimen-
sional scaling (nMDS). BEST technique was used to identify 
the subset of species that best explain the community-wide 
patterns, based on high Spearman correlations (ρ) with the 
whole dataset (Clarke et al. 2014a). This result is achieved by 
adding and dropping species from the dataset maximising ρ 

until no further improvement is possible. These species were 
added to the nMDS plot to visualise how taxa responded to 
isolation treatments. Similarity (SIMPER) analysis was used 
to assess the average percentage contribution of individual 
species to the dissimilarity between groups in a Bray–Curtis 
similarity matrix (Clarke 1993). Changes in abundance of 
the species majorly contributing to the dissimilarity between 
isolation treatments identified by SIMPER analysis were dis-
played through a shade-plot highlighting changes in abun-
dance between groups (Clarke et al. 2014b).

One-way ANOVA was used to test the hypothesis that 
increasing isolation (Fixed, 3 levels: 1, 5 and 15 m) reduces 
predator activity (H4), which may explain effects of iso-
lation on the abundance and species richness of juvenile 
fishes. Predator activity for each central patch was quanti-
fied by three predator response variables—mean number of 
predator visits, mean duration of predator visits, and mean 
frequency of strikes. Predator video data were pooled across 
the morning and afternoon recordings for each central patch 
and response variables were standardised by dividing by the 
total minutes of video for each replicate as no difference was 
observed between the two groups. The level of significance 
for all statistical tests was set at P < 0.05. For all analyses, 
the assumptions of normality and homogeneity of variance 
were checked using the Shapiro–Wilk’s normality test and 
Leven’s test, respectively. Data that failed to meet assump-
tions were square-root transformed.

Table 1     Summary of analyses of variance (ANOVA) to test for the 
effects of isolation (1, 5 and 15  m spacing) on coral reef fish total 
abundance (a) and species richness (b) at the cluster scale, and mean 
abundance per patch (c) and mean species richness (d) at the patch 
scale. Raw data met assumptions of normality and homogeneity of 
variance

Significant P values in bold

df SS MS F value P

Mean cluster
 (a) Abundance
  Isolation 2 6441 3220.5 4.1 0.0439
  Residuals 12 9424 785.333

 (b) Species richness
  Isolation 2 28.93 14.465 3.617 0.059
  Residuals 12 48 4

Mean patch
 (c) Abundance
  Isolation 2 131.4 65.7 4.1 0.0439
  Residuals 12 192.3 16.025

 (d) Species richness
  Isolation 2 10.22 5.11 5.11 0.0531
  Residuals 12 16.2 1.35

Isolation
1m
5m
15m

Fig. 2     Boxplot illustration of the influence of reef isolation (1, 5 
and 15 m) on the abundance (top) and species richness (bottom) of 
coral reef fishes at the cluster (left) and patch (right) scale. Whisk-
ers delimit the ± 1.5 interquartile range (IQR), box height denotes the 
IQR, heavy crossbars represent the median and dots indicate outliers
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Results

General patterns

A diverse assemblage of 29 species from 10 families 
recruited to the experimental arrays. These recruits included 
8 species of damselfish (Pomacentridae), 6 species of wrasse 
(Labridae), 2 species of hawkfish (Cirrhitidae), 2 species 
of blenny (Blennidae), 2 species of pufferfish (Tetraodonti-
dae), 1 species of butterflyfish (Chaetodontidae), 2 spe-
cies of surgeonfish (Acanthuridae), 1 species of triggerfish 
(Balistidae), 4 species of snapper (Lutjanidae) and 1 spe-
cies of sweetlips (Haemulidae). For a full list of species, 
see Table S1.

H1: Isolation promotes abundance and species 
richness at cluster and patch scales

Increasing isolation had a positive effect on abundance, 
both for the mean total abundance at the cluster scale and 
for mean abundance at the patch scale (Table 1; Fig. 2a,c). 
On average, abundance on the most isolated reef clusters 
2 × higher than the most aggregated ones, both at the cluster 
(Tukey’s HSD, P = 0.037) and patch scales (Tukey’s HSD, 
P = 0.037). Abundance at the 15 m spacing was consistently 
higher than for the intermediate spacing of 5 m, which in 
turn, was consistently higher than for the 1 m spacing.

Species richness also showed a positive trend in its rela-
tionship with the degree of isolation, but the differences 
among the means were marginally non-significant at both the 
cluster and patch scales (Table 1, Fig. 2b,d). However, the 
Tukey’s HSD pairwise comparisons of the means showed 
that species richness for the 15 m isolation was signifi-
cantly higher than for the 1 m isolation, both at the cluster 
(P = 0.048) and patch (P = 0.045) level. Species richness in 
the most isolated treatment tended to be ~ 1.5 × higher than 
in the least isolated treatment, with species richness at the 
5 m spacing tending to be intermediate.

