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ABSTRACT: Unconsolidated sediments form extensive seafloor habitats worldwide, yet few studies have examined fish assemblage patterns in relation to specific sediment type or morphology.
Baited remote underwater videos (BRUVs) were deployed at 3 sites (3 replicates per site) in the
Solitary Islands Marine Park (SIMP), in each of 4 apparent ‘habitat types’ identified from swath
acoustic mapping backscatter imagery and bathymetry. Habitat types ranged in reflected signal
backscatter intensity: very dark, dark, light, very light. Additionally, apparent morphological features were associated with each (e.g. very dark = lens-shaped; light = sand waves). Sediments
were characterised at each site by conducting granulometric analyses of samples collected using
a van Veen grab. Both the darker ‘habitat types’ were found to be gravels and both lighter types
were fine sands. There was a strong pattern in fish assemblage structure in relation to habitat
type, and distinct assemblages were seen between ‘gravel’ and ‘fine sand’ habitats. Species richness was higher in gravel than in sand habitats. Additionally, 6 species were only recorded in the
very dark lens habitat. However, there were no apparent differences in assemblage patterns
between the 2 fine sand habitats. Of the different granulometric measures, fish assemblages were
most strongly correlated with a combination of median grain size, % gravel and arithmetic sorting.
The current habitat classification system for the SIMP includes habitat type (unconsolidated or
hard substrata) as criteria for conservation planning. Further division of unconsolidated habitats
into ‘gravel’ and ‘fine sand’ categories is needed to better represent biotic assemblages.
KEY WORDS: Fish assemblage · Sediment type · Granulometrics · Backscatter intensity · Marine
protected area
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Seascape-scale ecology is a growing trend in marine
ecology (Grober-Dunsmore et al. 2007, Moore et al.
2011, Olds et al. 2012), and is analogous to landscape
ecology in terrestrial systems (Turner 2005). However,

while investigations at this scale are relatively common in the terrestrial environment (McGarigal &
Cushman 2002, Wu & Hobbs 2002, Turner 2005), they
are comparatively rare in subtidal marine environments. Nevertheless, many of the principles and
methods defining terrestrial landscape ecology are
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equally applicable to subtidal systems (Hinchey et al.
2008). As mapping of benthic habitats is generally a
key requisite for seascape studies, much of the focus
has been on shallow coastal systems for which remote
data can be readily accessed through photographic
or satellite imagery (Mishra et al. 2006, Moore et
al. 2011, Thorner et al. 2013). More recently, developments in high-resolution swath acoustics have allowed
cost-effective benthic mapping to extend into depths
beyond that suitable for airborne remote-sensing
methods (Holmes et al. 2007, Jordan et al. 2010,
Brown et al. 2011, Rattray et al. 2013), and this has extended the capacity for seascape-scale studies across
larger areas. Principally, this advance has greatly increased the ability to spatially link patterns of biological assemblages and ecological processes with broad
geographic features such as seascape composition or
orientation (Moore et al. 2009).
Mapping of this type has been recently applied to
examine the influence of benthic habitat distribution
on demersal fish assemblages (Moore et al. 2009,
2011, Schultz et al. 2012, Rees et al. 2013), and has
been found to be an important component for the
predictive modelling of biotic communities (Moore et
al. 2009). However, to date, the focus has been on
evaluating differences in demersal fish assemblages
between rocky reef and soft-sediment environments
(Anderson et al. 2009, Moore et al. 2009, 2011,
Harvey et al. 2013), or examining biotic variation
with other environmental parameters such as depth
(Anderson et al. 2009, Fitzpatrick et al. 2012, Schultz
et al. 2014) or distance from reef (Schultz et al. 2012).
Despite the increasing availability of high resolution
maps of benthic features, investigations into the
effects of fine-scale differences in sedimentary habitats (both spatially and compositionally) on biotic
patterns are rare. There are very few studies that
explicitly use seabed backscatter of soft-sediments
to examine correlations with fish assemblages. Using
volume backscatter strength measurements which
were also validated using granulometric analysis,
D’elia et al. (2009) found a strong association between pelagic fish schools and broad sediment classes.
However, to date, we have not found any published
accounts that combined fish assemblage surveys,
sediment analyses, and acoustic methods to assess
the differences between fishes and the fine-scale
structure of unconsolidated substrata.
When compared with rocky reef habitats, subtidal
soft-sediment environments are considered to be
homogenous and physically stressful habitats for biota
(Underwood & Chapman 2000). However, these
habitats can be highly heterogenous for a range of

