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INTRODUCTION

Temperate rocky reefs are among the most produc-
tive ecosystems in the world (Dayton 1985, Hughes et
al. 2002, Smale et al. 2013) and support diverse and
valuable communities (Poloczanska et al. 2007). The
rocky reefs of temperate Australia, also described as
the ‘Great Southern Reef’, generate over AU $10 bil-
lion annually through tourism and fishing (Bennett et
al. 2016). Temperate reefs are increasingly exposed
to numerous anthropogenic stressors (Wernberg et
al. 2009, Smale et al. 2013), and are declining in spe-

cies diversity, productivity, and total biomass (Hol-
brook et al. 1990, Willis et al. 2003, Mora et al. 2011).
The establishment of marine parks (Malcolm et al.
2007, Edgar et al. 2014), ecosystem-based fisheries
management (Scandol et al. 2005), and construction
of artificial reefs (Folpp et al. 2013, Scott et al. 2015)
are ongoing in these areas, but the effective manage-
ment of these ecosystems requires a robust under-
standing of reef community structure, including the
influence of habitat variables on fish assemblages.

Numerous habitat variables are known to influence
reef fish assemblages. Reefs with structural complex-
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ity (Hixon & Beets 1989, Komyakova et al. 2013) and
reefs with high connectivity to other reef sites or nurs-
ery grounds (Lindberg 1996, Strelcheck et al. 2005)
can have more abundant and species-rich fish assem-
blages. Macroalgal (e.g. kelp) cover also encourages
greater species richness, but not necessarily greater
fish abundance (Willis & Anderson 2003). Studies
have also found that fish abundance and species rich-
ness can decline with water depth (Mellin et al. 2007),
although the response of abundance can be species
specific (Beger & Possingham 2008). Most of these
studies, however, have occurred on tropical reefs
(Hixon & Beets 1989, Ault & Johnson 1998, Mellin et
al. 2007, Beger & Possingham 2008), and some have
examined only single habitat variables (Luckhurst &
Luckhurst 1978, Bohnsack et al. 1994, Vega Fernán-
dez et al. 2008, Newman et al. 2015). Examining
these habitat factors independently can result in con-
founded results due to the effects of unmeasured
habitat factors. A more powerful approach is to inves-
tigate multiple habitat factors simultaneously (e.g.
Mellin et al. 2007) to encourage a holistic understand-
ing of the influence of habitat characteristics on a fish
assemblage. These habitat factors are likely to influ-
ence different components of the fish assemblage,
such as residents responding more to reef connectiv-
ity (Vega Fernández et al. 2008), and body size influ-
encing responses to kelp cover (Choat & Ayling 1987)
and structural complexity (Hixon & Beets 1993). Inter-
preting these complex relationships between reef
habitat and a fish assemblage benefits from a multi-
variate analysis (e.g. Anderson & Millar 2004), and
recent developments in model-based approaches to
explanatory models (Wang et al. 2012) and ordination
(Hui 2016) has improved our ability to model commu-
nity-level responses to habitat, while accounting for
correlations between species (Warton et al. 2015).

In coastal reef habitats, water depth, in particular,
is a habitat factor that has been understudied, due
mainly to practical limitations of diver-based visual
surveys (Luckhurst & Luckhurst 1978, Falcón et al.
1996, Brook 2002, Warnock et al. 2016). Depth is
likely to influence temperate fish assemblages great -
ly, in part due to its relationship with macroalgae and
photosynthesis. Macroalgae can be highly produc-
tive on temperate reefs (Dayton 1985, Hughes et al.
2002) and increase fish abundance (Anderson &
 Millar 2004), but on the temperate reefs on Aus-
tralia’s east coast, macroalgae are generally absent
below ~35 m (Marzinelli et al. 2015) due to reduced
light availability (Karl & Church 2014). Thus, there is
great value in sampling coastal reefs beyond this
depth to investigate changes to fish abundance, spe-

cies richness, or composition due to this decline in
macroalgae. Such sampling has been rare due to the
limitations of diver-based surveys, and thus coastal
studies, even those that evaluate the effect of depth
(Anderson & Millar 2004), rarely survey depths be -
yond 30−45 m (Brook 2002). Video surveying meth-
ods are an increasingly common alternative (Lowry
et al. 2012, Champion et al. 2015), including the use
of ‘drop cameras’ for collecting spatially expansive
datasets (Easton et al. 2015). We used a drop camera
in a ‘rapid’ sampling methodology to quantify the
structural factors of reef sites across a broad gradient
of habitat factors, as well as to quantify the abun-
dance and species richness of each site’s fish assem-
blage. The rapid drop camera methodology is desig -
ned to create an assemblage snapshot, incorporating
all visible fish species in a location (J. A. Smith et al.
unpubl.), and can cover a greater range of depths
than diver-based surveys.

The goal of this study was to determine how habi-
tat variables influence temperate reef fish assem-
blages. This was achieved by surveying fish assem-
blages using drop cameras at a number of reefs of
varying depth, complexity, connectivity, and biologi-
cal cover, and using these data to create explanatory
habitat models for fish abundance, species richness,
and species composition using generalised linear
modelling and multivariate analysis.

MATERIALS AND METHODS

Study site

The temperate reef sites surveyed in this study
were along the coast of Sydney, Australia, between
Palm Beach (33° 35.947’ S, 151° 19.987’ E) and Cro -
nulla (34° 3.011’ S, 151°12.131’ E). This is an urban -
ised coast, exposed to considerable recreational and
commercial fishing. The substrate along this area of
coast is predominantly macroalgae-dominated rocky
reef (Fig. 1) and soft sediments, including sand,
gravel, and shell material (Jordan et al. 2009). The
region is exposed to seasonally complex oceano -
graphy and variable productivity driven by an east-
ern boundary current, including eddies and up -
welling (Suthers et al. 2011). Thirty-seven sites were
sampled by boat between February and April 2015
(Fig. 1, see Table S1 in the Supplement at www. int-
res. com/ articles/ suppl/ m561 p155 _ supp. pdf), which
ranged in depth from 6 to 57 m (site averages
10−52 m). This depth range was considered sufficient
to cover a considerable depth range in this region,
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including the loss of reef kelp (Marzinelli et al. 2015),
while avoiding the necessity of artificial light. To
ensure an acceptable level of spatial independence,
reef sites were at least 1.5 km apart. This distance
was chosen based on evidence that reefs 0.6−1.0 km
apart show reduced connectivity (Grove & Sonu
1983, Bohnsack & Sutherland 1985). These sites were
sampled across 9 non-consec utive days within this
sampling period, be tween 08:00 and 13:00 h, and
each day’s sampling effort was assigned haphazardly
(i.e. a quasi-random process that allowed for practi-
cal on-site decision rules, such as avoiding compet-
ing users, i.e. fishers, and verification of reef habitat)
along the latitudinal and depth gradients to avoid
any spatio-temporal sampling bias.

Sampling approach

Relative fish abundance was asses -
sed using an unbaited camera unit in a
‘rapid drop camera’ sampling me thod
(J. A. Smith et al. unpubl.). The drop
camera unit consists of a weigh ted steel
tubular housing with feet, holding 2
high-definition (1080p, 60 fps) GoPro
video cameras in underwater housings
back-to-back (to allow for a doubled
field of view), suspended on a rope.
This unit was lowered to the seafloor,
rested for 5 s, then retrieved. This 5 s
bottom time was imposed to improve
identification of moving fish but was
deemed sufficiently brief that the fish
abundance would be essentially con-
stant within the viewable volume. The
camera field of view (FOV) was: diago-
nal FOV 134°, horizontal FOV 118°,
vertical FOV 70°.

