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ABSTRACT: Studies assessing the structure of coral reef fish assemblages have focused on shallow reefs and the importance of coral cover. However, the ecology of reef fish communities varies
with depth, although trends in diversity, community structure and reliance on corals have seldom
been described. Deeper reef habitats may provide refuge from shallow water disturbances,
depending on the depth distributions of species and patterns of habitat specialisation with depth.
We examined fish communities down to the bottoms of reefs at 20 m. Communities comprised species with preferences for shallow water and others with broader depth ranges, which were more
abundant at greater depths. Diversity exhibited linear declines with depth. Species that were
common around the mid-point of the depth gradient had the greatest depth ranges, whereas
depth ranges were more restricted at the shallow and deep extremes. Niche breadth decreased
with increasing mean depth of occurrence, suggesting that deeper species were more specialised.
Unexpectedly, there was a higher association with branching corals in the deepest strata, suggesting a greater reliance on coral habitat at the patchy reef edge. Clearly, there are dramatic changes
in the ecology of reef fishes and their habitat between 0 and 20 m, and a variety of physical and
biological factors that are likely to be important. Although coral-associated species found deeper
may occupy a refuge from shallow water disturbances, the narrow distributions of species at
deeper depths and the high reliance on corals are unlikely to contribute to long-term resilience in
relation to widespread reef degradation.
KEY WORDS: Reef fish ecology · Depth gradients · Depth–refuge hypothesis · Depth ranges ·
Niche breadth · Habitat use · Diversity
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One of the major goals of ecology is to try to explain
patterns in distribution, diversity, species composition and niche breadth along environmental gradients (Krebs 2006). Species typically exhibit limited
distributions and changes in abundance along environmental gradients such as altitude, latitude and
depth (Hawkins 1999, La Peyre et al. 2001, Mark et
al. 2001). The optimum position along these gradients may be a response to a number of intersecting
physical gradients. For example, on mountains, spe-

cies distributions may vary in response to altitude,
slope and substrate type (Kappelle et al. 1995, Xu et
al. 2011). Upper and lower limits of species distribution may be controlled by different factors, with environmental harshness often important at one extreme
and biological interaction among species at the other
(Connell 1961). Community-level metrics such as
diversity also show distinct patterns along environmental gradients. For example, a decrease in diversity and species richness with increasing altitude has
been found in communities of plants and insects such
as butterflies (Kappelle et al. 1995, Leingärtner et al.
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2014). Diversity may not always be highest at one
extreme of the environmental gradient, but may
peak at a mid-point along the gradient where conditions are favourable for a larger number of species
(Nogués-Bravo et al. 2008). Measures of specialisation such as niche breadth can also show changes
along environmental gradients, with populations of
species at the limits of their range usually having
narrower niche breadths (Clavel et al. 2011, Silc et al.
2014). A full description of the key ecological
patterns that vary along gradients is necessary to
generate hypotheses about the critical factors
involved and to understand how environmental
changes may affect species.
Most studies on the distribution, abundance, diversity and community structure of coral reef fishes have
focused on horizontal gradients such as exposure
(McGehee 1994, Green 1996), reef zone (Green 1996,
Lecchini et al. 2003, Arias-González et al. 2006) and
spatial patterns in habitat structure (Friedlander &
Parrish 1998, Gratwicke & Speight 2005, Garpe et al.
2006, Graham et al. 2006, Wilson et al. 2006, Bonin et
al. 2011). These studies often highlight patterns of
diversity and specialisation associated with branching coral cover and topographic complexity (Chabanet et al. 1997, Brokovich et al. 2008, Graham &
Nash 2013). However, the strongest physical and biological gradients on coral reefs are likely to be associated with depth gradients, where substantial trends
in the physical and biotic environment can occur over
a few metres (Brokovich et al. 2008, González-Sanson et al. 2009). Some changes in communities of fish
have been found with increasing depth and the associated decline in coral cover (Brokovich et al. 2008).
Not only can the abundance of individual species
change with depth, but also familial composition of
the community. For example, in the Red Sea, shallow
waters tend to be dominated by damselfishes and
gobies, whereas wrasses and groupers become more
dominant at deeper depths (Brokovich et al. 2008).
Differences in abundance can be observed between
species of the same family and even the same genus,
with examples known from pomacentrids (Bay et al.
2001), pomacanthids (Eagle et al. 2001), balistids
(Bean et al. 2002), serranids (Donaldson 2002) and
acanthurids and scarids (Hernandez-Landa et al.
2015). In all of these examples, species have been
found to have different depth distributions, with
some species or genera showing a preference for
particular depths. Despite studies often showing
changes in fish communities between different reef
profiles or zones (e.g. reef flats, crests and slopes)
which would include an aspect of depth (Green 1996,