reasons (Thrush & Dayton 2002) and research on
specific fish-habitat associations in unconsolidated
environs has lagged behind comparable investigations of reef fish (Connell & Lincoln-Smith 1999,
Thrush & Dayton 2002, Owen & Gladstone 2010).
This lack of detailed data is out of proportion to the
extent of the habitat, with the majority of the seafloor
comprising unconsolidated sediments. In the interests of objective management of all habitat types and
species in marine ecosystems, further understanding
of patterns and processes of fish assemblages in
unconsolidated habitats is required. Most sampling
of fish in this habitat has been performed using trap
or trawl methods (e.g. Gray & Otway 1994, Connell
& Lincoln-Smith 1999, Travers et al. 2010). However, the destructive and extractive nature of these
methods is often untenable in marine protected areas
(MPAs).
As a non-destructive alternative, baited remote
underwater video (BRUV) has become increasingly
popular for studies of demersal fish assemblages
(Ellis & DeMartini 1995, Willis et al. 2000, Willis &
Babcock 2000, Watson et al. 2005, Harvey et al. 2007,
2012, Malcolm et al. 2007, 2011). BRUVs can effectively sample species of fish and elasmobranchs
which are attracted to the bait, or attracted to the
commotion around the bait, as well as species in the
vicinity or passing through. As with all fish assemblage sampling methods, BRUV has limitations, such
as the inability to effectively sample some very small
cryptic species (Harvey et al. 2007), however BRUVs
have been shown to be comparable to other methods
(Cappo et al. 2004, Harvey et al. 2007, Langlois et al.
2010, Lowry et al. 2012). While most BRUV studies
focus on reef fish assemblages, this method also provides an effective approach for assessing fish assemblages of soft-sediment environments (Harvey et al.
2007, 2012, Owen & Gladstone 2010, Schultz et al.
2012, 2014). Cappo et al. (2004) demonstrated that
BRUVs, while sampling a different component of the
overall assemblage, are as effective as trawling in
resolving patterns in fish assemblage structure in
unconsolidated habitats.
The lack of comprehensive biotic datasets is a
typical problem in the objective planning and management of MPAs (Malcolm et al. 2010a, 2011). One
method of overcoming this restriction is to use surrogates, which may include a reduced set of species
(Smith 2005, Malcolm & Smith 2010) where such data
are available, or environmental categories that effectively represent biotic patterns. In the absence of
comprehensive biotic data, a habitat classification
scheme (HCS) has been employed as a planning tool
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for marine parks in New South Wales (NSW) (Malcolm et al. 2010a, 2011). This system uses hierarchical classification, based primarily on substratum type
(unconsolidated sediments and hard substrata) and
depth (shallow, intermediate and deep) to identify
habitats likely to support different community types.
However, if there is a mismatch between these physical categories and patterns of community structure,
the effectiveness of planning and management is
reduced (Stevens & Connolly 2004, Malcolm et al.
2010a).
Habitat characteristics and their relationship with
fish assemblages have been examined in rocky reef
environments (Friedlander & Parrish 1998, Malcolm
et al. 2010a, Fitzpatrick et al. 2012), for factors such
as latitude, distance from shore, depth, dominant
benthos or topographic complexity, but fish assemblage data of this nature is comparatively rare for
sedimentary environments. While there is considerable regional-scale (100s to 1000s of km) heterogeneity in sediments of the Australian continental shelf
(Williams et al. 2010), there is scant information on
associated biota. Indeed, the influence of finer-scale
habitat heterogeneity has not been explicitly examined for fish assemblages of sedimentary habitats in
NSW marine parks. Johnson et al. (2013) argue that
studies examining abiotic habitat requirements of
demersal fish require a decrease in study scale and
an increase in resolution if conservation ecology is to
progress in this field.
Seabed mapping in the Solitary Islands Marine
Park (SIMP) and Solitary Islands Marine Reserve
(SIMR) (Jordan et al. 2010) has revealed distinct differences in sediment characteristics based on backscatter imagery (see Fig. 1). Large areas of relatively
darker-shaded, higher-intensity backscatter suggest
a more ‘reef-like’ seafloor, such as pebbles and cobbles, while lighter-shaded, lower-intensity backscatter suggests sandy habitat types (Jordan et al. 2010).
In the same way that different fish assemblages have
been recorded in different habitat types on hard substrata (Anderson & Millar 2004, Malcolm et al. 2010a,
2012, Fitzpatrick et al. 2012), it is likely that assemblages will differ between different sedimentary habitats. In previous work, Schultz et al. (2014) detected
patterns supporting this hypothesis in a study which
primarily focused on the effects of depth and distance
from shore. They found that fish assemblages were
correlated with backscatter intensity, which was
potentially confounding the patterns in assemblage
structure across the main factors (Schultz et al. 2014).
Here, we provide a more robust and targeted test
of the relationship between type of unconsolidated
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sediment and fish assemblages to further inform the
refinement of the HCS for the SIMP.
The specific aims of this research were therefore to
(1) evaluate the relationship between fish assemblage structure and different types of unconsolidated
habitats (defined using high-resolution swath acoustic
mapping and validated using sedimentary granulometrics); and (2) evaluate if acoustic backscatter
potentially represents an effective physical proxy for
demersal fish assemblages on the inner continental
shelf of subtropical eastern Australia.