All methods of sampling fish commu-
nities entail some level of bias (Lincoln-
Smith 1989, Watson et al. 2005). Diver-
based survey is a common method for
surveying fish but is limited by depth
(Luckhurst & Luckhurst 1978, Warnock
et al. 2016). Baited underwater video is
a common alternative (e.g. Cappo et al.
2004, Lowry et al. 2012), but the use of
bait may be inappropriate in some
cases due to the species- specific attrac-
tion to bait (Colton & Swearer 2010),
and is probably unnecessary for sur-
veys of a brief duration. Drop cameras
are unbaited to reduce species-specific
attraction, and each ‘rapid’ drop is

aimed to create an assemblage snapshot, akin to a
quadrat, incorporating all fish species in that loca-
tion. The brief duration of a drop means that many
locations, across a range of habitat characteristics,
can be visited in a short amount of time, and reduces
the likelihood of misrepresenting abundance of a
given fish species due to the inability to distinguish
new fish from the same fish re-entering the viewable
volume multiple times (Willis & Babcock 2000). This
method is also effective for sampling deeper sites at
which diver-based survey is impractical, but it is
 limited by light availability. Although species identi-
fication can be influenced by light availability (which
generally declines with depth), we found no relation-
ship between the number of unidentified fish and
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Fig. 1. Location of sampling sites near Sydney, New South Wales, Aus-
tralia. Dots indicate sampled reef sites (n = 37). Blue areas are rocky reef
substrate (Public Works Sydney Seabed Series; Jordan et al. 2009). This 

seabed habitat information is limited to the area within the grey line
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sampling depth in this study and thus found no
 evidence of light-related identification bias down to
~60 m depth

A reef site was determined as an area of reef ap -
proximately 100 × 100 m. These sites were selected
in areas with some rocky reef bathymetry (Fig. 1).
Each site area was sampled in 10 different locations
(1 camera drop per location, sampled consecutively),
with each drop more than 30 m distant from any
other drop, which was determined by a handheld
GPS unit (Garmin GPSMAP 78, accuracy ~3 m). This
distance was selected as it would exceed the sus-
pected visibility in the area (6−12 m in this study),
and with an assumption that fish in one drop were
not resampled in neighbouring drops. This remains
an assumption, but a random effect was used to ac -
count for residual correlation within sites (see ‘Data
analysis’ below). The bottom depth was recorded for
each drop using the boat’s depth sounder, and geo-
graphic coordinates recorded using the GPS unit.
Water visibility was measured on each sampling day
using a visibility rope (Champion et al. 2015), by
sampling at 2 different reef sites and calculating the
average visibility. A visibility rope works similarly to
a Secchi disk, except that it measures visibility at
depth (rather than at the surface). This rope has a

video camera facing downwards toward an array of
black-and-white rods, positioned at 5, 8, 10, and 12 m
from the camera. This device was lowered to the
seafloor, and the average viewing distance estimated
as the daily visibility (m). Visibility was used to stan-
dardise fish abundance measurements (i.e. more fish
could be observed when visibility was high).

Video analysis

Drop camera footage was analysed to calculate
relative fish abundance and fish species richness,
and to quantify reef habitat factors at each drop
(Table 1). Fish were identified to species or were
‘unidentified’. Footage from both video cameras in
the drop camera unit was time-synchronized to
allow relative abundance estimates from both cam-
eras to be combined. All fish observed on the reef
and to ~6 m above the reef during descent and
retrieval were recorded. This distance was calcu-
lated using the retrieval rate (m s−1) estimated from
video footage. Relative abundance was measured as
‘MaxN’, which is the maximum number of fish of a
given species seen at any one time on both cameras.
The MaxN metric is used to avoid repeated counting
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Habitat variable Name Measurement method Units Range

1. Depth Depth Depth sounder Continuous, metres 6.2−57.3
2. Depth variation Depth sounder Continuous; variance of depth in 10 drops; metres 0.2−24.4
3. Water temperature Temp Seabird CTD Degrees Celsius 17.0−22.5
4. Large-scale reef connectivity Bathymetry mapping Percentage, reef area in circle of 500 m radius 13.7−100
5. Medium-scale reef connectivity Conn250 Bathymetry mapping Percentage, reef area in circle of 250 m radius 16−100
6. Small-scale reef connectivity Conn100 Bathymetry mapping Percentage, reef area in circle of 100 m radius 20.8−100
7. Large structural complexity CompLarge Footage analysis Categorical, 0−4; change in elevation 0−4
8. Medium structural complexity CompMed Footage analysis Categorical, 0−4; large holes and shelters 0−4
9. Small structural complexity CompSmall Footage analysis Categorical, 0−4; small holes and shelters 0−4
10. Rock cover Footage analysis Percent cover 0−100
11. Sand cover Footage analysis Percent cover 0−100
12. Kelp cover Footage analysis Percent cover 0−100
13. Turf algal cover Footage analysis Percent cover 0−95
14. Other biological cover Footage analysis Percent cover 0−77.5
15. Total biological cover BioTotal Footage analysis Percent cover (addition of factors 12−14) 0−100
16. Visibility; used as offset Vis Visibility rope Continuous; metres 6−12
17. Site; used as random effect Site Sampling site Categorical 1−37

Response variable Name Measurement method Units Range

1. Total abundance Abundance Footage analysis Total MaxN 0−590
2. Species richness Diversity Footage analysis Total number of fish species 0−12
3. Reef species abundance Reef fish Footage analysis Total MaxN of this group 0−586
4. Transient species abundance Transients Footage analysis Total MaxN of this group 0−150

Table 1. Measured habitat factors and response variables, and their method of measurement, units, and range of values observed in camera
drops. Factors used in the final generalised linear mixed models are in bold, and their abbreviated names are those reported in ‘Results’



Parsons et al.: Habitat drivers of reef fish assemblages 159

of fish (Willis & Babcock 2000), although the short
duration of the drops means repeated counting was
unlikely. MaxN is hereafter referred to as ‘abun-
dance’. The total abundance of fish in a drop was
calculated as the sum of each species’ abundance.
Species were also grouped into trophic categories
based on their habitat and diet to aid interpretation
of results. These groupings were made according to
information derived from local identification guides,
available literature (Bulman et al. 2001, Bulman et
al. 2006), and FishBase (Froese & Pauly 2015) when
local information was lacking. In this study, ‘omni-
vores’ were defined as having a diet of 30−80%
plant matter, and ‘herbivores’ a diet of >80% plant
matter. ‘Non-piscivores’ consumed predominantly
benthic invertebrates. Species were further grouped
into either ‘reef’ or ‘transient’ functional groupings
for analysis, determined by the general habitat
associations of each species based on their trophic
groupings and information from FishBase.

The habitat variables measured for each drop at a
reef site were: reef structural complexity, bottom
type, biological cover, depth, and reef connectivity
(see Table 1 for variable characteristics). All of these
variables were measured from drop camera footage,
except for connectivity, which was estimated in
ArcGIS using bathymetry from an acoustic seabed
habitat survey of the region (Public Works Sydney
Seabed Series; Jordan et al. 2009). Three scales of
structural complexity were measured on each drop:
small, medium, and large. This was based on evi-
dence that fish are attracted to shelter of a size pro-
portion to their body (Hixon & Beets 1993), and a fish
assemblage will contain fish of different sizes. Small-
scale complexity was defined as small cracks, holes,
and overhangs that were roughly the size of small
reef fish species (~0.1 to 0.3 m); whereas medium-
scale complexity was measured as shelters the size of
larger reef fish species (~0.3 to 0.6 m). Large-scale
structural complexity was a measurement of vertical
relief, such as rock walls or very large boulders, and
measured as the approximate difference between
the deepest and shallowest points observed in a sin-
gle drop. The abundance of each habitat complexity
scale was defined visually using categories (0−4)
based on the approach in Polunin & Roberts (1993).
The categories of complexity were defined as: 0 = no
shelters or vertical relief; 1 = 1−5 shelters or <2 m
change in vertical relief; 2 = 6−10 shelters or 2−4 m
change in vertical relief; 3 = 11−15 shelters or 4−6 m
change in vertical relief; 4 = 16−20 shelters or >6 m
change in vertical relief. The divisions were based on
the approximate range of complexity observed in

video footage. Vertical relief was calculated using
the estimated camera retrieval rate.

Three scales of reef connectivity were also meas-
ured for the location of each drop (small, medium, and
large). Small-scale reef connectivity was aimed at es-
timating the density of reef substrate within a reef site
and immediately surrounding it, and was calculated
as the percentage area of reef habitat within a circle
of 100 m radius around each drop. Medium- and
large-scale connectivity were calculated as the reef
area within a 250 and 500 m radius, respectively. Any
land area within these circles was not included in per-
centage estimates. Two sampled reef sites lay outside
of the bathymetry mapping (Fig. 1), selected to
broaden the range of habitats sampled. The connec-
tivity of these sites was approximated using video
footage of the substrate from the surrounding area.

Percentage cover of rock cover (percentage of visi-
ble seafloor as hard substrate), sand cover (percent-
age as sand substrate), as well as cover of multiple
groups of biogenic substrate (Table 1) were also esti-
mated by analysing footage from each drop. As these
were measured as a percentage, multicollinearity oc -
cur red between most % cover variables, and % cover
kelp was collinear with depth. To account for this,
biogenic substrates were grouped together into %
total biological cover (incorporating kelp, turf algae,
sponges, ascidians, barnacles). To assess the in -
fluence of biological cover on the fish assemblage
along the depth gradient, an interaction between
biological cover and depth was included in the mod-
els. An interaction between biological cover and con-
nectivity (medium scale) was also included to assess
the importance of biological cover at varying degrees
of reef connectivity. Mean water temperature across
the depth range of habitats surveyed was averaged
from 2 sites (vertical profiles in 0.5 m bins) on each
sampling day using a Seabird CTD (SEACAT
19plusV2, Sea-Bird Electronics), as a useful variable
to account for possible between-day variation in the
fish assemblages.