Lecchini et al. 2003, Arias-González et al. 2006),
these typical reef zones or profiles are defined in
relation to several factors, including depth, exposure
and reef profile (Jankowski et al. 2015). Therefore, in
general, systematic changes to species abundance,
depth ranges and niche breadth, specifically along
depth gradients, have seldom been investigated.
Given that one of the key factors affecting the
distribution and abundance of coral reef fishes is the
structure of the underlying habitat, it is important to
understand how habitat structure changes with
depth and how fish reliance on particular habitats
also changes. Coral cover has been implicated as an
important determinant of depth distributions, with
many coral-associated species restricted to shallow
water (Bell & Galzin 1984, Chabanet et al. 1997,
Srinivasan 2003, Brokovich et al. 2006). However,
experimental manipulation of habitat availability at
different depths has shown that it may only make a
partial contribution to explaining depth distributions
(Srinivasan 2003). Depth gradients are associated
with numerous, co-varying physical changes, including light attenuation, declining wave-induced disturbance, temperature and so on (Fulton & Bellwood
2005, Fulton et al. 2005, Brokovich et al. 2008, Irisson
et al. 2010). Larval supply has also been shown to be
influenced by depth, with the distribution of fish larvae in the water column being structured by depth
(Leis 1986, 1991, Irrison et al. 2010). This structuring
coupled with larval habitat choice can play a role in
the distributions of reef fish (Gutierrez 1998). Biological interactions such as competition may also affect
fish distribution and the depths at which fish prefer to
live (Bay et al. 2001, Bean et al. 2002). Changes in
habitat availability and habitat use with depth may
well result in different levels of specialisation at different depths. It is thought that shallow water species
tend to be more specialised in their depth range (e.g.
Bean et al. 2002), with smaller depth ranges in shallow water associated with more substantial changes
in physical conditions. It has also been hypothesised
that shallow water species will be more specialised
on substratum types (Bean et al. 2002). Many coral
reef fish are associated with live corals and have
been found to be restricted to shallow habitats (Bell &
Galzin 1984, Chabanet et al. 1997, Srinivasan 2003,
Coker et al. 2014). Deeper habitat can be more
heterogeneous and therefore deeper species may be
more generalist (Bean et al. 2002, Brokovich et al.
2008). The ability to exploit a wider range of habitats
can potentially allow a fish to live at a wider range of
depths. If deeper species tend to be generalists, then
reliance on coral may decrease with increasing depth
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as coral cover and diversity also decline. However, as
decline with depth. (3) Species composition will change
few studies have focused on these patterns, generalwith depth, with the greatest changes over shallow
isations about trends in ecological specialisation with
depth strata where the greatest changes to the physidepth have not emerged.
cal environment occur. (4) Shallow species will have
Coral reefs are subject to both natural and an insmaller depth ranges than deeper species. (5) Shallow
creasing array of anthropogenic disturbances. Many
species will be more specialised in their habitat use
of these impacts more heavily affect shallow reefs
than deeper species, with a decline in the reliance on
(Bongaerts et al. 2010, Kahng et al. 2010, Bridge et al.
coral as a preferred habitat with increasing depth.
2013). Reduced effects from disturbances such as
The identification of common and interacting retropical cyclones, thermal bleaching, fishing, pollution
sponses to these factors is a necessary step towards
and run-off have been recorded from depths >10 m,
evaluating whether deeper reef habitat may be a
although these reduced effects are more commonly
refuge to impacts on coral reefs. If so, such findings
seen at depths > 25 m (Bak et al. 2005, Slattery et al.
will have important implications for the future man2011, Bridge et al. 2013). This may afford some
agement of coral reef ecosystems.
species a depth refuge, whereby species with wider
depth distributions can survive impacts in shallow
waters because individuals living at greater depths
MATERIALS AND METHODS
can act as a source of juveniles or because individuals
can move to greater depths to lessen or escape
Study site and species
impacts (Kahng et al. 2010). This has been demonstrated for several species, and depth may well need
This study was carried out on 5 mid-shelf reefs of
to be considered in marine reserve design (Kahng et
the central Great Barrier Reef (GBR) (Wheeler,
al. 2010, Goetze et al. 2011, Bridge et al. 2013). If shalDavies, John Brewer, Trunk and Rib), with 6 replicate
low species are more specialised and have more spesites sampled once on each reef (Fig. 1). The reefs
cific habitat preference (i.e. coral dependency) then it
were surveyed over 2 trips; 3 reefs were surveyed Ocis possible that they may have an increased extinction
tober 2010 (Wheeler, Davies and John Brewer) and
risk compared to deeper species. Species that are
the other 2 in January 2011 (Trunk and Rib). These
more generalist in their depth distribution and theremid-shelf platform reefs exhibit reef flats exposed at
fore have extended depth ranges would potentially be
low tide, with reef slopes ending in sand at approxiless at risk considering that part of the population
mately 20 m (Graham et al. 2014). The fact that these
would not be impacted by a given disturbance in shalreefs ended at 20 m allowed us to survey fish over the
lower depths (Graham et al. 2011). However, general
entire depth range of these particular reefs. For this
predictions about species responses
to shallow water anthropogenic
disturbance must be founded on basic descriptions of natural changes
in ecological traits along depth
gradients.
The aim of this study was to quanI
tify trends in depth ranges, diversity,
species composition, habitat use and
specialisation in coral reef fishes
along a depth gradient down to the
bottom of mid-shelf reefs at around
Coral reef
20 m on the Great Barrier Reef, Australia. Both fish and coral communities were sampled along depth profiles to test the following specific
hypotheses for reef fishes. (1) Most
damselfishes and wrasses will have
limited distributions over a 20 m
depth range. (2) Taxonomic diverFig. 1. The 5 mid-shelf Great Barrior Reef (GBR) reefs surveyed during this study
sity and taxonomic distinctness will
and the surrounding region
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study we focused on habitat use and specialisation
in species of the Pomacentridae (damselfishes) and
Labridae (wrasses), 2 species-rich families that show
a range in the degree of specialisation.