MATERIALS AND METHODS
Study area and backscatter metrics
The SIMP and adjacent SIMR are positioned in the
Tweed-Moreton Bioregion on the mid-north coast of
NSW, south-eastern Australia, and, combined, cover
approximately 860 km2. Both the SIMP and SIMR are
multiple use MPAs that contain sanctuary zones
(SZs), habitat protection zones (HPZs) and general
use zones (GUZs). This region is known to exhibit
high diversity due to a broad overlap between tropical and temperate fauna, with consequently high
conservation status (Harriott et al. 1994, Smith et al.
2008, Malcolm et al. 2010b). While there are extensive reef habitats throughout the SIMP and SIMR, the
majority (~80%) of mapped benthic habitat is unconsolidated sediments.
An area of approximately 24 km2 positioned within
the GUZ in the SIMR and SIMP was designated as
the study area (Fig. 1). The study area had almost
complete swath acoustic mapping coverage using a
125 kHz GeoSwath interferometric sidescan sonar.
Cleaned backscatter data were gridded at 5 × 5 m grid
cell resolution and the layers examined in ArcGIS
(ArcGIS v9.3, ESRI Software). Beam and scatter functions were extracted and applied to normalise the
data. There are potential problems with visually interpreting sidescan sonar imagery to define between
habitats, in part due to artefacts left by the beam
footprint. Artefacts are a consequence of each measurement taken from the different grazing angles of
the swath not being subject to the same isonification geometry (Hughes-Clarke 1994). Dual-transducer
systems also suffer from a paucity of data at nadir,
requiring interpolation of backscatter immediately
below the vessel. Thus only broad backscatter classes
were delineated from the backscatter and used to
define the different seabed types, and, where possible,
sites were placed away from obvious artefacts.
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Fig. 1. The location of the 36 individual stereo-BRUVs deployments within the Solitary Islands Marine Reserve and Solitary Islands Marine Park, New South Wales, Australia. White squares = dark lens sites, white diamonds = dark shade sites, black
squares = complex sand sites, black diamonds = flat sand sites. Background shading represents reflected signal backscatter intensity, with darker shading representing greater intensity and lighter shading representing less intensity. Top inset shows
study area in relation to Australian coastline. Bottom inset shows study area position within the SIMP/SIMR area (shaded)
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Initially, 4 apparent ‘habitat types’ were selected
based on a combination of relative backscatter (greyscale) intensity and morphological differences in habitat types. Relative backscatter intensity (very dark =
very high intensity, dark = high intensity, light = low
intensity, very light = very low intensity), in which
darker areas represent coarser sediments comprising
gravel and cobbles, while lighter shades represent
finer sediments (Jordan et al. 2010), was used to define between areas with different sediment types.
Secondly, there were also visually apparent morphological differences in habitat size, shape, and orientation differentiating these habitat types. The very dark
areas were narrow, elliptical shaped lenses, the dark
areas were more broadly spread, the light areas appeared to have complex bedforms with sand waves,
and the very light areas were flat. For the purpose of
this study, we named these 4 habitats dark lens (DL),
dark shade (DS), complex sand (CS) and flat sand
(FS). Three sites were sampled within each of the 4
‘habitat types’ (e.g. DL1, DL2 and DL3) using BRUVs,
with 3 replicate BRUVs per site. All 36 replicates
were distributed within a fixed depth range (35 to
50 m), and within 4 km of each other, to negate effects
of depth or meso-scale spatial variation on fish assemblage structure (Schultz et al. 2014). Each of the 3
BRUV replicates deployed at a site within a habitat
was spatially separated by at least 200 m. The general
position of each site and coordinates for each BRUV
deployment were selected using ArcGIS. Coordinates
were uploaded to a handheld GPS for positioning of
BRUVs and collection of sediments in the field.
Ten, 25, 50 and 100 m radius buffers were generated around each BRUV deployment using the Buffer
tool in ArcGIS (v9.3). However, when calculating
spatial statistics, larger buffer sizes tended to include
more values associated with artefacts in the beam
footprint than smaller buffer values, and only spatial
statistics for the 10 m buffer are discussed hereafter.
Zonal statistics (ArcGIS Spatial Analyst) were performed on the backscatter data (5 m cell size) at this
buffer radius. Statistics including mean, minimum,
maximum, range, standard deviation and sum of cell
values were calculated within the buffer zone (10 m
radius) around each BRUV sample. These results
were output to a table and incorporated into the variable data for subsequent statistical analyses.