H2: Isolation promotes the cumulative increase 
in abundance and species richness in relation 
to habitat area within clusters

Increasing patch isolation had a positive effect on the cumu-
lative abundance and species richness in relation to the 
number of patches considered within each cluster (a proxy 
for habitat area) (Fig. 3a, b). The slopes of the cumulative 
abundance-area and cumulative species richness-area linear 
relationships for the different isolation treatments were sig-
nificantly different, as indicated by the significant interac-
tion between the isolation and area factors in the analysis of 
covariance (Table 2a, b). When patches were more isolated 
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Fig. 3     Influence of habitat patch isolation (1, 5 and 15  m) on the 
cumulative (a) abundance and (b) species richness of coral reef fishes 
as a function of the patch area. Patch area for each cluster is repre-
sented by the cumulative increase in the number of patches selected 
to represent each cluster. Subsets of patches were chosen at random 
from the seven available

Table 2     Analysis of covariance for the effects of isolation (I) and 
habitat area (A) and the isolation-area interaction on cumulative mean 
total abundance and mean species richness of coral reef fishes within 
clusters. The analysis met the assumptions of significant linear abun-
dance-habitat area and species richness-habitat area relationships

Significant P values in bold

df SS MS F value P

(a) Abundance
 Habitat area (A) 1 45,698 45,698 126.8610  < 2.2e-16 
  Isolation (I) 2 9905 4952 13.7478 5.385e-06 
    A x I 2 5146 2573 7.1426 0.001266 
   Residual 99 35,662 360

(b) Species richness
 Habitat area (A) 1 550.86 550.86 119.0147  < 2e-16 
  Isolation (I) 2 32.93 16.47 3.5577 0.03220 
    A x I 2 41.38 20.69 4.4697 0.01385 
   Residual 99 458.22 4.63
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they accumulated more individuals with increasing habitat 
area, compared to when habitat patches were more aggre-
gated (Fig. 3a). In addition, reefs where habitat patches were 
isolated by 15 m accumulated more species in relation to 
habitat area, compared with clusters where patches were iso-
lated by only 1 m (Fig. 3b). Overall, habitat area explained 

the greatest variation in both the number of individuals and 
species. However, the significant interaction terms indicate 
that the small positive effects of isolation incrementally get 
larger with the increasing total area sampled (Table 2).

H3: Degree of isolation affects the species 
composition of coral reef fishes

The composition of fish assemblages was strongly driven 
by the distance between individual patches (i.e., from 1 
to 15 m along nMDS axis 1, Fig. 4a), and fish assemblage 
composition was significantly different among the isola-
tion treatments at the cluster scale (Table 3). Pairwise tests 
showed that the strongest difference was observed between 
1 and 15 m treatments (pseudo-t = 2.319, p = 0.009), while 
no significant differences were observed in the pairwise 
comparisons of 5 m clusters against the other two groups 
(pseudo-t < 0.040, P > 0.068). Dissimilarities between sam-
ples located the 5 m treatment were intermediate between 
the 1 m and 15 m isolation treatments (Fig. 4a,b; Table S2). 
Overall, habitat isolation accounted for a large component 
of variation (√ECV = 16.7) explaining about 40% of the 
variability in fish assemblage structure, while the remain-
ing 60% was due to natural variability in species-specific 
abundance among replicates (√ECV = 24.6). Differences 
in assemblage composition were driven by species-specific 
changes in abundance within the assemblages, with some 
species thriving on isolated clusters and others preferring 
closer configurations. This pattern was best described by 10 
species singled out by the BEST analysis (Fig. 4a, Table S3). 

SIMPER analysis revealed that  Lutjanus rufolinea-
tus, Dascyllus trimaculatus, Cheilinus bimaculatus, Chromis 
viridis, Dascyllus aruanus, Diagramma pictum and Heni-
ochus acuminatus were generally more abundant in clusters 
with 15 m spacing, while Pomacentrus coelestis, Halicho-
eres melanurus, Petroscirtes breviceps and Canthigaster 
compressa were more abundant in clusters with the 1 m 
spacing. Dascyllus reticulatus, Cirrhitichtys aprinus, Lut-
janus gibbus, Pseudobalistes flavimarginatus and Petro-
scirtes mitratus tended to have higher abundances in the 
5 m clusters (Fig. 4b, Table S2). Overall, while most the of 
differences between treatments where due to different quan-
titative responses of fishes always present, several species 
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Fig. 4     Representation of differences in coral reef fish assemblage 
structure by (a) non-metric multidimensional scaling (NMDS) based 
on the Bray–Curtis similarity measure of coral reef fish assemblages 
in the function of habitat isolation (1, 5 and 15 m). Vectors represent 
the correlation of the most representative species (BEST, corr: 0.953, 
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Table 3    Summary of permutational multivariate analyses of variance 
(PERMANOVA) to test for the effects of isolation (1, 5 and 15  m 
spacing) on coral reef fish assemblage structure at the cluster level. 