Fish and benthic surveys
The distribution, abundance and habitat use of
pomacentrids and labrids was surveyed at different
depths by carrying out a controlled and steady swim
from a starting depth of 20 m at the bottom of the
reef’s profile up to the reef flat, typically ~1 m depth
at each of the 6 sites on each reef. Individual damselfishes and wrasses seen ahead within a 2 m belt
were recorded. For each individual fish observed, the
species, depth at which it was observed, and habitat
type immediately below the fish was recorded. Fish
seen in schools were counted, but only 5 individuals
from each school observed were included to avoid a
potential bias from very abundant species, whilst not
losing any information from rarer species.
The changes of available benthic habitat were surveyed using photo-quadrats. The reef profile was
divided into 4 arbitrary depth strata (0−5, 5−10,
10−15 and 15−20 m). For each depth stratum, 20 to 30
photographs of the substratum were taken, with the
camera 50 cm above the bottom, to keep the area
photographed consistent and to keep the pictures
clear enough to identify what was present. The first
photograph for each depth stratum was taken haphazardly and then all other photographs for that
depth stratum were taken at least 5 fin kicks away
from the previous one. For each photograph the substratum at 5 random points was recorded. This was
done using 9 benthic categories similar to those used
by Wilson et al. (2008) (branching coral, plating coral,
encrusting coral, massive coral, soft coral, algae/
dead coral, sand/rubble, consolidated coral pavement and ‘other’).

Ecological metrics and data analyses
When assessing the distribution patterns with
depth we had to take into account unbalanced sampling caused by limitations in the amount of time that
could be spent at depth. Due to safety limitations,
more time was spent overall at shallow depths when
carrying out surveys, which all lasted approximately
40 min. Distribution was, therefore, assessed by looking at the frequency of occurrence of species at the
different depth strata studied. This was done by plot-

ting presence/absence of the 6 most common species
in each family across all sites and depths studied. To
make sure results were not just by chance, we tested
the data statistically using a chi-squared test of
homogeneity.
Changes in fish diversity with depth were analysed
using the measures of taxonomic diversity (Δ) and
taxonomic distinctness (Δ*). These measures of
diversity consider relationships between species
through taxonomic trees. Taxonomic diversity looks
at the average path length between every pair of
individuals in a sample, or, in other words, the
expected path length between any 2 randomly chosen individuals from the sample. This measure can
be considered as being related to standard diversity
indices and is a generalisation of the Simpson diversity index incorporating an element of taxonomic
relatedness (Clarke & Warwick 1998). The taxonomic
distinctness index was modified to remove some of
the dependence on the species abundance distribution and therefore is more of a pure function of taxonomic relatedness. It is the expected path length
between any 2 randomly chosen individuals from a
sample, conditional on the samples being from
different species (Warwick & Clarke 1995, Clarke &
Warwick 1998). These taxonomic diversity metrics
can take into account unbalanced sampling (Clarke
& Warwick 1998). As stated earlier, limitations in the
amount of time that can be spent at depth meant that
sampling was unbalanced, with more time spent at
shallower depths, making these diversity measures
appropriate. Diversity indices were calculated for
2 m depth-strata, based on the depth observations
made for all individuals, in order to give a more
continuous axis for plotting trends in diversity.
To assess changes in species composition with respect to depth and reefs, we used a non-metric multidimensional scaling plot (nMDS) (Primer-E V.6)
using a Bray-Curtis resemblance matrix. Data were
square root transformed to down-weight the effect of
highly abundant species. Differences in depths and
reefs were tested using a 2-way ANOSIM (Primer-E
V.6). Changes in the depth distribution of species
were analysed by calculating the total depth range
for each species, which is the size of a species’ depth
range, and plotting this against the mean depth at
which a species was observed. Due to the non-linear
relationship in the data, we modelled it using a nonlinear model with a polynomial fit using the program
R (V.3.1.0) (R Core Team 2014). Normality of residuals and homogeneity of variance were assessed using
plots of residuals against fitted values and Q-Q plots,
and the data fitted the assumptions.
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where ui+ is the number of fish using habitat type i, πi
is the proportion of that habitat type available and
u++ is the total number of fish using all habitat types
(Manly et al. 1993). Confidence intervals (95%) were
calculated using the standard errors from the selectivity functions following methods outlined by Manly
et al. (1993). These confidence intervals were then
used to assess whether fish were using a particular
habitat significantly more often based upon its availability. This was considered to be the case when both
the selectivity index and associated confidence intervals were >1 (Manly et al. 1993).
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clear preference for shallow depths, with the damselfishes Stegastes apicalis and Pomacentrus bankanensis and the wrasses Thalassoma hardwicke, T.
jansenii and T. ambycephalus all most common in the
shallow depths (0−5 and 5−10 m) (Fig. 2a,b). For the
damselfishes, S. apicalis and P. bankanensis were
only observed at 0−5 and 5−10 m. In contrast, P.
moluccensis and P. brachialis were observed to occur
at all depths but were observed to be more common at
deeper depths (Fig. 2a). Among the labrids, both T.
hardwicke and T. amblycephalus were only observed
at 0−5 and 5−10 m, while T. lunare and Halichoeres
melanurus both showed patterns, in which, they occurred throughout the depth gradient but were most
common at 10−15 m and least abundant at 0−5 m. All
these species showed a significant (α = 0.01) effect of
depth on their distribution (Table 1). Three species
showed no significant effect of depth on their distribu-