Field methods
Field sampling was conducted during a 3 wk period
of good weather in October and November 2011
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(Austral spring). To avoid potential confounding effects associated with different levels of protection
(i.e. fishing pressure) among sites, all sampling sites
were within GUZs in the SIMP and SIMR. Fish
assemblages in each of the 4 habitat types were
assessed using BRUVs deployed for 30 min (Harasti
et al. 2015), and sediment granulometry was determined from samples extracted using a van Veen grab
(1 sediment sample per site). All sediment grabs were
deployed after BRUVs were completed and sediment
samples were discarded and repeated if the van
Veen grab was not fully closed. The BRUVs unit was
the replicate in the study, and 3 replicates were
deployed at each site, generally within 5 min of each
other. Thus, a total of 36 replicates were completed in
the study area. Each BRUV unit comprised a digital
camcorder with a wide-angle lens, inside a waterproof housing. Housings were secured within a steel
attachment frame, and a rope and float system linked
the unit to the surface. We used ~1 kg of pilchards
Sardinops neopilchardus mashed into a bait bag approximately 1.5 m from the cameras for each 30 min
deployment (Hardinge et al. 2013). Deployment
methods follow those of Malcolm et al. (2007).

Video interrogation
Video files were converted to avi format, and analysed using the program EventMeasure (SeaGIS).
The identity of each species of fish and an index of its
relative abundance (MaxN) were recorded. MaxN is
the maximum number of each species of fish within
the field of view at any one instant during a 30 min
recording (Malcolm et al. 2007). This removes the
possibility of double counts of individual fish. Very
small fish that could not be identified were not
recorded.

Sediment analysis
Sediment samples were dried in an oven at 60°C
before any subsequent processing. Once dry, three
200 g subsamples were taken from each van Veen
grab sample and sieved though a series of nested
sieves on a Ro-Tap Sieve Shaker (W. S. Tyler). Sieve
sizes were scaled at 1/2 phi intervals according to the
Wentworth scale to separate pebbles and cobbles
(gravels), from coarse sediments (granules, coarse,
medium and fine sand) and the finer sediment fractions (silt and clay) (Wentworth 1922). After sieving,
each component of the overall sample was weighed
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to the nearest 0.1 g. This dataset was then processed
in the grain size distribution and statistics package
GRADISTAT (Blott & Pye 2001), which generates
mean, mode, sorting, skewness, median and other
statistics, both arithmetically and geometrically (in
metric units) and logarithmically (in phi units), using
both moment (Friedman & Johnson 1982) and Folk
and Ward (Folk & Ward 1957) methods.

Statistical methods
A range of multivariate and univariate analyses
were performed using the PRIMER + PERMANOVA
statistical software package (Clarke & Gorley 2006,
Anderson 2001, Anderson et al. 2008). A 2-way hierarchical model was used, with Habitat analysed as a
fixed factor, and Site analysed as a random factor
nested within Habitat. Non-metric multi-dimensional
scaling (nMDS), based on a Bray-Curtis dissimilarity
matrix of square root-transformed data, was used to
visually depict patterns in the fish assemblage structure across different habitats. Permutational multivariate analysis of variance (PERMANOVA) (Anderson 2001, Anderson et al. 2008), was then used to
test the null hypothesis of no significant difference
between Habitat, and between Site nested within
Habitat.
The relationship between the different granulometric measures and the biotic data was explored in
2 ways. (1) Bubble plots, scaled to represent the
value of the factor of interest, were superimposed
on the biotic data to visually compare the different
granulometric measures with the fish assemblages
(Clarke & Gorley 2006). (2) Fish data and different
measures of sediment data were quantitatively explored using BIOENV in BEST (Clarke & Ainsworth
1993). In our case, the BIOENV procedure conducted
rank correlations between Bray-Curtis dissimilarity
matrices of the fish assemblage data and each of the
statistical measures of granulometry (mean grain
size, median grain size, etc.), and found the combination of factors that gave the highest correlation coefficient. Prior to analysis, granulometric measures
were tested for autocorrelation in BIOENV and the
eleven initial measures were reduced to 5 (median
grain size, % gravel, arithmetic sorting, skewness and
kurtosis) as a result.
Where PERMANOVA revealed a significant difference in assemblages between the habitat types,
the SIMPER routine (Clarke & Warwick 2001) was
applied to the biotic data to determine which species
were primarily responsible for differences in assem-

blage structure. Univariate PERMANOVAs (using
Euclidean distance as the similarity measure) were
performed for species that were consistently found to
contribute the most to differences among factor
levels. Correlations between metrics generated from
swath imagery and granulometrics were evaluated
using the RELATE procedure. Correlation between
swath metrics was first tested using draftsman’s plots,
and minimum cell value and range of cell values
were retained, as all other variables were closely correlated. The range metric (the difference between the
highest and lowest value) was used for subsequent
analyses, as it was the best indicator of sediment complexity between minimum cell value and range of cell
values. Matrices for swath metrics and granulometrics
were constructed using Euclidean distance as the
similarity measure. Both datasets were normalised
prior to construction of similarity matrices. The RELATE procedure (using 4999 permutations) was then
applied to correlate the swath metrics with the granulometrics using Spearman rank correlation.