Analyses were based on Bray–Curtis similarity matrix calculated 
from square-root transformed abundance data (9999 permutations)

Significant P values in bold

df SS MS Pseudo-F P (perm) √ECV

Isolation 2 3979.9 1989.95 3.2957 0.0004 16.65
Residuals 12 7245.5 603.79 24.57
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were exclusively present in certain isolation treatments. For 
example, D. pictum, H. acuminatus and C. viridis which 
clearly preferred the more isolated reefs at 15 m spacing, 

in contrast to P. mitratus, which was commonly observed 
on reefs 1 m apart and never in the most isolated clusters.

H4: Isolation reduces predator visitation 
by transient predators

The hypothesis that predators visit more isolated reefs less 
often and are likely to have less impact on isolated reefs was 
not strongly supported by the data. Video recordings of the 
central patch revealed that the most common predators visit-
ing the reefs were golden trevally (Gnathanodon speciosus), 
emperor (Lethrinus nebulosus), and flutemouth (Fistularia 
commersoni). These predators visited the reefs an average 
of 2.18 ± 0.013 times per hour, but the number of visits by 
predators was not significantly different among the 3 levels 
of isolation (Fig. 5a, F2,25 = 0.902, P = 0.419). There was a 
tendency for the duration of these visits to be longer when 
reefs were more aggregated (Fig. 5b), however, there was 
no significant difference in the duration of predator visits 
between isolation treatments (F2,25 = 0.902, P = 0.419). 
Strikes by predators also tended to be more frequent when 
the reefs were aggregated (Fig. 5c), but again this was not 
significantly higher than the most isolated habitat configura-
tion (F2,25 = 1.559, P = 0.23).

Discussion

Overall, these findings support the conclusion that at a 
small scale, the abundance and diversity of coral reef fishes 
on patch reefs increases with isolation. In our experiment, 
this effect was apparent at both the scale of whole clusters 
and for the mean number and richness of fish on patches 
within clusters. The positive effect of isolation was also 
apparent from the linear relationships between the cumula-
tive number of individuals and species in relation to patch 
reef habitat area within clusters, with the slopes increasing 
with the degree of isolation. The level of isolation among 
patches also had a major influence on the structure of fish 
assemblages colonising patch reefs, with some species more 
common on isolated reef clusters and others associated with 
more closely spaced reef clusters. Although there was a posi-
tive effect of isolation, suitable habitat area was clearly also 
a major determinant of species richness, supporting the 
“habitat amount” hypothesis of Fahrig (2013). However, in 
patch reef habitats on coral reefs, we conclude isolation is 
likely to be an important additional factor affecting the local 
structure of reef assemblages.

The increase in abundance and species richness with 
increasing isolation supports other studies on tropical and 
temperate reef fishes (Schroeder 1987; Belmaker et al. 2005, 
2009; Jordan et al. 2005; Stier and Osenberg 2010; Morton 
and Shima 2013). Approaches to manipulating the degree 
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of isolation vary, in some cases testing the effects of how 
far reefs are from one another (Schroeder 1987; Jordan et al 
2005; Stier and Osenberg 2010; Morton and Shima 2013; 
our study) and in others testing the effects of distance from 
large contiguous tracts of reef (Belmaker et al 2005; 2009). 
These are clearly two different things, but both support the 
view that reef fishes are very good at colonising and per-
sisting on isolated reef structures. Colonisation of the most 
isolated reefs (15 m spacing) is most likely during the larval 
stage, as the small site-attached reef fishes surveyed in this 
experiment do not exhibit wholesale movement between 
reefs across open sand habitat (Frederick 1997; Turgeon 
et al. 2010). However, post-settlement movement is likely 
to have contributed to patterns seen for the tightly clustered 
reefs (1 m spacing). Different researchers have manipu-
lated reef spacing at different distances and the upper limit 
to the effects of isolation on species richness has yet to be 
determined.

While this study has demonstrated some significant 
effects of isolation, these results also support the broader 
view that suitable habitat area or the “habitat-amount” 
hypothesis is a primary driver of diversity (Fahrig 2013; 
Martin 2018). At the cluster scale, there was a dramatic 
increase in the cumulative abundance and species richness 
as an area of reef increased from a single patch reef to the 
whole cluster. The effect of isolation was evident in terms 
of an effect on the slope of these linear relationships, with a 
higher accumulation of individuals and species in relation to 
patch reef area with increasing reef spacing. There is much 
evidence to suggest declining area of healthy coral habitat is 
having major detrimental effects on fish communities (Jones 
et al. 2004; Paddack et al. 2009; Pratchett et al. 2018). The 
scale of our study was obviously limited and it is of particu-
lar interest to go further and test how the isolation effect 
would extrapolate to larger arrays and large reef spacings. 
While the scale of experimentation always has constraints, 
there is certainly scope for implementing larger-scale tests. 
In addition, the effects of isolation detected here will need to 
be tested against other aspects of fragmentation (patch size, 
patch number) when assessing the overall relative impor-
tance of habitat amount and fragmentation.