Number of sites

Specialisation was assessed by calculating niche
breadth for each species. Niche breadth is a proportional similarity index, as used by Wilson et al. (2008),
which takes into account the proportion of resources
used by a population and the proportion of resources
available to a population. The data used to calculate
this were the habitat use data for each species as well
as the habitat data. The index ranges between 0 and
1, where lower values indicate a smaller niche
breadth and therefore greater specialisation. We
then assessed how niche breadth changed with
depth by plotting it against the mean depth of occurrence for each species. This was also done using a
non-linear model with a polynomial fit due to the
non-linear pattern in the data using the program R
(V.3.1.0) (R Core Team 2014). The data met the
assumptions of normality of residuals and homogeneity of variance according to plots of residuals
against fitted values and Q-Q normal plots. Habitat
use was assessed for the communities of pomacentrids and labrids by combining the observations
across all species and splitting them into the same 4
depth categories used when collecting data on
habitat availability (0−5, 5−10, 10−15 and 15−20 m).
The percentage of fish observed and the percentage
of habitat available for each habitat category were
plotted. To further assess habitat selection, resource
selection functions (ŵi) were calculated following the
formula:
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b) Labrids
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RESULTS

0
0-5

Distribution and abundance
The 6 most common species within each family
showed the range in the depth distributions observed,
with similar patterns for both pomacentrids and
labrids (Fig. 2a,b). There were species that showed a

5-10

10-15

15-20

Depth (m)
Fig. 2. Presence/absence data for the most abundant pomacentrid and labrid species observed in the study (see Table 1
for full taxonomic names). Shown are the number of sites in
the study at which each species was observed across
different depth strata along the gradient surveyed (0−20 m)
at each site
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Table 1. Results of chi-squared tests of homogeneity on the
depth distribution of the 6 most abundant species of
pomacentrids and labrids observed during the surveys
found in Fig. 1

Pomacentrids
Acanthochromis polyacanthus
Stegastes apicalis
Pomacentrus bankanensis
Amblyglyphidodon curacao
Pomacentrus moluccensis
Pomacentrus brachialis
Labrids
Thalassoma hardwicke
Thalassoma jansenii
Thalassoma amblycephalus
Labroides dimidiatus
Thalassoma lunare
Halichoeres melanurus

df

Chi2

p

3
3
3
3
3
3

5.037
49.366
39.566
6.887
19.797
28.609

0.169
< 0.001
< 0.001
0.076
< 0.001
< 0.001

3
3
3
3
3
3

22.611
21.163
27.831
2.352
22.063
19.438

< 0.001
< 0.001
< 0.001
0.503
< 0.001
< 0.001

tions, these were the damselfishes Acanthochromis
polyacanthus and Amblyglyphidodon curacao as well
as the wrasse Labroides dimidiatus. Both A. polyacanthus and A. curacao were observed at all the depths
surveyed, with A. polyacanthus observed more at
shallow depths and A. curacao observed more at
deeper depths (Fig. 2a).

Species diversity and composition

ties at the other depths surveyed. There was also
a more gradual change between communities at
5−10 m through to communities at 15−20 m. These
patterns with depth were highly significant showing
a strong effect (ANOSIM: F = 0.749, p = 0.003).
Multivariate dispersion between the communities in
Fig. 4 increases with depth, showing that the species
observed at deeper depths were more spatially different (Table 2). The differences among the 5 reefs
were not as clear as depth. Wheeler Reef appeared to
be the most distinct in terms of fish species present
compared to the other reefs studied. The communities of fishes at Davies and Rib Reefs seemed to be
quite similar to each other as did the communities at
John Brewer and Trunk Reefs. Statistically these
trends were marginally significant, suggesting the
reef effect was not as strong as that of depth
(ANOSIM: F = 0.242, p = 0.053).

Taxonomic diversity and distinctness

Community composition

R2 = 0.770

57
56
55
54
53
52
51
50

0-2

2-4

4-6

6-8 8-10 10-12 12-14 14-16 16-18 18-20

Depth (m)

b

61.7

Taxonomic distinctness (∆*)

There was a linear decline in taxonomic diversity
with depth (y = −0.6596x + 57.575, R2 = 0.770), indicating a decline in the taxonomic variety of species
between 0 and 20 m (Fig. 3a). There was also a linear
decline in taxonomic distinctness over the observed
depth range (y = −0.435x + 61.672, R2 = 0.585)
(Fig. 3b). This indicates that in shallow water there is a
greater variety of species that are more taxonomically
distinct from one another. The fact that both taxonomic
diversity and distinctness show similar trends suggests
that the distribution of abundance observed is a consistent pattern across the depth gradient.

a

58

Taxonomic diversity (∆)
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R2 = 0.585
61.6
61.5
61.4
61.3
61.2
61.1
61

0-2

2-4

4-6

6-8 8-10 10-12 12-14 14-16 16-18 18-20

Depth (m)

The changes in fish community composition
showed distinct patterns associated with both depth
and reef locations (Fig. 4). There was a split in the
data between communities at 0−5 m and communi-