RESULTS
General
A total of 19 species from 14 families was recorded
from the 4 habitat types. Of these, 9 species were
recorded in only 1 habitat type, and each habitat type
contained at least 1 of these 9 species. The most speciose family was the flatheads (Family Platycephalidae, 3 species) followed by shovelnose rays (1 Rhinobatidae, 2 species) and grubfishes (1 Pinguipedidae,
2 species). When combining all MaxN values, the
most numerically abundant species was southern yellowtail scad Trachurus novaezelandiae (211 ind.),
followed by the longspine flathead Platycephalus
longispinis (149 ind.), whiting Sillago spp. (117 ind.),
bluespotted flathead Platycephalus caeruleopunctatus (58 ind.) and six-lined trumpeter Pelates sexlineatus (54 ind.).

Multivariate analyses
nMDS ordinations demonstrated a clear difference between assemblages found in different
habitats (Fig. 2). The nMDS separated assemblages
found in the 2 gravel habitats from those found in
the 2 fine sand habitats (Fig. 2A). There was some
within-habitat separation for DL and DS types,
with 1 DS site clustering with 2 DL sites towards
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Fig. 2. Non-metric multi-dimensional scaling (nMDS) ordination of the fish assemblage (centroids of the 3 replicates for each
site) across the 4 habitat types, and bubble overlays for the 3 factors found to have the best combined correlation coefficient. A
smaller bubble = relatively smaller value (lower % gravel, lower arithmetic sorting value, lower median grain size), grading to
a larger bubble = relatively larger value (higher % gravel, higher arithmetic sorting value, higher median grain size). Points in
the left part of the plot represent assemblages found in the 2 gravel habitats, while points in the right part of the plot represent
assemblages in the fine sand habitats. (A) No factors selected; (B) median grain size; (C) % gravel; (D) arithmetic sorting. DL =
dark lens; DS = dark shade; FS = flat sand; CS = complex sand. Dashed lines indicate 75% similarity

the top of the plot, and 2 DS sites clustering
together below these. The one DL outlier to the far
left of the plot was largely attributed to the high
abundance of six-lined trumpeter at that site, as
well as 4 other species (Parapercis nebulosa, Parapercis stricticeps, Priacanthus blochii, Mustelus
antarcticus) that were otherwise not recorded in
this study. The FS sites and 2 of the CS sites clustered together to the left of these as a discrete
group. The remaining outlier (CS1) included 1
species otherwise not recorded in the study
(Rachycentron canadum), and one other species
only recorded in one other replicate (Orectolobus
maculatus) — if these 2 species were removed from
the analysis, then this site clustered with all other
fine sand habitat sites. PERMANOVA supported
the trends seen in the nMDS ordination, indicating
a significant effect for the factor Habitat (p =
0.004) but not for Site (Habitat) (Table 1).
To visually explore the effects of different granulometric measures on the fish assemblage patterns, dif-

ferent measures were superimposed on the biotic
data points (Fig. 2B−D). The strength of these associations was also quantified using BIOENV. A combination of median grain size, % gravel and arithmetic
sorting produced the best overall correlation coefficient (ρ = 0.51, Table 2), with % gravel having the
highest individual correlation coefficient (ρ = 0.50,
p = 0.014). These 3 environmental factors were therefore superimposed over multivariate ordination plots
(Figs. 2B−D). While nMDS ordination also shows

Table 1. PERMANOVA for the analysis of differences in
assemblage structure across the different factors. Bold:
significant at p ≤ 0.05
Source of variation

df

MS

Pseudo-F

p

Habitat
Site(Habitat)
Residual

3
8
24

2530.9
832.61
581.16

3.0397
1.4327

0.004
0.102
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Table 2. Spearman rank correlation coefficients from the
BIOENV procedure for 36 sites, for 5 factors (K = number of
factors for each combination, only 3 factors which generated
strong correlations are shown: D50 = median grain size,% Gr
= percentage gravel, σ = arithmetic sorting). ρw = correlation
coefficient for that combination
K
Best