Given that reef sites were measured only once, it
was important to estimate the significance of within-
site variation in the fish assemblage across different
sampling days, as this would introduce uncertainty
into the habitat analysis. Thus, on 8 sampling days, 1
of 2 reference sites were sampled (each site was sam-
pled 4 times). These reference sites were Dunbar
(33° 50.934’ S, 151°17.641’ E) and Cape Banks (33°
56.154’ S, 151°16.351’ E). Only the first sampling
event at these sites was included in the main ana -
lyses, with repeated measurements used to explore
between-day variation.
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Data analysis — reef habitat modelling

Generalised linear mixed models (GLMMs) are one
tool for identifying species−habitat associations (Elith
& Leathwick 2009), and were used in this study to
assess the influence of reef habitat factors on the
abundance and species richness of the fish assem-
blage. The 4 response variables examined were: (1)
total fish abundance, (2) richness (number of spe-
cies), (3) reef fish abundance, and (4) transient fish
abundance. Spatial autocorrelation was an important
consideration given the close proximity of within-site
drop camera deployments in this study. This was
accounted for by including ‘Site’ as a random effect,
which accounts for population sample bias within a
site (Zuur et al. 2009). This approach assumes that
most correlation occurs at the within-site scale
(~100 m) and not at the between-site scale (>1.5 km).

All habitat factors were examined for collinearity,
as collinear variables should not be included in the
same model (Zuur et al. 2013). There were numerous
cases of collinearity because some habitat factors
were measured at multiple scales (e.g. habitat com-
plexity), and some were co-dependent percentages
(bottom cover variables). Collinearity was assessed
using a pairs plot and variance inflation factors (with
a cut-off of VIF = 3; Zuur et al. 2013). The collinear
variables were: connectivity at scales 250 and 500 m;
complexity at scales small, medium, and large; %
cover sand with % cover rock; and % cover kelp with
% cover turf. Numerous GLMMs were analysed,
each with different combinations of non-collinear
variables, to determine which of the collinear vari-
ables would be retained in the final GLMMs (see
below).

Each GLMM was evaluated for overdispersion
(Zuur et al. 2013), using the ratio of the Pearson sta-
tistic and the residual degrees of freedom (the disper-
sion parameter) to ensure the parameter was <1.5
(Hilbe 2011). There was generally high overdisper-
sion in most models, which was accounted for in the
package ‘MCMCglmm (Hadfield 2010) in R (R Core
Team 2015). We specified a Poisson distribution, and
in the ‘MCMCglmm’ function this distribution in -
cludes an observational-level random effect to cope
with overdispersion (Harrison 2014). All GLMMs
used generic priors and the model chains were eval-
uated for sufficient mixing. The abundance of fish
observed by the drop camera was dependent on
water visibility, which varied between sampling
days. Visibility was used in the GLMMs as a log-
 linear offset to standardise abundance to viewing
distance (Table 1). The sampling area for each de -

ployment thus approximated a circle with a radius
equal to the visibility.

The process for selecting the final models was: (1)
full GLMMs were run, but varying the inclusion of
single variables from sets of collinear variables; (2)
models were ranked according to their Akaike’s
information criterion (AIC) values and the variables
to keep in the full model from collinear sets were
those in the model with the lowest AIC value; (3)
plots of Pearson residuals against fitted values, and
against variables excluded from each final model,
were examined to validate that the models were not
violating assumptions of homogeneity, normality,
and independence. The 3 scales of habitat complex-
ity showed no consistent patterns in model ranks, so
3 full models are presented for each response vari-
able corresponding to each level of habitat complex-
ity (small, medium, large). Habitat variables selected
in the final models are indicated in Table 1. The per-
centage of deviance explained (Zuur et al. 2009) by
each final model was used as a goodness-of-fit statis-
tic and was calculated by removing the random
effect.

The final model (with either ‘CompSmall’, ‘Comp
Med’, or ‘CompLarge’ included) for each response
variable was (in script notation; see Table 1 for vari-
able definitions):

Multivariate analysis

A multivariate generalised linear modelling ap -
proach was used to test the relationship between
habitat factors and species composition. This was
done using the ‘manyglm’ function in the ‘mvabund’
package (Wang et al. 2012) in R. This analysis fits a
specified GLM to each species, which are then used
to make community-level inferences about the im -
portance of model predictors using resampling-
based hypothesis testing (Wang et al. 2012). A ‘Site’
random effect was not possible, so data for each reef
site were aggregated: for the 10 drops at each site,
fish counts were summed and environmental vari-
ables averaged, except for the categorical complexity
factor, which used the median integer value. Species
with fewer than 3 occurrences were removed
(30 species), as these contained little information. A
nega tive binomial distribution was used and model
assumptions were evaluated by examining plots of
residuals (Wang et al. 2012). Goodness of fit was

Response CompSmall+Depth+Temp
+Conn100 +Conn250 B

=
+ iioTotal Depth BioTotal

+Conn250 BioTotal+(1|Sit
+ ×

× ee)+offset[log(Vis)]
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evaluated using a pseudo-R2, calculated as the dif -
ference in log-likelihood between the full and
 intercept-only multivariate models. Variable signifi-
cance was estimated using the Wald statistic, ac -
counting for correlation between variables using the
‘cor.type=‘ shrink’’ option (i.e. ridge regularisation;
Warton 2008).

Further exploration of this aggregated multivariate
data was done using joint statistical modelling, which
incorporates in a single model the impact of envi -
ronmental predictors and interspecific interaction
(Warton et al. 2015). We used a latent variable model
(LVM) to create an unconstrained ordination to visu-
alise the main trends between reef sites, in terms of
their species composition (Hui et al. 2015). We did not
include a row effect to account for differences in
abundance between sites (Hui 2016), meaning that
patterns in the ordination are driven by differences
in both abundance and species composition between
sites. We also evaluated the environmental and re -
sidual correlation matrices to explore correlations
between species (i.e. co-occurrence) due to our habi-
tat factors and residual correlations due to unmea-
sured variables (Warton et al. 2015). The role of the
latent variables in LVMs is to account for unknown or
unmeasured variables, and, by inducing correlations
between taxa, enable an unconstrained ordination
for visualising site and species patterns (Warton et al.
2015, Hui 2016). This model-based approach to com-
munity analyses and ordination (and likewise for the
‘manyglm’ analysis) is more transparent and statisti-
cally explicit than classic distance-based or ‘algo -
rithmic’ (Warton et al. 2015) approaches (such as
non-metric multidimensional scaling), and this im -
proves interpretability of results. Advantages in -
clude: distribution specification (e.g. to account for
mean–variance relationships), model evaluation (in -
cluding evaluation of residuals and number of latent
variable dimensions; Hui et al. 2015), and model
selection (Hui 2016). LVMs were done using the
‘boral’ package (Hui 2016) in R.

Measuring between-day variation

The sampling design of this project required field
work to span multiple days. To assess the influence of
daily variation in the fish assemblage at the site level,
the coefficient of variation (CV = SD / mean) was cal-
culated for total fish abundance between the 4 re -
peated samples of each of the 2 reference sites, and
compared with the coefficient of variation between 4
non-reference sites that were selected at random.

This was repeated 100 times, each time selecting a
different set of 4 non-reference sites to compare with
the CV at each reference site, and the percentage of
times that the CV of the reference sites was greater
than or equal to the CV of other sites was calculated.
This process compares the amount of variation in fish
abundance at the same site on different days to the
amount of variation in fish abundance between dif-
ferent sampling sites. If the reference site CV is gen-
erally less than the CV of other non-reference sites,
this is evidence that the fish assemblage shows con-
sistent patterns at a given site, and the sampling
design is appropriate for detecting habitat effects on
fish abundance. Between-day variation in species
composition was evaluated using the similarity of ref-
erence sites in an unconstrained LVM ordination.

RESULTS

Species composition

A total of 11361 fish from 64 species were observed
in the 370 drops across 37 reef sites (Table 2). The
most abundant species was the eastern hulafish
(3266 fish), and the most frequently observed was the
Australian mado (present in 48% of drops). Not sur-
prisingly, reef resident fishes were seen more often
and in greater numbers than transient species
(Table 2). Reef zooplanktivores were by far the most
abundant trophic group, though reef non- piscivores
were the most commonly observed (Table 2). Total fish
abundance was highest at the site ‘Trag Grounds’
(Table S1 in the Supplement), with 1442 individual
fish counted, and lowest at the site ‘Boultons’, with 16
individuals counted. ‘Trag Grounds’ was also the
most species-rich site, with 24 fish species observed
in the 10 drops.

Influence of habitat on abundance and 
species richness

The results of the 12 univariate GLMMs (3 scales of
complexity × 4 response variables) revealed that
depth did not significantly influence total fish abun-
dance or species richness (Table 3). The most likely
models for total fish abundance, species richness,
and reef fish abundance all included small-scale
habitat complexity. These models were >3 ΔAIC
points from the alternative models, indicating that
they are by far the most likely models (Anderson
2008). The best model for transient species abun-
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Species Common name Trophic group Habitat Total Total 
occur. abund.