Fig. 3. Diversity data showing (a) taxonomic diversity (Δ) and
(b) taxonomic distinctness (Δ*) plotted against depth. Points
represent the diversity measure for each 2 m depth
stratum along the depth gradient surveyed (0−20 m)
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Depth range and niche breadth
There was an unexpected polynomial relationship
between the total depth range of a species and the
mean depth at which it occurred (y = −0.2033x2 +
3.7397x + 1.5537, R2 = 0.5145; ANOVA: F = 34.975,
p < 0.001, df = 66) (Fig. 5a, Table 3). The species that
exhibited the greatest depth ranges were those
whose depth range was centred on intermediate
depths of 6−12 m. There were no species with narrow
depth distributions at these intermediate depths.
Species that primarily live at shallow depths had
smaller, more restricted total depth ranges, as did
those primarily found at 16−20 m at the deepest edge
of the reef.
Contrary to expectations, niche breadth (specialisation) showed a negative trend in relation to mean
depth of occurrence (y = −0.0026x2 + 0.0213x +
0.6111, R2 = 0.3509; ANOVA: F = 15.138, p < 0.001,
df = 56) (Fig. 5b). Deeper species observed in this
study exhibited a narrower, more specialised niche
breadth than shallow species. Species with the shallowest mean depth and the greatest niche breadth
were mobile planktivorous and benthic invertebrate
feeding species, such as Abudefduf whitleyi and
Anampses geographicus. Species with the deepest
mean depth and smallest niche breadth included
site-attached coral or sand/rubble species such as
Dascyllus reticulatus and Chrysiptera rollandi associated with the edge of the reef. Very mobile omnivorous and carnivorous species, such as Thalassoma
lunare, had niche breadths that were intermediate.

Stress = 0.12

Reef
Wheeler
Davies
John Brewer
Trunk
Rib
Depth (m)
0-5
5-10
10-15
15-20

Fig. 4. Non-metric multidimensional scaling (nMDS) plot
showing the similarities of fish communities observed at
different depths for the 5 reefs surveyed during the study.
Fish abundance data were categorised into 4 different depth
strata (0−5, 5−10, 10−15 and 15−20 m) for each reef. An
ANOSIM was carried out on the data to test the significance
of the groupings in the nMDS plot with depth (ANOSIM: F =
0.749, p = 0.003) and reef (ANOSIM: F = 0.242, p = 0.053),
both showing significant results
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Table 2. Multivariate dispersion of communities at each
depth stratum surveyed
Depth (m)
0–5
5–10
10–15
15–20

Dispersion (MVDISP)
0.332
1.005
1.195
1.468

However, overall there was a great deal of variation
in niche breadths, particularly among species at shallow and intermediate depths.

Reliance on coral
The hypothesis that the dependence on coral
would decline with increasing depth was not supported by the study (Fig. 6a). In fact the data show
the opposite pattern, with deeper fish species having
a stronger association with branching coral compared with shallow ones. The main differences in
habitat use between shallow and deep fish were that
a higher percentage of shallow fish used plating
coral, algae/dead coral, consolidated pavement and
massive coral, whereas a higher percentage of deep
fish used branching coral, soft coral and sand/rubble
(Fig. 6a). Manly selectivity indices showed that shallow species tended to select for plating coral,
sand/rubble and soft coral, whereas deep species
selected for branching coral and sand/rubble.
Habitat use in fish seemed to broadly match the
habitat availability for most habitat categories in the
study, with considerable differences in habitat availability among depths (Fig. 6b). The shallow habitat
had a higher percentage cover of branching coral,
plating coral, massive coral and algae/dead coral.
Deeper habitat was characterised by having a
higher percentage cover of soft coral, sand/rubble
and other habitat categories. Overall, however,
branching coral was used more than expected on
the basis of availability. Branching corals have
greater surface areas compared to other growth
forms of coral, and this could have an effect on
these results.

DISCUSSION
This study confirmed that reef fishes on the Great
Barrier Reef exhibit strong patterns in distribution
and community structure over depth gradients from 0
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to 20 m. Some of these patterns conformed with predictions arising from
previous studies (Green 1996, Eagle
et al. 2001, Bean et al. 2002, Lecchini
et al. 2003, Arias-González et al.
2006), while other observed patterns
were unexpected. There were a large
number of pomacentrid and labrid
species primarily associated with
shallow habitats, as well as numerous
species with broader depth distributions and greater abundance in
deeper habitats. Species diversity and
taxonomic distinctness declined with
depth. Other patterns were more
complex than expected. The depth
ranges of species increased with
depth in shallow habitats (as
expected), but ranges declined again
in deeper habitats, with deeper species also tending to be specialists
associated with the bottom edge of
the reef at approximately 20 m. Contrary to predictions, deeper habitat
species tended to have narrower
niches in terms of microhabitat use
and were more reliant on branching
corals than shallower species.