Variable combinations (ρw)
2nd
3rd

Overall

D50, % Gr, σ
0.51

Two factors

D50, σ
0.50

D50, % Gr
0.49

Single factor

% Gr
0.50

D50
0.49

σ
0.37

both median grain size and arithmetic sorting to be
visually correlated with the fish assemblage, BIOENV generated lower individual values than for %
gravel (median grain size ρ = 0.49, arithmetic sorting
ρ = 0.37, Table 2).
The best nMDS visualisation of the 3 measures
applied in overlays was % gravel (Fig. 2C). The DL1
site was notably different in both assemblage structure and % gravel (73.2%), and separated clearly
from other sites to the left of the ordination. With
slightly lower % gravel values, the DL2 (50.7%) and
DL3 (42.2%) grouped together in the top right of the
plot. Of the DS sites, DS3 had the highest % gravel
(16.7%), and this assemblage grouped with DL2 and
DL3. Sites DS1 (16.3%) and DS2 (13.4%) grouped as
a separate cluster in the lower portion of the plot. All
fine sand sites, which had between 0 and 1.7%
gravel, grouped as the main right-hand cluster,
except for CS1 which separated to the far right of
the plot.
Having established that differences in assemblage
structure existed across the different habitats, the
SIMPER routine was used to determine which species were primarily responsible for these differences. Four species (Trachurus novaezelandiae,
Pelates sexlineatus, Platycephalus longispinis and
Sillago spp.) were found to be important discriminators, accounting for > 50% of assemblage differences; these were therefore explored further with
univariate analyses.

Univariate analyses
Overall, species richness was higher at gravel sites,
with 14 species recorded in the DL habitat, 11 species
in the DS habitat, 8 species recorded in FS habitats,

and 8 species in CS habitats. While some of the more
common species were relatively evenly distributed
across all habitats, others showed greater association
with either fine sand or gravel habitats in general.
For example, eastern shovelnose rays Aptychotrema
rostrata were more than 4 times more abundant in
fine sand habitats than in gravel habitats, while
another species from the same family, the eastern fiddler ray Trygonorrhina fasciata, was almost 3 times
more abundant in gravel habitats than in fine sand
habitats. Six species recorded in the DL habitat were
not found in any other habitat type (P. sexlineatus,
M. antarcticus, P. blochii, P. nebulosa, P. stricticeps,
Gymnothorax prionodon). Most notably, six-lined
trumpeter P. sexlineatus was abundant at the DL
sites but absent from all other habitats.
While mean species richness was slightly higher
in the 2 gravel habitats than in the 2 fine sand habitats (Fig. 3), these differences were not significant in
the PERMANOVA analyses (Table 3). One site, DL1
(the site with the highest % gravel), had noticeably
higher species richness (8) than all others which
ranged between 3.33 and 6. Total MaxN values varied between 7.33 and 27 across all sites except for
site DL1, which had a total MaxN value of 40.33
(Fig. 3). This difference was mostly due to high
abundances of both P. sexlineatus and T. novaezelandiae. Again, no significant differences were
found in the PERMANOVA analysis (Table 3). No
obvious trends were evident for T. novaezelandiae
(Fig. 4). This species was abundant at 3 sites (DL1,
DL3 and CS2), but was otherwise uncommon or
absent from all other sites. The PERMANOVA
revealed significant differences associated with
Site(Habitat) (p = 0.016), but not Habitat (Table 3).
There was a clear trend for P. sexlineatus, which
was only recorded at DL sites (Fig. 4). DL1 had high
relative abundance, while low abundances were
recorded at the other DL sites. The PERMANOVA
revealed a significant Habitat effect (p = 0.017) but
no Site(Habitat) effect (Table 3). There were slightly
higher abundances of P. longispinis at fine sand
habitats, with the highest relative abundance seen
at FS sites, and lowest relative abundances at DS
sites (Fig. 4). However, the PERMANOVA recorded
no significant differences between Habitat or Sites(Habitat) for P. longispinis (Table 3). Sillago spp.
were recorded at all sites, but were most abundant
at FS sites, and least abundant at CS sites, while
moderate relative abundances were seen in both
gravel habitats (Fig. 4). The PERMANOVA revealed
a significant Habitat effect (p = 0.004) but not for the
Site(Habitat) factor (Table 3).
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swath acoustics is a reliable proxy for sediment composition at the spatial scale examined here.

DISCUSSION
General

Fig. 3. Mean species richness and total MaxN (± SE) across
4 habitat types (3 replicates per type). Horizontal bars: mean
relative abundance for each species within each habitat
type. See Fig. 2 for habitat abbreviations

Correlations between swath metrics and
granulometrics
Correlations between the similarity matrices for
swath metrics and granulometrics indicated a strong
and highly significant relationship (ρ = 0.825, p =
0.0002). This suggests that backscatter intensity from