Trachinops taeniatus Eastern hulafish Reef zooplanktivore Reef 83 3266
Atypichthys strigatus Australian mado Reef zooplanktivore Reef 173 2807
Chromis hypsilepis Onespot puller Reef zooplanktivore Reef 46 2001
Scorpis lineolata Silver sweep Demersal omnivore Transient 59 569
Schuettea scalaripinnis Eastern pomfred Reef zooplanktivore Reef 2 501
Ophthalmolepis lineolatus Southern maori wrasse Reef non-piscivore Reef 167 317
Pempheris compressa Smallscale bullseye Reef zooplanktivore Reef 12 293

Unidentified fish Unidentified 23 252
Parma microlepis White-ear Reef omnivore Reef 147 201
Trachurus novaezelandiae Yellowtail scad Coastal zooplanktivore Transient 21 192
Sarda australis Australian bonito Coastal pelagic piscivore Transient 3 114
Notolabrus gymnogenis Crimsonband wrasse Reef non-piscivore Reef 67 82
Pseudocaranx georgianus Silver trevally Demersal non-piscivore Transient 4 66
Cheilodactylus fuscus Red morwong Demersal non-piscivore Transient 39 63
Achoerodus viridis Eastern blue groper Reef non-piscivore Reef 45 55
Parma unifasciata Girdled scalyfin Reef omnivore Reef 22 55
Pempheris affinis Blacktip bullseye Reef zooplanktivore Reef 3 52
Girella tricuspidata Luderick Reef herbivore Reef 1 50
Nemadactylus douglasii Grey morwong Demersal non-piscivore Transient 21 44
Prionurus microlepidotus Australian sawtail Reef herbivore Reef 5 40
Odax cyanomelas Herring cale Reef herbivore Reef 32 38
Enoplosus armatus Old wife Reef non-piscivore Reef 15 36
Upeneichthys lineatus Bluestriped goatfish Demersal non-piscivore Transient 27 35
Caesioperca lepidoptera Butterfly perch Reef zooplanktivore Reef 10 26
Rhabdosargus sarba Tarwhine Demersal non-piscivore Transient 4 26
Parupeneus spilurus Blacksaddle goatfish Demersal non-piscivore Transient 8 23
Meuschenia flavolineata Yellowstriped leatherjacket Reef non-piscivore Reef 12 16
Trachichthys australis Southern roughy Reef non-piscivore Reef 8 15
Dinolestes lewini Longfin pike Reef piscivore Reef 3 16
Hypoplectrodes maccullochi Halfbanded seaperch Reef non-piscivore Reef 12 13
Eubalichthys bucephalus Black reef leatherjacket Reef non-piscivore Reef 7 10
Seriola hippos Samsonfish Coastal pelagic piscivore Transient 2 10
Acanthopagrus australis Yellowfin bream Demersal non-piscivore Transient 4 8
Latridopsis forsteri Bastard trumpeter Demersal non-piscivore Transient 6 7
Meuschenia scaber Velvet leatherjacket Demersal non-piscivore Transient 2 7
Coris sandeyeri Eastern king wrasse Reef non-piscivore Reef 4 6
Hime purpurissatus Sergeant baker Demersal piscivore Transient 5 5
Coris picta Comb wrasse Reef non-piscivore Reef 1 4
Bodianus unimaculatus Eastern pigfish Reef non-piscivore Reef fish 3 4
Seriola lalandi Yellowtail kingfish Coastal pelagic piscivore Transient 3 4
Meuschenia freycineti Sixspine leatherjacket Demersal omnivore Transient 3 3
Paraplesiops bleekeri Eastern blue devil Reef non-piscivore Reef 2 2
Pictilabrus laticlavius Senator wrasse Reef non-piscivore Reef 2 2
Mecaenichthys immaculatus Immaculate damsel Reef omnivore Reef 2 2
Chelmonops truncatus Eastern talma Reef omnivore Reef 1 2
Chrysophrys auratus Snapper Demersal non-piscivore Transient 2 2
Trygonorrhina fasciata Banjo ray sharks/ rays Transient 2 2
Bodianus frenchii Foxfish Reef non-piscivore Reef 1 1
Eupetrichthys angustipes Snakeskin wrasse Reef non-piscivore Reef 1 1
Pseudolabrus guentheri Gunther’s wrasse Reef non-piscivore Reef 1 1
Pseudolabrus luculentus Luculent wrasse Reef non-piscivore Reef 1 1
Scorpaena jacksoniensis Eastern red scorpionfish Reef non-piscivore Reef 1 1
Pomacentrus australis Blue damsel Reef zooplanktivore Reef 1 1
Microcanthus strigatus Stripey Reef zooplanktivore Reef 1 1
Dicotylichthys punctulatus Threebar porcupinefish Demersal non-piscivore Transient 1 1
Scobinichthys granulatus Rough leatherjacket Demersal non-piscivore Transient 1 1
Eubalichthys mosaicus Mosaic leatherjacket Demersal omnivore Transient 1 1
Meuschenia trachylepis Yellowfin leatherjacket Demersal omnivore Transient 1 1
Heteroscarus acroptilus Rainbow cale Reef herbivore Reef 1 1
Aplodactylus lophodon Rock cale Reef herbivore Reef 1 1
Siganus fuscescens Black rabbitfish Reef herbivore Reef 1 1
Nelusetta ayraud Ocean jacket Demersal non-piscivore Reef 1 1
Acanthaluteres vittiger Toothbrush leatherjacket Reef non-piscivore Reef 1 1
Prionurus maculatus Spotted sawtail Reef omnivore Reef 1 1

Table 2. Total occurrence and abundance of each species observed in the 370 drops (37 sites), and their trophic groups and 
broad habitat associations (reef resident or transient)
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dance included medium-scale comple xity;
however, the model including small-scale
complexity was within 3 AIC points, indica-
ting that small-scale complexity contained
some information. The explained deviance
estimates showed only moderate model fit,
with the best fit for resident fishes, and poor-
est model fit for transient species.

Total fish abundance was significantly
influenced by small-scale complexity and
biological cover (Table 3). Total fish abun-
dance significantly in crea sed as the amount
of small reef complexity increased (Comp 1
to Comp 4) relative to the least complex sur-
faces (Comp 0). This relationship generally
occurred for all fish groups, but is likely
strongest for reef zooplanktivores and reef
omnivores (Fig. 2; note that this figure is for
illustrative purposes only and we caution
the evaluation of single habitat factors). Reef
areas with a greater percentage cover of
biological cover (such as macroalgae or
sponge) also had significantly greater fish
abundance, with some trophic groups never
observed in areas with very low (or absent)
biological cover (i.e. coastal zooplankti-
vores, reef herbivores, reef zooplanktivores;
Fig. 3).

Species richness was significantly influ-
enced by small-scale complexity, biological
cover, and reef connectivity at the 250 m
scale (Table 3). Species richness increased
as small-scale complexity in creased, and
increased as the percentage of biological
cover increased. Species richness also
increased as the density of rocky substrate
within a radius of 250 m of a camera drop
increased. However, there was a significant
negative interaction between this connec-
tivity variable and biological cover, indica-
ting that biological cover on highly con-
nected reefs at this spatial scale is less
important for increasing species richness
than it is on less connected reefs.

As was seen for total fish abundance, resi-
dent fish abundance was significantly influ-
enced by small-scale habitat complexity and
biological cover, but in addition was signifi-
cantly influenced by reef connectivity at the
250 m scale, and the interaction between
connectivity and biological cover. The only
factor to significantly influence the abun-
dance of transient fish species was medium-
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scale (and to a lesser extent small-scale) habitat com-
plexity. This relationship was weak, however, with
only one level of medium-scale complexity having
significantly more transient fish than the least com-
plex reef areas. We also eva luated the effect of habi-
tat on the abundance of the 4 most commonly occur-
ring fish species (mado, southern maori wrasse,
white-ear, and hula fish; Table 2). The GLMMs

showed species-specific patterns, al though, as for the
models of total and resident fish abundance, small-
scale complexity and biological cover were key sig-
nificant factors (Table S2 in the Supplement).

Influence of habitat on species composition

The multivariate GLM showed that depth and the
highest level of small-scale habitat complexity signif-
icantly influenced the composition of reef fish assem-
blages (Table 4). There was also a marginal effect of
biological cover. Together, these variables explained
approximately 19% of the variation in species com-
position among reef sites, and a depth-only model
explained just 4% of the variation. The species driv-
ing the effect of depth were eastern hulafish, onespot
puller, southern maori wrasse, crimsonband wrasse,
girdled scalyfin, and herring cale, which all showed a
significant negative relationship with depth, and
grey morwong, red morwong, and butterfly perch,
which showed a positive relationship with depth.
When these were corrected for multiple testing,
these key species were reduced to crimsonband
wrasse, herring cale, and butterfly perch.