Most of the previous studies on the effects of habitat 
fragmentation processes on coral reef fish have taken either 
single-species approach or relied on aggregated metrics such 
as total abundance and species richness. Our whole commu-
nity analysis at the cluster scale clearly shows a gradual shift 
in species composition in response to increasing isolation. 
Some highly aggregated species, including juveniles of the 
snapper Lutjanus rufolineatus and the damselfish Dascyllus 
trimaculatus clearly preferred the 15 m spacing, while others 
such as the damselfish Pomacentrus coelestus and the wrasse 
Halichoeres melanurus preferred tightly clustered reefs. This 
diversity of responses supports the general view that the 

effects of isolation may differ in magnitude and direction 
depending on the species (Öckinger et al. 2010; Rielly-
Carroll and Freestone 2017). At this stage, the reasons for 
the species-specific responses to isolation are unknown, but 
differences in habitat selection at settlement, post-settlement 
relocation and behavioural interactions within and among 
species are likely to be implicated. Overall, our results are 
consistent with the idea that isolation in fragmented land-
scapes can affect a range of different patterns in reef fish 
community structure and a range of underlying processes, 
including habitat selection, competitive interactions and 
predator–prey dynamics (Overholtzer-McLeod 2006; Stier 
and Osenberg 2010; Morton and Shima 2013).

Our assessment of the role of transient predators in 
explaining lower abundance and diversity in less isolated 
configurations was not unequivocal. The data suggested 
there could be longer predator residence times and greater 
predator success in highly clustered reefs. The literature 
on coral reef fishes provides further support for the role of 
predators. The spatial scale of predator movement may exert 
differences in the patterns and processes operating within 
and among reefs (Frederick 1997; Turgeon et  al. 2010; 
White et al. 2010; McCarthy and White 2016). Transient 
predators are more likely to move between more isolated 
reefs but may be less motivated to move when they have 
encountered a tightly clustered patch of reefs. Overholtzer-
McLeod (2006) showed that transient predators were much 
more likely to visit aggregated reefs, inflicting much higher 
levels of density-dependent mortality on the resident fishes. 
Belmaker et al. (2005, 2009) clearly implicate predators in 
explaining lower abundance and diversity of patch reefs in 
closer proximity to large reefs supporting a greater number 
and diversity of predators.

More isolated reefs may also experience higher settle-
ment rates through settlement redirection (Stier and Osen-
berg 2010). If the supply of arriving larvae is limited and 
individual larvae are well-adapted to finding isolated reefs, 
isolated reefs are likely to attract higher settlement. In con-
trast, when reefs are clustered, the same number of larvae 
arriving in an area may be spread among all reefs in the 
cluster. Both Stier and Osenberg (2010), and Morton and 
Shima (2013), demonstrate higher settlement rates on iso-
lated reefs (reefs without neighbours). However, they also 
show increasing overall settlement to an area as a function of 
the total reef area, indicating habitat amount is also impor-
tant. The relative importance of settlement redirection and 
transient predators requires further investigation but may be 
addressed in a larger scale experiment in which access to 
reefs by predators is restricted.

In conclusion, our paper contributes further evidence that 
small-scale isolation in patchy coral reef habitats promotes 
abundance and species richness. In terms of the processes 
contributing to the effects of isolation, both recruitment and 
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predation warrant further experimentation. The positive 
effects of isolation appear to increase as the accumulated 
sampling area increases. However, given that extreme iso-
lation is known to be associated with low species diversity, 
the next step will be to up-scale these results to examine 
the relationships between species richness and habitat area 
changes over a larger scale of reef spacing. It will also be 
important to investigate the magnitude of the isolation fac-
tor compared to other components of fragmentation, includ-
ing reef size and number while controlling for the overall 
effects of habitat area. To date, no study on coral reefs has 
undertaken a comprehensive assessment of all recognised 
components of fragmentation. The effects of habitat loss and 
fragmentation are likely becoming more significant as coral 
cover continues on a downward trajectory in most coral reef 
ecosystems. The positive effects of isolation are unlikely 
to offset the negative effects of this global phenomenon. 
However, they do help us understand how coral reef species 
exploit life in one of nature’s most inherently fragmented 
ecosystems.
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