Using a combination of spatially explicit benthic
mapping techniques and BRUVs, this study has
demonstrated that there are clear differences in fish
assemblages associated with unconsolidated habitats with different acoustic backscatter intensity and
granulometric characteristics. This is important because unconsolidated sediments are the predominant subtidal habitat in the SIMP but are poorly
known because the majority of focus to date has been
on reef habitat. To date, acoustic mapping (~25% of
the marine park area) has revealed a number of
unconsolidated areas with substantially different
characteristics, particularly in backscatter intensity
(Jordan et al. 2010). Our previous research indicated
that fish assemblage patterns are linked to factors
such as depth, but also suggested that sediment type
may also be an important determinant (Schultz et al.
2014): this study further supports that hypothesis.
Thus, in locations where sedimentary characteristics
vary extensively over relatively large spatial scales
(kilometres to 10s of kilometres), it is possible that the
type or complexity of unconsolidated habitats may
have a greater influence on patterns of demersal fish
assemblage structure than factors such as depth
(Schultz et al. 2014). Here we demonstrate the potential value of detailed backscatter maps in assessing
spatial patterns of demersal fish in this context. By
further ground-truthing the backscatter data, using
granulometrics generated from grab samples, we
have strengthened the validity of these findings, and
provide an explicit measure of sediment composition
for planning purposes that links broad-scale backscatter imagery to the fish assemblage.
Different measures of habitat heterogeneity have
been recognised as potential predictors of fish
assemblage patterns at a seascape scale (Grober-

Table 3. Univariate PERMANOVA for mean species richness (S) and total MaxN, and for the 4 species determined by SIMPER
as being the primary drivers of assemblage differences across the study. Data are p-values. Bold: significant at p ≤ 0.05
Source

Habitat
Site(Habitat)

S

Total MaxN

Trachurus
novaezelandiae

Pelates
sexlineatus

Platycephalus
longispinis

Sillago spp.

0.248
0.384

0.214
0.322

0.844
0.016

0.017
0.801

0.083
0.45

0.004
0.854
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Fig. 4. Relative abundances (mean MaxN ± SE) of 4 species determined by SIMPER as being most responsible for discriminating between fish assemblages across the 4 habitat types (3 replicates per type). Horizontal bars: mean relative abundance
for each species within each habitat type. Significant Habitat effects were found for Pelates sexlineatus and Sillago spp., and a
significant Site(Habitat) effect was found for Trachurus novaezelandiae. See Fig. 2 for habitat abbreviations

Dunsmore et al. 2007, Moore et al. 2011), and BRUVs
have been used in conjunction with detailed habitat
maps in other studies to assess the spatial ecology of
different guilds of demersal fish (Colquhoun et al.
2007, Moore et al. 2009, 2011). Similarly, D’elia et al.
(2009) used acoustic backscatter imagery and corroborating granulometric measures to assess pelagic fish
schools. However, our study appears to be the first to
use acoustic backscatter and granulometric measures, in combination with BRUVs, to assess assemblages of demersal fish in unconsolidated habitats.
A number of different factors may contribute to the
disjunct patterns in assemblage structure between
gravel and fine sand habitats in this study. Many fish