The unconstrained ordination from the LVM
showed a separation of sites based on their species
composition, and a weak trend along a depth gradi-
ent (along latent variable 1; Fig. 4). Of the more com-
monly occurring species, eastern hulafish, onespot
puller, and girdled scalyfin were indicator species of
shallower reefs, and grey morwong and butterfly
perch were indicators of deeper reefs (Fig. 4). After
adding the continuous habitat predictors to the LVM,
there were some (but not many) significant correla-
tions between species (Fig. 5). These were again can-
didate species for measuring changes in species com-
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Wald value p

Intercept 18.95 0.033
Depth 11.55 0.043
Conn100 7.15 0.099
Conn250 7.32 0.121
CompSmall 1 6.22 0.212
CompSmall 2 6.36 0.182
CompSmall 3−4 7.46 0.037
BioCover 8.99 0.051
Temp 6.71 0.411
BioCover × Conn250 7.25 0.142

Table 4. Results of the multivariate generalised linear
model. Significant variables (see Table 1 for descriptions) 

are in bold

Fig. 2. Average (+SE) abundance (MaxN) of fish trophic
groups at reef sites across levels of small structural complex-
ity (0 = low or none; 1−2 = moderate; 3−4 = high). The y-axis
has been log10-scaled. The trophic groups were coastal zoo-
planktivore (CZ), demersal non-piscivore (DNP), demersal
omnivore (DO), reef herbivore (RH), reef non-piscivore
(RNP), reef omnivore (RO), reef zooplanktivore (RZ), and 

unidentified (Un)

Fig. 3. Average (+SE) abundance (MaxN) of fish trophic
groups at reef sites across levels of percentage sessile bio-
logical cover. The y-axis has been log10-scaled. See Fig. 2

caption for trophic group names
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position on temperate reefs due to our
habitat factors, but the small number of
correlations supports the lack of power in
these variables (observed in the multi-
variate GLM) for explaining spe cies
composition across reef sites. There were
few residual correlations between spe-
cies after accounting for our habitat fac-
tors (Fig. S1 in the Supplement). This
lack of shared res ponses between spe-
cies suggests that the general lack of
power to explain differences in species
composition between sites on the spatial
scales studied here is unlikely to be due
to unmeasured habitat factors (Fig. S1).

Between-day variation in fish
 assemblages

Repeated comparisons between the
CV of total fish abundance of reference
sites (Dunbar and Cape Banks) and the
CV of other sites, revealed that in 99%
and 91% of comparisons, there was more
variation between ‘other’ sites than vari-
ation within the Dunbar site and Cape
Banks site, respectively. This indicates
that there is usually more variation be -
tween sites than there is variation at the
same site across different days, showing
that sampling a site once can give consis-
tent fish abundance estimates, at least on
the temporal scales investigated here.
There was also clear  similarity in species
composition at reference sites (Fig. S2 in
the Sup ple ment). Within-site va riation is
much less than variation across all sites,
but there was more variation observed at
Dunbar along the second latent variable
axis. This variation reduces the likeli-
hood of significant relationships between
a site’s habitat characteristics and its fish
assemblage.

DISCUSSION

This study showed that the abundance
and species richness of fish on temperate
reefs is influenced by structural com-
plexity, the amount of sessile biological
cover, and (for species richness) the den-
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Fig. 4. Biplot showing latent variable model (LVM) unconstrained ordina-
tion of sites and species coefficients. Reef sites are numbered (see Table
S1 in the Supplement), and colour is the average water depth at that site.
Only the 20 most important species are plotted (i.e. those species with the
strongest response to the latent variables). Species in the same direction
and far from the origin are more correlated. Some species names are 

abbreviated — see  Table 2 for full names

Fig. 5. Correlation matrix from the latent variable model (LVM) showing the
significant correlations between fish species due to their shared response
to  habitat variables. Circle size and colour (see colour bar) are propor-
tional to correlation direction and/or magnitude (–1 to +1) between species
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sity of reef substrate in the surrounding area. We also
showed that reef residents are more influenced by
habitat characteristics than transient species. The
analysis of reef depth showed that total abundance
and species richness of fish assemblages are gener-
ally maintained along a gradient of reef depth,
although the species composition of these assem-
blages will change. There is also evidence that
highly complex reefs have a different species compo-
sition compared with less-complex reefs. The low
explanatory power of habitat in explaining differ-
ences in species composition, plus the lack of resid-
ual correlation between species in the latent variable
model, suggests that the low explained variation is
not due to missing covariates but a lack of patterns.
This suggests that the species composition of fish
assemblages on temperate rocky reefs can be diffi-
cult to predict using habitat variables, at least on the
spatial and ecological scales investigated here, and
that coastal reef areas out to at least 60 m depth could
be classed as a single ‘inner reef zone’.

Influence of habitat on abundance and 
species richness

Habitat complexity, biological cover, and reef con-
nectivity were all important habitat variables for one
or more univariate responses, and their importance is
supported by previous research on coral and temp -
erate reefs (Luckhurst & Luckhurst 1978, Vega Fer-
nández et al. 2008, Komyakova et al. 2013). Habitat
complexity was generally the most influential vari-
able for species richness and fish abundance (total,
reef, and transient), with increased reef complexity
resulting in a more species-rich and abundant fish
assemblage. Camera drops on the most complex
reefs observed around 10 more fish and 3 more spe-
cies than drops on the least complex reefs. Fish can
be attracted to shelters proportional to the size of
their body (Luckhurst & Luckhurst 1978), so it is
likely that small fish species have their highest abun-
dances in areas with high measures of small-scale
habitat complexity. The 5 most abundant fish in this
study (eastern hulafish, Australian mado, onespot
puller, silver sweep, eastern pomfred; Table 2) are all
small fish, and together make up 80.5% of total fish
abundance. It is likely that the dominance of these
small species is why small-scale habitat complexity
generally explained more of the observed variation
in fish abundance and species richness than medium
and large scales of complexity. Due to the correlation
between the 3 scales of complexity, they could not be

included in the same model, but it is likely that all 3
were influential. This has been shown on coral reefs,
where reefs with shelters of varied sizes can have
greater fish abundance and species richness by pro-
viding habitats to a range of species, with shelter size
proportional to body size (Hixon & Beets 1989, 1993,
Komyakova et al. 2013). The wea ker relationship
between habitat complexity and the abundance of
transient species may be due to their different preda-
tory behaviour (Almany 2004), predator avoidance,
and movement behaviours compared with reef resi-
dent species. For example, transient prey species
have developed other strategies to avoid predation
due to their mobile behaviour, such as schooling (e.g.
Heyman & Kjerfve 2008), so are less likely to associ-
ate with habitat complexity as refuge.

Biological cover was positively associated with
total and reef fish abundance and species richness.
This association is likely due to the role of biological
cover as both refuge (for small fish) and food (for
 various herbivores, omnivores, and grazers). This is
shown by the absence of zooplanktivorous or herbi -
vorous fish, and by reduced omnivorous fish, when
biological cover was low or absent (Fig. 3). Kelp was
a key component of ‘biological cover’ in this study,
and provides an additional layer of habitat complex-
ity (Ferreira et al. 2001) in which small and juvenile
fish can seek shelter and refuge from predation
(Ebeling & Laur 1985). The amount of kelp cover on
temperate reefs is known to positively influence the
abundance of fish, particularly for small species
(Willis & Anderson 2003, Anderson & Millar 2004,
Parnell 2015). However, areas of high kelp density
tend to have a reduced amount of turfing algae as
well as an altered invertebrate community (Carr
1989, Anderson & Millar 2004), which could influ-
ence the abundance of associated grazers or herbi-
vores (Ferguson et al. 2015). These conditional res -
ponses may explain why some functional groups
showed a reduced or non-linear response to increas-
ing biological cover.

The connectivity between reefs, specified in this
study as the percentage of reef substrate in a given
area, was also important for species richness and res-
ident fish abundance at the 250 m radius scale. Much
research has been devoted to understanding connec-
tivity in coral reef systems, but most is in the context
of re cruitment (Mumby 2006) or larval dispersal
(Magris et al. 2015), and is thus connectivity operat-
ing on much larger scales than those examined here.
In terms of connectivity altering species composition
due to the movement of adults, research suggests
that species richness can be higher on more isolated
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coral reefs (Ault & Johnson 1998, Nanami & Nishihira
2003) and artificial reefs (Belmaker et al. 2011). Arti-
ficial reef research has also shown that reefs placed
in close proximity to hard natural substrate can have
higher fish abundance compared with isolated reefs
(Lindberg 1996, Strelcheck et al. 2005), although this
can be species specific (Bohnsack et al. 1994). This
study supports previous studies that show increased
reef connectivity on small scales can increase fish
abundance, but contrasts with the typical pattern for
species richness. It is possible that none of the reef
areas surveyed here are ‘isolated’ reefs as described
in previous studies, and there is probably high con-
nectivity along this general area of reef with only
vague reef boundaries (Fig. 1). Our findings suggest
that species richness may only increase with reef iso-
lation if the isolation acts as a barrier to fish move-
ment; but, on well-connected reefs, increased reef
connectivity can increase local species richness.