Distribution and abundance
There were clear patterns in the
distribution and abundance with
depth for both pomacentrids and
labrids, with representative species
from each family exhibiting similar
patterns. Several species that were
very common at shallow depths did
not occur at greater depths (e.g. the
pomacentrids Stegastes apicalis and
Pomacentrus bankanensis and the
labrids Thalassoma hardwicke and
Thalassoma amblycephalus). There
were also species that had broader
depth distributions and were more
common at greater depths (e.g.
Pomacentrus brachialis and Thalassoma lunare). These results confirm
previous observations that most reef
fishes exhibit changes in abundance
over relatively narrow depth ranges,
and species-specific depth prefer-

Table 3. Species list containing all species of pomacentrids and labrids
observed during the study and their feeding guilds. The number for each
species corresponds to the data points in Fig. 5
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Species

Family

Feeding guild

Abudefduf sexfasciatus
Pomacentridae
Omnivore
Abudefduf vaigiensis
Pomacentridae
Omnivore
Abudefduf whitleyi
Pomacentridae
Omnivore
Acanthochromis polyacanthus Pomacentridae
Planktivore
Amblyglyphidodon curacao
Pomacentridae
Omnivore
Amblyglyphidodon leucogaster Pomacentridae
Omnivore
Amphiprion akindynos
Pomacentridae
Planktivore
Anampses geographicus
Labridae
Benthic invertivore
Anampses neoguinaicus
Labridae
Benthic invertivore
Bodianus axilaris
Labridae
Benthic invertivore
Cheilinus fasciatus
Labridae
Benthic invertivore
Cheilinus trilobatus
Labridae
Benthic invertivore
Choerodon fasciatus
Labridae
Invertivore
Chromis atripectoralis
Pomacentridae
Planktivore
Chromis lepidolepis
Pomacentridae
Planktivore
Chromis margaretifer
Pomacentridae
Planktivore
Chromis ternatensis
Pomacentridae
Planktivore
Chrysiptera brownriggi
Pomacentridae
Omnivore
Chrysiptera flavipinnis
Pomacentridae
Omnivore
Chrysiptera glauca
Pomacentridae
Herbivore
Chrysiptera rollandi
Pomacentridae
Planktivore
Chrysiptera talboti
Pomacentridae
Planktivore
Coris batuensis
Labridae
Benthic invertivore
Dascyllus melanurus
Pomacentridae
Planktivore
Dascyllus reticulatus
Pomacentridae
Planktivore
Dischistodus melanotus
Pomacentridae Territorial herbivore
Dischistodus perspicillatus
Pomacentridae Territorial herbivore
Dischistodus prospotaenia
Pomacentridae Territorial herbivore
Epibulus insidiator
Labridae
Invertivore
Gomphosus varius
Labridae
Benthic invertivore
Halichoeres hortulanus
Labridae
Invertivore
Halichoeres margaritaceous
Labridae
Benthic invertivore
Halichoeres marginatus
Labridae
Invertivore
Halichoeres melanurus
Labridae
Invertivore
Halichoeres nigrescens
Labridae
Benthic invertivore
Halichoeres prosopeion
Labridae
Benthic invertivore
Hemigymnus fasciatus
Labridae
Invertivore
Hemigymnus melapterus
Labridae
Invertivore
Labrichthys unilineatus
Labridae
Coralivore
Labroides dimidiatus
Labridae
Invertivore
Labropsis australis
Labridae
Coralivore
Neoglyphidodon melas
Pomacentridae
Omnivore
Neoglyphidodon nigroris
Pomacentridae
Omnivore
Neopomacentrus azysron
Pomacentridae
Planktivore
Oxycheilinus diagramma
Labridae
Invertivore
Plectroglyphidodon dickii
Pomacentridae
Omnivore
Plectroglyphidodon lacrymatrus Pomacentridae Territorial herbivore
Plectroglyphidodon leucozonus Pomacentridae Territorial herbivore
Pomacentrus amboinensis
Pomacentridae
Omnivore
Pomacentrus bankanensis
Pomacentridae
Omnivore
Pomacentrus brachialis
Pomacentridae
Omnivore
Pomacentrus chrysurus
Pomacentridae
Herbivore
Pomacentrus coelestis
Pomacentridae
Planktivore
Pomacentrus mollucensis
Pomacentridae
Planktivore
Pomacentrus nagasakiensis
Pomacentridae
Planktivore
Pomacentrus philippinus
Pomacentridae
Planktivore
Pseudocheilinus hexataenia
Labridae
Invertivore
Table 3 continued on next page
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Table 3 (continued)
No.

Species

58
59
60
61
62
63
64
65
66
67

Family

Feeding guild

Stegastes apicalis
Pomacentridae
Stegastes fasciolatus
Pomacentridae
Stegastes nigricans
Pomacentridae
Stethojulis bandanensis
Labridae
Thalassoma amblycephalum
Labridae
Thalassoma hardwicke
Labridae
Thalassoma jansenii
Labridae
Thalassoma lunare
Labridae
Thalassoma lutescens
Labridae
Thalassoma quinquevittatum
Labridae

Territorial herbivore
Territorial herbivore
Territorial herbivore
Benthic invertivore
Planktivore
Invertivore
Invertivore
Benthic invertivore
Benthic invertivore
Benthic invertivore

a

25
40

Total depth range (m)

20

4

53
32

12

37
38
60

15

47
61

8

10

18
63
50
46
33

58
3

5

52

11 13
51
5
23
43
24

57
41

44

6
49
22

21

55

35
29
26
56

31

62

54
34

20
10
9
7
30 67
14
42

39

45

65

59

36

Taxonomic diversity and
distinctness

28

1

17

66

27

15

48

19

2

0

2

0

4

6

8

10

12

14

16

18

Mean depth (m)

b

1.0

Pomacentridae

9
37 29
40
4
50 63 6047
10
30
20
61
57
44
64
3 33 18
38 12
59
62
1
58
32 31 26
12
48
39
14

0.8

Labridae
43

Niche breadth

8

0.6

45
5

65

13

51

52
34
55

6
22
36

11

0.4

53

41

49

54
17

23

46

0.2

24

25

7

21

0.0
0

2

4

6

ences (Bay et al. 2001, Bean et al.
2002, Donaldson 2002, HernandezLanda et al. 2015). The community
level analyses showed the greatest
difference in species composition, in
the nMDS plot, occurred between
the shallowest depth stratum
(0−5 m) and the deeper reef areas.
However, a continuous change in
community structure occurred along
the depth gradient to 20 m, and
these depth patterns were consistent
among reefs. It confirms previous
findings that depth can be one of
the major factors explaining variation in fish distributions and community structure (Green 1996, Lecchini et al. 2003, Brokovich et al.
2008).