are epibenthic predators that are highly selective in
their prey (Thrush 1999), and may consequently frequent specific habitats or forage in habitats substantial distances from their shelter habitat (Langlois et
al. 2005, Grober-Dunsmore et al. 2007). For example,
white trevally Pseudocaranx dentex was found to
travel between 4 and 7 km in one day (Afonso et al.
2009). This species, which was recorded in our study
on the DL and DS habitats, but not in either fine sand
habitat, is known to feed on epibenthic crustaceans
such as Nebalia species (Rainer & Unsworth 1991)
and molluscs. Whether this species is making feeding excursions from nearby reefs or these graveldominated habitats are a residential area for individ-
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ual fish is unclear, but it is possible that specific prey
items are more common in this habitat type than in
finer sands. Similarly, P. sexlineatus, which has a preferred diet of crustaceans (Sanchez-Jerez et al. 2002),
was present in large numbers in the DL habitat and
absent from other habitats. While benthic community
ecology is far more complicated than a simple relationship between sediment type and community type
(Seiderer & Newell 1999, J. Rowland unpubl.) it is
possible that specific prey items for these species are
found in higher densities in gravel-rich sediments
than in finer sands. Furthermore, it is also possible
that gravel-dominated habitats can act as a ‘reef surrogate’. Several of the species recorded in our study,
such as the 2 mentioned above, are considered ‘reefassociated’ (Kuiter 1993, Swainston 2011) and were
both moderately abundant in the gravel habitats in
this study. These gravel-rich habitats may provide
refuge from larger predators, and/or foraging opportunities not available on reefs for some species.
Juvenile life stages of some fish are often positively
correlated with the complexity of soft-sediment habitat (Auster et al. 1995), and the use of microhabitat
features in sedimentary habitats must also be considered in this context, rather than at the seascape scale.
It is possible that fine-scale habitat complexity is
higher in gravel- and/or cobble-dominated habitats
than in sand-dominated habitats in terms of rugosity
and available shelter for fish, and this could influence
predation and predator avoidance, although this
clearly requires further investigation. For example,
Thrush et al. (2002) found a positive correlation between numbers of juvenile snapper Pagrus auratus
and both biogenic features (e.g. sponges, hydroids,
suspension-feeding bivalves) and heterogeneity created by physical features (e.g. cobbles, shell hash,
sand waves). Enhanced survivorship of juvenile
cod Gadus morhua was demonstrated (Gotceitas &
Brown 1993) in cobble-dominated habitat when compared with sand/gravel habitats in the presence of a
predator, with individuals using interstices within the
cobble matrix as refuge. While juveniles were not the
focus of our study, a number of small epibenthic
predators, which may themselves be prey for larger
biota, were recorded in the DL habitat, such as Parapercis stricticeps, Parapercis nebulosa, and P. sexlineatus. These species are small enough to potentially
use larger cobble matrices as refuge from potential
predators.
This study recorded low species diversity relative
to that recorded for hard substrata in this marine
park (Malcolm et al. 2007, 2010a, 2011, Schultz et al.
2012), which is typical of sedimentary habitats in
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other studies in eastern Australia (Williams & Bax
2001, Moore et al. 2011). However, the presence of
strong differences in sediment type provides a component of habitat heterogeneity in unconsolidated
habitats in the SIMP, which will likely increase available niches for a greater variety of organisms. Multivariate analyses demonstrated a significant difference between assemblages, and 11 of the 19 species
recorded were found in only 1 of the 2 major habitat
types (fine sand or gravel). Further evidence of habitat specificity in some sediment-associated species
has been recorded in the SIMP. Schultz et al. (2014)
detected 4 species that were only found in locations
with higher intensity backscatter. These habitatspecific species, which are not likely to be primarily
responsible for driving broad fish assemblage patterns in sedimentary habitats due to their rarity, are
nevertheless important contributors to the biodiversity of the SIMP, and should be considered in conservation planning for this habitat type.

Implications for management
This study has implications for management of biodiversity in MPAs, where adequate and comprehensive representation of biodiversity is required (ANZECC TFMPA 1999). It suggests that, where biotic
data are lacking, separating unconsolidated sediments into gravel and fine sand classifications, as an
abiotic proxy, may improve conservation outcomes
for demersal fish assemblages. The present categories
used for the HSC, a planning surrogate for biota that
is used in the SIMP and more broadly across NSW,
only separates sedimentary habitats based on depth
(Schultz et al. 2014). This mirrors the approach that
has been found to be effective for reefs (Malcolm et
al. 2010a, 2011). Fortunately, sediments can be readily
separated and mapped across broad areas using
backscatter-derived metrics, and these data can be
applied in systematic conservation algorithm tools
such as Marxan (Malcolm et al. 2012). This is also relevant from the perspective of spatial fisheries management, as many of the species recorded in this
study are commercially or recreationally targeted.
Acoustic mapping techniques can be a useful tool
for predictive modelling of fish assemblages in sedimentary habitats, both in the SIMP and other areas.
Previous studies have demonstrated sediment characteristics such as % sand to be useful predictors for
infaunal communities (see Huang et al. 2009); however, these parameters have been typically derived
by the removal of a sediment sample. With the tech-
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nological advances in acoustic mapping, broad-scale
predictive modelling of these sediment characteristics (and thus associated communities) has become
viable (Brown et al. 2011). While the link between
sediment characteristics and demersal fish assemblages is not widely explored, predictive modelling
techniques applied to benthic communities could also
be modified to suit fish. An extension of this approach into other depth ranges, and across a broader
spatial area, as well as examining the temporal stability of these patterns, would assist in determining if
the findings of this study are more broadly applicable. A number of other seascape-scale questions,
such as effects of habitat orientation, connectivity or
isolation, and proportion or size of individual habitats, still need to be examined, as do specific granulometric questions such as sediment origin and biogenic fraction.
The use of high-resolution acoustic data to reliably
predict both infaunal and fish communities is potentially a very valuable tool for planning and management of this dominant marine habitat. Our data suggest that, for the purpose of separating discrete fish
assemblages, the division between assembleges
associated with ‘gravel’ and ‘fine sand’ habitat lies
between 13.4% gravel and 1.7% gravel. While our
data do not allow an exact value to be set, they nevertheless highlight the importance of recognising
these broad habitat types for conservation planning
in this marine park. We have demonstrated that metrics generated from mapping in GIS to separate dark
and light backscatter areas are suitable to separate
gravel and sand habitats in this region, and these
data also provide a testable framework for other
MPAs, both in this region and more widely.

provides the framework for an extension of the use
of biophysical surrogates for objective conservation
management of biodiversity in a dominant, though
little studied, habitat type.
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