Interestingly, reef depth did not significantly in -
fluence fish abundance or species richness in this
study. A declining relationship was expected (as
observed in coral reefs; Mellin et al. 2007), because
macroalgae grow only on reefs less than ~35 m in this
region (Marzinelli et al. 2015), and because shal-
lower reef areas can act as fish nurseries. Depth
likely influenced some groups, particularly herbi-
vores and omnivores (Fig. 6), which was supported
by the univariate tests in the multivariate GLM.
However, the changing species composition with
depth suggests that the decline in abundance of
some fish species with depth was compensated by a
general increase in others. This was true for rocky

reef sites with depths between 6 and 57 m, but it is
possible that total fish abundance and/or species
richness would vary if a larger depth range was
samp led.

Influence of habitat on species composition

In a diverse fish assemblage, an effect by an envi-
ronmental variable (such as depth) on species com-
position will be important when multiple species
respond to this variable (i.e. there is correlation be -
tween species). In this study, we found a minor
shared response to habitat in the LVM (Fig. 5), with
multiple species responding to predominantly depth
(Fig. 4), habitat complexity, and probably biological
cover (Table 4). However, these factors only ex -
plained a small amount of the variation in species
composition among sites, because generally few spe-
cies showed consistent responses to these habitat
factors. In fact, only 3 species were clear indicator
species for reef habitat structure in our study: crim-
sonband wrasse, herring cale, and butterfly perch. It
is clear that, on the spatial and ecological scales
tested here, fish species composition (and likewise
fish abundance and species richness) is only weakly
influenced by reef habitat factors, including depth.
Instead, the observed species composition may have
been influenced more by habitat factors that operate
on larger (e.g. ocean currents) scales than the spatial
scale of reef sites examined here (~100 × 100 m), or
was influenced by habitat structure in a way that was
not captured by our complexity and connectivity
metrics. It is also possible that there are species-
 specific responses to different types of biogenic sub-
strate (e.g. kelp or sponge) not observed using our
single ‘biological cover’ variable. Stochastic proces -
ses or sampling noise (Fig. S2) may also have con-
tributed to this lack of strong patterns.

We can also interpret this result to suggest that the
spatial extent (~300 km2) of rocky reef investigated
here can be considered one reef unit (even across
considerable habitat gradients: 6−57 m depth; flat to
complex surfaces; barrens to macroalgae beds), with
insufficient patterns in species composition to distin-
guish clear reef ‘zones’ based on their habitat charac-
teristics. Classifying this as a single ‘inner reef zone’
agrees with previous research mapping biophysical
regions of predominantly soft sediments in south-
eastern Australia, which found that the ‘inner shelf’
had a different community to the ‘outer shelf’, with a
depth of between 40 and 80 m separating these zones
(Williams & Bax 2001). Likewise, a trawl survey done
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Fig. 6. Average (+SE) abundance of fish trophic groups at
reef sites for across water depth intervals. The y-axis has
been log10 scaled. See Fig. 2 caption for trophic group names
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in the same region as our study showed that fish
assemblages at 30 and 60 m depth were more similar
than those caught at 100 m (Gray & Otway 1994). Our
study shows that increasing the resolution of reef
habitat variables did not lead to a finer classification
of the ‘inner reef zone’ (which has been possible on
coral reefs; Goatley et al. 2016); but it is possible that,
where this study extended to deeper depths and
expanded over larger spatial scales or larger habitat
gradients, temperate reefs would show zonation
across habitat gradients.

Sampling challenges

This study has demonstrated that the drop camera
methodology can provide robust spatially explicit
count data. However, as in all methods sampling
fish assemblages, the drop camera methodology has
limitations. Noise and movement generated when
sampling from a boat may deter some species, and
fish detection and identification is imperfect. Due to
the short duration of our camera drops, cryptic spe-
cies may have been undercounted. This is especially
true of reef areas with high kelp density, and most
fish observations at these locations were made
when the camera unit was entering or leaving the
kelp bed. However, this problem of imperfect detec-
tion is largely unavoidable, and is true of other
methods, such as baited remote underwater video
(Lowry et al. 2012) and diver census (Anderson &
Millar 2004). The advantage of the drop camera
methodology is that 10 points within a study site
were sampled, meaning that there were numerous
opportunities to acquire assemblage observations
over a range of habitat structures. Another limitation
is that under water video does not easily allow for
estimation of absolute abundance. In this study,
MaxN was used to prevent the double counting of
fish (Willis & Babcock 2000). This means it is likely,
particularly in densely populated reefs, that ab solute
abundance was underestimated. Even with back-to-
back cameras allowing for a doubled field of view,
MaxN was occasionally a fraction of ab solute fish
abundance (which occurs be cause the entire sam-
pled volume cannot be viewed at once). Although
this method only observed each reef site briefly, we
demonstrated consistent signals in fish abundance
at reference reef sites, and to a lesser extent species
composition (Fig. S2). Although labour intensive, re -
peated measures across many sites may be a robust
way of acknowledging this within-site variation into
para meter estimates.

Our method was limited in classification of habitat,
relying on visually classifying complexity and bottom
type from the drop cameras. It has been shown that
this type of visual classification can be as reliable as
more intensive methods (such as line transects) when
classifying broad habitat categories (Wilson et al.
2007), although our method may have benefited from
a ‘top down’ view of habitat during camera deploy-
ment to improve our classifications. More modern
tools (e.g. autonomous underwater vehicles; Wynn et
al. 2014) are likely to be increasingly valuable for ac -
curately quantifying benthos composition, and habi-
tat complexity as a continuous variable (as op posed
to categorical).

CONCLUSIONS

On temperate rocky reefs such as those around Syd-
ney, Australia, the highest total fish abundance will
occur on reefs with a high level of small-scale struc-
tural complexity and dense biological cover. Reefs
with the highest species richness would have the
same characteristics, but would also be part of large
(i.e. well-connected) reef areas. These findings sup-
port the role of reef complexity and biological cover as
key factors structuring fish assemblages across a
range of marine habitats, including tropical rocky
reefs (Ferreira et al. 2001) and coral reefs (Wilson et
al. 2007). Our findings are valuable for temperate reef
management, which will require a strong knowledge
base to support adaptive management programmes
(Bennett et al. 2016). For example, associations be-
tween fish assemblages and habitats can be used to
create a habitat classification scheme useful for
marine park management (Malcolm et al. 2016). Our
analyses indicate that, despite reef complexity and bi-
ological cover increasing fish abundance and species
richness, there was only slight structure in species
composition in response to reef variables, such that
this reef area could be considered a single ‘inner reef’
zone. Our findings are also valuable for artificial reef
research. Artificial reefs are deployed around Aus-
tralia as a part of fisheries enhancement programmes
(Folpp et al. 2013, Scott et al. 2015), yet there are con-
siderable uncertainties in how their design and loca-
tion will influence the associated fish assemblage.
Our results suggest that increasing artificial reef com-
plexity and ability to host sessile biota will in crease
the abundance of associated fish, but that the choice
of reef depth will not (at least between 6 and 57 m
depth). Reef depth will change the composition of the
fish assemblage; however, the variation we observed
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shows that these changes in composition are difficult
to predict beyond a few indicator species. More re-
search over larger spatial scales and greater depths,
and using more finely mapped habitats, will be valu-
able for further elucidating the relationships between
habitat and temperate reef fish assemblages.

Acknowledgements. Thanks to Francis Hui for advice on the
multivariate analyses, and thanks to Hayden Schilling for
assistance with fieldwork. We acknowledge bathymetry
data supplied by the NSW Office of Environment and Her-
itage. This research was funded by an Australian Research
Council Linkage Project (LP120100592). This article is Syd-
ney Institute of Marine Science Contribution no. 194.