25

16

64

211

8

10

12

14

16

18

Mean depth (m)
Fig. 5. (a) Total depth range and (b) niche breadth against the mean depth of
occurrence for each species observed in the study. Total depth range is defined as the size of a species depth range in metres. Niche breadth is a measure of specialisation which gives a number between 0 and 1 for each species,
where 0 is highly specialised and 1 is highly generalised. Numbers next to
data points correspond to species numbers found in the species list (Table 3)

Taxonomic diversity and distinctness decreased linearly with depth
along the depth gradient, contrasting
with previous studies, such as that
by Brokovich et al. (2008), in which
species diversity and richness
increased with depth to the midpoint of the depth gradient before
declining rapidly with increasing
depth. Unlike the Brokovich et al.
(2008) study, our study was limited
to 20 m and used different measures
of diversity, but encompassed the
entire depth range available to reef
fishes on the mid-shelf reefs surveyed. The presence of dominant
habitat-dependent damselfish, such
as Dascyllus reticulatus, on the
deeper parts of the gradient may
also reduce the abundance of other
species, thereby reducing diversity.
Ben-Tzvi et al. (2009) found that
adults of a similar species of damselfish (Dascyllus aruanus) were very
aggressive to settlers of both conspecifics and heterospecifics to their
coral habitats and that this could
influence the settlement preferences
of juveniles.
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50

% fish observed

% habitat observed

a

depth gradient may be causing the nonlinear relationship seen between depth and to0-5
40
tal depth range. A number of the species
5-10
+
1
0-15
dominant at the bottom of the gradient are
35
15-20
species that are primarily associated with
+
+
30
small patch reefs on sand (e.g. D. reticulatus)
25
+
or sandy habitats immediately adjacent to
20
reefs (e.g. Chrysiptera rollandi).
15
+
This gradient, with potential boundaries
+
10
++
and a pattern showing the highest depth
5
ranges at the mid-point of the gradient,
+
- - - 0
could be the result of a ‘mid-domain effect’.
Branching Plating Encrusting Massive
Soft Algae/dead Sand/ Consolidated Other
The concept of a mid-domain effect is that a
coral
coral
coral
coral
coral
coral
rubble
coral
pavement
random distribution of geographic ranges
35
b
produces a peak in species richness midway
between the boundaries of a biogeographic
30
domain (Connolly et al. 2003). Despite these
25
patterns usually being described on much
larger scales and the fact that many reefs
20
extend much deeper than 20 m, it is still
possible to consider a mid-domain effect in
15
our study because the reefs surveyed did
10
not extend deeper than 20 m, meaning we
surveyed the entire depth range available
5
to the fish communities on these reefs. To
0
examine if there truly is a mid-domain
Branching Plating Encrusting Massive
Soft Algae/dead Sand/ Consolidated Other
effect with depth, further study on more
coral
coral
coral
coral
coral
coral
rubble
coral
pavement
continuous reefs, in terms of habitat, to
much deeper depths would be required.
Fig. 6. (a) Percentage of fish observed using each of 9 habitat categories
and (b) percentage of habitat for each of 9 habitat categories observed
Niche breadth showed an unexpected
at shallow and deep depths along the gradient surveyed in the study.
negative relationship with mean depth of
Data were categorised into 4 depth strata (0−5, 5−10, 10−15 and
occurrence, suggesting that for the fish sur15−20 m). A resource function was calculated for fish data to show
veyed in this study, specialisation increased
which habitats were preferred (+) and which were avoided (−); bars
without symbols represent habitats that were not significantly preferred
with depth, while diversity declined. This
or avoided
pattern was associated with mobile, less
habitat-dependent species being common
Depth ranges and niche breadth
at shallow depths, such as Abudefduf
whitleyi and Anampses geographicus, whilst more
There were a number of unexpected patterns in
habitat-dependent and less mobile species were
terms of depth range and niche breadth along the
common at greater depths, such as D. reticulatus and
depth gradient. The idea that shallow species are
C. rollandi. Predation pressure can increase with
more specialised in terms of their depth and habitat
depth due to increased abundances of piscivores,
use than deeper species (Bean et al. 2002) was only
which may lead to a closer association between small
partially supported. Firstly, we found depth specialists
fishes and substrata that provide significant shelter at
in both shallow habitats and in habitats along the
the deepest parts of the depth gradient (Shulman
deepest parts of the depth gradient. Species with the
1985, Jordan et al. 2012).
broadest depth ranges were those recorded at intermediate depths. Secondly, specialisation in terms of
substratum use increased with depth, whilst diversity
Reliance on coral
decreased, in contrast to the results found in previous
studies (Friedlander & Parrish 1998, Bean et al. 2002,
There was not a decline in the reliance on branchBrokovich et al. 2008). The dominance of particular
ing corals with increasing depth, as predicted. When
species in the community at the deepest parts of the
looking at coral use for all species combined in the
45

+

Depth (m)
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habitat use analysis, there was a much higher percentage of deeper fish using branching coral compared with shallower fish, despite only a small difference in the availability of branching coral between
deeper and shallower habitats. At shallower depths,
habitats such as algae/dead coral, consolidated coral
pavement, sand/rubble and branching and plating
corals were the most common habitats used by fish.
In contrast the habitat usage at deeper depths was
dominated by fewer habitats, which were branching
coral and sand/rubble. It is thought that habitat
specialists can have an advantage over generalists
within a subset of resources, but are more likely to be
affected by habitat availability, and that generalists
are favoured in more heterogeneous and disturbed
environments, whilst specialists occur in more stable
environments (Wilson et al. 2008, Clavel et al. 2011).
At the deepest parts of the depth gradient there were
patches of unconnected branching corals; hence,
coral-associated species were common and had
depth ranges restricted to their patchy habitat.
Brokovich et al. (2008) suggested that a decrease in
branching coral, seen with increases in depth, could
help explain the change in dominance between families of reef fish that were more dependent on coral as
shelter, such as damselfish at shallower depths compared to those which were generally less dependent
on corals for shelter such as species of labrids. Our
study found that branching coral habitat was still
common at the deepest parts of the reef, allowing
more habitat-specialised damselfishes (e.g. D. reticulatus) to dominate at depth. It should be noted that
Brokovich et al. (2008) surveyed a much greater depth
gradient (0−65 m) than we did in our study. Specialists
may be able to use their preferred habitat more efficiently than generalists, meaning they could out-compete generalists in that habitat, leading to a dominance of specialists and a potentially less diverse
community (Emlen & Oring 1977, Futuyma & Moreno
1988). Alternatively, specialisation can increase diversity by allowing ecologically similar species to coexist
in the same environments through the partitioning of
resources (Hutchinson 1959, Pereira et al. 2015).
Habitat use was similar to habitat availability, with
higher complexity corals (branching and plating) being particularly important for reef fish (Graham &
Nash 2013, Coker et al. 2014). The underlying reef
habitat and its characteristics are key factors in the
distribution and abundance patterns of coral reef
fishes (Graham & Nash 2013). However, it has been
shown that if habitat is controlled experimentally
then depth patterns can still occur independent of
habitat, suggesting that other physical factors that co-
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vary with depth may play a role in depth distribution
patterns (Srinivasan 2003). Numerous physical and
biological factors change with depth, including light
attenuation (Brokovich et al. 2008, Irisson et al. 2010),
water movement (Fulton & Bellwood 2005, Fulton et
al. 2005), larval supply (Leis 1986, 1991, Gutierrez
1998, Hendriks et al. 2001) and competition (Bay et al.
2001, Bean et al. 2002). In the same study, growth and
survival were reduced when species with a particular
depth preference were forced to live outside of their
preferred depth range, showing that a cost to fitness
is potentially involved (Srinivasan 2003).

Depth: Is it a refuge?
For the reefs surveyed, deeper species were more
specialised and they may well be just as vulnerable
to coral loss as shallower species. This could also suggest that on these shallow reefs depth may not provide much of a refuge, although, this would depend
on the extent to which deeper habitat is impacted by
a particular disturbance. This is similar to other studies which have found depth refuges on some reefs
and not on others. For example, van Oppen et al.
(2011) found evidence of vertical migration in populations of corals at a reef in north western Australia,
but not on a reef in north eastern Australia. The fact
that the reefs studied in this survey only reached
depths of around 20 m is probably a limitation to a
depth refuge. There is some evidence that impacts to
corals from disturbances such as tropical cyclones
and thermal bleaching can be reduced at depths
>10 m, but the full depth of the reefs surveyed (20 m)
may not be deep enough for the deeper reef habitat
to act as a refuge (Woodley et al. 1981, Hoeksema
1991, Bak et al. 2005, Slattery et al. 2011, Bridge et al.
2013). Most of the literature discussing depth refuge
involves mesophotic reefs which occur at depths
between 30 and 60 m (Bak et al. 2005, Slattery et al.
2011, Bridge et al. 2013). Depth refuge has been
shown to occur for coral reef fishes in relation to fishing and marine reserves (Tyler et al. 2009, Goetze et
al. 2011). However, there are few studies that have
looked into the possibility of depth providing a refuge for coral reef fishes in relation to other impacts.
Graham et al. (2011) suggest that depth could be an
important factor in the extinction risk of fish species,
as those species that have extended depth ranges
could in fact be less impacted by disturbances to
shallower reef habitats.
This study has revealed a number of trends in the
structure of reef fish communities along a depth gra-
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dient from 0 to 20 m. These patterns include declining
taxonomic diversity with depth, small depth ranges
for both shallow and deeper water species, and increasing habitat specialisation and reliance on
branching corals in deeper reef habitats. These patterns are likely explained by a range of factors, given
the sharp gradients in the physical and biological environment between 0 and 20 m and also the presence
of specialised species at deeper reef habitats. However, deeper reef habitats may be a refuge for coralassociated species, as long as these deeper corals
have some resilience from bleaching or other depthrestricted disturbances. Our results highlight the need
for further study into the causes of depth patterns and
the long-term stability and resilience of coral-associated reef fish populations on deeper reef habitats.
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