LITERATURE CITED

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

Anderson D (2008) Model based inference in the life scien -
ces. Springer Science Press, New York, NY

Anderson M, Millar R (2004) Spatial variation and effects of
habitat on temperate reef fish assemblages in northeast-
ern New Zealand. J Exp Mar Biol Ecol 305: 191−221

Ault T, Johnson C (1998) Spatial variation in fish species
richness on coral reefs:  habitat fragmentation and sto-
chastic structuring processes. Oikos 82: 354−364

Beger M, Possingham HP (2008) Environmental factors that
influence the distribution of coral reef fishes:  modeling
occurrence data for broad-scale conservation and man-
agement. Mar Ecol Prog Ser 361: 1−13

Belmaker J, Ziv Y, Shashar N (2011) The influence of con-
nectivity on richness and temporal variation of reef
fishes. Landsc Ecol 26: 587−597

Bennett S, Wernberg T, Connell S, Hobday A, Johnson C,
Poloczanska E (2016) The Great Southern Reef. Mar
Freshw Res 67: 47−56

Bohnsack J, Sutherland D (1985) Artificial reef research:  a
review with recommendations for future priorities. Bull
Mar Sci 37: 11−39

Bohnsack J, Harper D, McClellan D, Hulsbeck M (1994)
Effects of reef size on colonization and assemblage struc-
ture of fishes at artificial reefs off southeastern Florida,
USA. Bull Mar Sci 55: 796−823

Brook F (2002) Biogeography of near-shore reef fishes in
northern New Zealand. J R Soc N Z 32: 243−274

Bulman C, Althaus F, He X, Bax N, Williams A (2001) Diets
and trophic guilds of demersal fishes of the south-eastern
Australian shelf. Mar Freshw Res 52: 537−548

Bulman C, Condie S, Furlani D, Cahill M, Klaer N,
Goldsworthy S, Knuckey I (2006) Trophic dynamics of
the eastern shelf and slope of the south east fishery: 
impacts of and on the fishery. Report for the Fisheries
Research and Development Corporation, Project No.
2002/028, CSIRO Marine and Atmospheric Research,
Hobart

Cappo M, Speare P, De’ath G (2004) Comparison of baited
remote underwater video stations (BRUVS) and prawn
(shrimp) trawls for assessments of fish biodiversity in
inter-reefal areas of the Great Barrier Reef Marine Park.
J Exp Mar Biol Ecol 302: 123−152

Carr M (1989) Effects of macroalgal assemblages on the
recruitment of temperate zone reef fishes. J Exp Mar Biol
Ecol 126: 59−76

Champion C, Suthers IM, Smith JA (2015) Zooplanktivory is
a key process for fish production on a coastal artificial
reef. Mar Ecol Prog Ser 541: 1−14

Choat JH, Ayling AM (1987) The relationship between habi-
tat structure and fish faunas on New Zealand reefs. J Exp
Mar Biol Ecol 110: 257−284

Colton M, Swearer S (2010) A comparison of two survey
methods:  differences between underwater visual census
and baited remote underwater video. Mar Ecol Prog Ser
400: 19−36

Dayton P (1985) Ecology of kelp communities. Annu Rev
Ecol Syst 16: 215−245

Easton R, Heppell S, Hannah R (2015) Quantification of
habitat and community relationships among nearshore
temperate fishes through analysis of drop camera video.
Mar Coast Fish 7: 87−102

Ebeling A, Laur D (1985) The influence of plant cover on
surfperch abundance at an offshore temperate reef.
 Environ Biol Fishes 12: 169−179

Edgar GJ, Stuart-Smith RD, Willis TJ, Kininmonth S and
 others (2014) Global conservation outcomes depend on
marine protected areas with five key features. Nature
506: 216−220

Elith J, Leathwick JR (2009) Species distribution models: 
ecological explanation and prediction across space and
time. Annu Rev Ecol Evol Syst 40: 677−697

Falcón JM, Bortone SA, Brito A, Bundrick CM (1996) Struc-
ture of and relationships within and between the littoral,
rock-substrate fish communities off four islands in the
Canarian Archipelago. Mar Biol 125: 215−231

Ferguson AM, Harvey EA, Rees MJ, Knott NA (2015) Does
the abundance of girellids and kyphosids correlate with
cover of the palatable green algae, Ulva spp.? A test on
temperate rocky intertidal reefs. J Fish Biol 86: 375−384

Ferreira C, Goncalves J, Coutinho R (2001) Community
structure of fishes and habitat complexity on a tropical
rocky shore. Environ Biol Fishes 61: 353-369

Folpp H, Lowry M, Gregson M, Suthers I (2013) Fish assem-
blages on estuarine artificial reefs:  natural rocky-reef
mimics or discrete assemblages? PLOS ONE 8: e63505

Froese R, Pauly D (eds) (2015) FishBase. www.fishbase.org
(accessed 27 Nov 2015)

Goatley CHR, González-Cabello A, Bellwood DR (2016)
Reef-scale partitioning of cryptobenthic fish assem-
blages across the Great Barrier Reef, Australia. Mar Ecol
Prog Ser 544: 271−280

Gray CA, Otway NM (1994) Spatial and temporal differ-
ences in assemblages of demersal fishes on the inner
continental-shelf off Sydney, south-eastern Australia.
Aust J Mar Freshw Res 45: 665−676

Grove R, Sonu C (1983) Review of Japanese fishing reef
technology. Tech Rep 83-RD-137, Southern California
Edison Company, Rosemead, CA

Hadfield JD (2010) MCMC methods for multi-response
 generalized linear mixed models:  the MCMCglmm R
package. J Stat Softw 33: 1−22

Harrison XA (2014) Using observation-level random effects
to model overdispersion in count data in ecology and
evolution. PeerJ 2: e616

Heyman W, Kjerfve B (2008) Characterization of transient
multi-species reef fish spawning aggregations at
 Gladden Spit, Belize. Bull Mar Sci 83: 531−551

169

https://doi.org/10.1007/s00442-004-1617-0
https://doi.org/10.1016/j.jembe.2003.12.011
https://doi.org/10.2307/3546976
https://doi.org/10.3354/meps07481
https://doi.org/10.1007/s10980-011-9588-0
https://doi.org/10.1071/MF15232
https://doi.org/10.1080/03014223.2002.9517694
https://doi.org/10.1071/MF99152
https://doi.org/10.1016/j.jembe.2003.10.006
https://doi.org/10.1016/0022-0981(89)90124-X
https://doi.org/10.3354/meps11529
https://doi.org/10.1016/0022-0981(87)90005-0
https://doi.org/10.3354/meps08377
https://doi.org/10.1146/annurev.es.16.110185.001243
https://doi.org/10.1080/19425120.2015.1007184
https://doi.org/10.1007/BF00005148
https://doi.org/10.1038/nature13022
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1007/BF00346302
https://doi.org/10.1111/jfb.12557
https://doi.org/10.1371/journal.pone.0063505
https://doi.org/10.3354/meps11614
https://doi.org/10.1071/MF9940665
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.7717/peerj.616


Mar Ecol Prog Ser 561: 155–171, 2016

Hilbe J (2011) Negative binomial regression. Cambridge
University Press, Cambridge

Hixon M, Beets J (1989) Shelter characteristics and Carib-
bean fish assemblages:  experiments with artificial reefs.
Bull Mar Sci 2: 666−680

Hixon M, Beets J (1993) Prey refuges, and the structure of
coral-reef fish assemblages. Ecol Monogr 63: 77−101

Holbrook S, Carr M, Schmitt R, Coyer J (1990) Effect of giant
kelp on local abundance of reef fishes:  the importance
of ontogenic resource requirements. Bull Mar Sci 1: 
104−114

Hughes T, Bellwood D, Connolly S (2002) Biodiversity
hotspots, centres of endemicity, and the conservation of
coral reefs. Ecol Lett 5: 775−784

Hui F (2016) Boral — Bayesian ordination and regression
analysis of multivariate abundance data in R. Methods
Ecol Evol 7: 744−750 

Hui F, Taskinen S, Pledger S, Foster S, Warton D (2015)
Model-based approaches to unconstrained ordination.
Methods Ecol Evol 6: 399−411

Jordan A, Davies P, Ingleton T, Foulsham E, Neilson J,
Pitchard T (2009) Seabed habitat mapping of the conti-
nental shelf waters of NSW. DECCW 2010/ 1057, Occa-
sional Paper Series, NSW Department of Environment,
Climate Change and Water, Sydney

Karl DM, Church MJ (2014) Microbial oceanography and
the Hawaii Ocean Time-series programme. Nat Rev
Microbiol 12: 699−713

Komyakova V, Munday P, Jones G (2013) Relative impor-
tance of coral cover, habitat complexity and diversity in
determining the structure of reef fish communities. PLOS
ONE 8: e83178

Lincoln-Smith M (1989) Improving multispecies rocky reef
fish censuses by counting different groups of species
using different procedures. Environ Biol Fishes 26: 29−37

Lindberg W (1996) Fundamental design parameters for arti-
ficial reefs:  interaction of patch reef spacing and size.
Final Project Report, MARFIN Grant Number C-6729,
University of Florida, Gainesville, FL

Lowry M, Folpp H, Gregson M, Suthers I (2012) Compari-
son of baited remote underwater video (BRUV) and
underwater visual census (UVC) for assessment of arti-
ficial reefs in estuaries. J Exp Mar Biol Ecol 416-417: 
243−253

Luckhurst B, Luckhurst K (1978) Analysis of the influence of
substrate variables on coral reef fish communities. Mar
Biol 49: 317−323

Magris RA, Treml EA, Pressey RL, Weeks R (2015) Integrat-
ing multiple species connectivity and habitat quality into
conservation planning for coral reefs. Ecography 39: 
649−664 

Malcolm HA, Gladstone W, Lindfield S, Wraith J, Lynch TP
(2007) Spatial and temporal variation in reef fish assem-
blages of marine parks in New South Wales, Australia —
baited video observations. Mar Ecol Prog Ser 350: 
277−290

Malcolm HA, Jordan A, Schultz AL, Smith SDA and others
(2016) Integrating seafloor habitat mapping and fish
assemblage patterns improves spatial management
planning in a marine park. J Coast Res 75: 1292−1296

Marzinelli EM, Williams SB, Babcock RC, Barrett NS and
others (2015) Large-scale geographic variation in distri-
bution and abundance of Australian deep-water kelp
forests. PLOS ONE 10: e0118390

Mellin C, Andréfouët S, Ponton D (2007) Spatial predictabil-

ity of juvenile fish species richness and abundance in a
coral reef environment. Coral Reefs 26: 895−907

Mora C, Aburto-Oropeza O, Bocos A, Ayotte P and others
(2011) Global human footprint on the linkage between
biodiversity and ecosystem functioning in reef fishes.
PLOS BIOL 9: e1000606

Mumby P (2006) Connectivity of reef fish between man-
groves and coral reefs:  algorithms for the design of
 marine reserves at seascape scales. Biol Conserv 128: 
215−222

Nanami A, Nishihira M (2003) Effects of habitat connectivity
on the abundance and species richness of coral reef
fishes:  comparison of an experimental habitat estab-
lished at a rocky reef flat and at a sandy sea bottom.
 Environ Biol Fishes 68: 183−196

Newman SP, Meesters EH, Dryden CS, Williams SM,
Sanchez C, Mumby PJ, Polunin NVC (2015) Reef flatten-
ing effects on total richness and species responses in the
Caribbean. J Anim Ecol 84: 1678−1689

Parnell P (2015) The effects of seascape pattern on algal
patch structure, sea urchin barrens, and ecological pro-
cesses. J Exp Mar Biol Ecol 465: 64−76

Poloczanska E, Babcock R, Butler A, Hobday A and others
(2007) Climate change and Australian marine life.
Oceanogr Mar Biol Annu Rev 45: 407–478

Polunin NVC, Roberts CM (1993) Greater biomass and
value of target coral-reef fishes in two small Caribbean
marine reserves. Mar Ecol Prog Ser 100: 167−176

R Core Team (2015) R:  a language and environment for
 statistical computing. R Foundation for Statistical Com-
puting, Vienna

Scandol J, Holloway M, Gibbs P, Astles K (2005) Ecosystem-
based fisheries management:  an Australian perspective.
Aquat Living Resour 18: 261−273

Scott ME, Smith JA, Lowry MB, Taylor MD, Suthers IM
(2015) The influence of an offshore artificial reef on the
abundance of fish in the surrounding pelagic environ-
ment. Mar Freshw Res 66:429–437

Smale DA, Burrows MT, Moore P, O’Connor N, Hawkins SJ
(2013) Threats and knowledge gaps for ecosystem
 services provided by kelp forests:  a northeast Atlantic
perspective. Ecol Evol 3: 4016−4038

Strelcheck A, Cowan J, Shah A (2005) Influence of reef loca-
tion on artificial reef fish assemblages in the northcentral
Gulf of Mexico. Bull Mar Sci 3: 425−440

Suthers IM, Young JW, Baird ME, Roughan M and others
(2011) The strengthening East Australian Current, its
eddies and biological effects — an introduction and over -
view. Deep-Sea Res II 58: 538−546

Vega Fernández T, D’Anna G, Badalamenti F, Pérez-Ruzafa
A (2008) Habitat connectivity as a factor affecting fish
assemblages in temperate reefs. Aquat Biol 1: 239−248

Wang Y, Naumann U, Wright S, Warton D (2012)
Mvabund — an R package for model-based analysis of
multivariate abundance data. Methods Ecol Evol 3: 
471−474

Warnock B, Harvey ES, Newman SJ (2016) Remote drifted
and diver operated stereo−video systems:  a comparison
from tropical and temperate reef fish assemblages. J Exp
Mar Biol Ecol 478: 45−53

Warton D (2008) Penalized normal likelihood and ridge reg-
ularization of correlation and covariance matrices. J Am
Stat Assoc 103: 340−349

Warton DI, Blanchet FG, O’Hara RB, Ovaskainen O, Taski-
nen S, Walker SC, Hui FKC (2015) So many variables: 

170

https://doi.org/10.2307/2937124
https://doi.org/10.1046/j.1461-0248.2002.00383.x
https://doi.org/10.1111/2041-210X.12514
https://doi.org/10.1111/2041-210X.12236
https://doi.org/10.1038/nrmicro3333
https://doi.org/10.1371/journal.pone.0083178
https://doi.org/10.1007/BF00002473
https://doi.org/10.1016/j.jembe.2012.01.013
https://doi.org/10.1007/BF00455026
https://doi.org/10.1111/ecog.01507
https://doi.org/10.3354/meps07195
https://doi.org/10.2112/SI75-259.1
https://doi.org/10.1371/journal.pone.0118390
https://doi.org/10.1007/s00338-007-0281-3
https://doi.org/10.1371/journal.pbio.1000606
https://doi.org/10.1016/j.biocon.2005.09.042
https://doi.org/10.1023/B%3AEBFI.0000003847.70485.bf
https://doi.org/10.1111/1365-2656.12429
https://doi.org/10.1016/j.jembe.2015.01.010
https://doi.org/10.3354/meps100167
https://doi.org/10.1051/alr%3A2005031
https://doi.org/10.1071/MF14064
https://doi.org/10.1002/ece3.774
https://doi.org/10.1016/j.dsr2.2010.09.029
https://doi.org/10.3354/ab000127
https://doi.org/10.1111/j.2041-210X.2012.00190.x
https://doi.org/10.1016/j.jembe.2016.02.002
https://doi.org/10.1198/016214508000000021
https://doi.org/10.1016/j.tree.2015.09.007


Parsons et al.: Habitat drivers of reef fish assemblages 171

Editorial responsibility: Jake Rice, 
Ottawa, Ontario, Canada

Submitted: March 29, 2016; Accepted: October 5, 2016
Proofs received from author(s): November 21, 2016

joint modeling in community ecology. Trends Ecol Evol
30: 766−779

Watson DL, Harvey ES, Anderson MJ, Kendrick GA (2005)
A comparison of temperate reef fish assemblages re -
corded by three underwater stereo-video techniques.
Mar Biol 148: 415−425

Wernberg T, Campbell A, Coleman M, Connell S and others
(2009) Macroalgae and temperate rocky reefs. In:
Poloczanska ES, Hobday AJ, Richardson AJ (eds) Report
Card of Marine Climate Change for Australia; detailed
scientific assessment. NCCARF Publication 05/09,
Hobart, p 128–146

Williams A, Bax NJ (2001) Delineating fish-habitat associa-
tions for spatially based management:  an example from
the south-eastern Australian continental shelf. Mar
Freshw Res 52: 513−536

Willis T, Babcock R (2000) A baited underwater video sys-
tem for the determination of relative density of carnivo-
rous reef fish. Mar Freshw Res 51: 755−763

Willis TJ, Anderson MJ (2003) Structure of cryptic reef fish

assemblages:  relationships with habitat characteristics
and predator density. Mar Ecol Prog Ser 257: 209−221

Willis T, Millar R, Babcock R (2003) Protection of exploited
fish in temperate regions:  high density and biomass of
snapper Pagrus auratus (Sparidae) in northern New
Zealand marine reserves. J Appl Ecol 40: 214−227

Wilson SK, Graham NAJ, Polunin NVC (2007) Appraisal of
visual assessments of habitat complexity and benthic
composition on coral reefs. Mar Biol 151: 1069−1076

Wynn RB, Huvenne VAI, Le Bas TP, Murton BJ and
others (2014) Autonomous underwater vehicles (AUVs): 
their past, present and future contributions to the
advancement of marine geoscience. Mar Geol 352: 
451−468

Zuur A, Ieno E, Walker N, Saveliev A, Smith G (2009) Mixed
effects models and extensions in ecology with R.
Springer, New York, NY

Zuur A, Hilbe J, Iepo E (2013) A beginner’s guide to GLM
and GLMM with R:  a frequentist and Bayesian perspec-
tive for ecologist. Highland Statistics, Newburgh

https://doi.org/10.1007/s00227-005-0090-6
https://doi.org/10.1071/MF00017
https://doi.org/10.1071/MF00010
https://doi.org/10.3354/meps257209
https://doi.org/10.1046/j.1365-2664.2003.00775.x
https://doi.org/10.1007/s00227-006-0538-3
https://doi.org/10.1016/j.margeo.2014.03.012



