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Abstract
The goal of this work was to investigate the finescale habitat associations and determine
the effect of human impacts on coral reef fish assemblages. Initially I investigate how
finescale spatial habitat variation influences the distribution and abundance of coral reef
fishes. Significant variation in the reef fish assemblage was driven by variation in
habitat. Consequently finescale habitat variation needs be accounted for in spatial or
temporal surveys of coral fish assemblages. My second question investigated how
protection from fishing influences the overall variation in coral reef fish assemblages,
while my third question investigated how consistent the differences in protected fish
assemblages are through time. Protection from fishing accounted for significantly more
variation in fish assemblages than that explained by finescale habitat alone. This was
driven by an average abundance and length of target species being higher inside
sanctuaries and a response in non-target species indicating that there are some trophic
interactions occurring between fishes. I found that both target and non-target species
can be more abundant at protected reefscapes through time, consistent with the theory
that protected areas can achieve recovery and lasting maintenance of fish assemblage
structure relative to adjacent fished locations.

I also investigated how fish assemblages within shallow coral reef habitats differ to
those of adjacent continental shelf habitats to a depth of 100m. Cross-shelf sampling
produced significant new knowledge on the depth and habitat specificity of many
species previously only known from shallow coral reef environments. Many target
species protected by shallow water protected areas are found as adults in unpotected
shelf waters suggesting shallow water protected areas alone may not be effective for all
species equally. Expanded depth distributions for many species revealed some refuge at
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depth from shallow water climate related impacts, though it is uncertain how this might
contribute to persistence in populations at a local or regional scale. Many species are
confined to one or a few shallow water habitats for their entire post recruitment lifehistory as opposed to others that can range across many. Fish assemblages associated
with deeper water habitats are composed of higher order predators and high numbers of
unique species, suggesting they will respond very differently to shallow waters when
impacted by fisheries. Diversity and unique species associated with deep water habitats
approached those found at shallow coral reef habitats. Habitat specialization changes
dramatically from species to species and was not easily predicted.

This research holds a number of key implications. Firstly the design of coral reef marine
protected areas and associated monitoring programs should account for variation in
benthic habitat. Fishing and other human impacts affect significantly different elements
of coral reef fish assemblages depending upon the biological and physical parameters of
the benthic habitat found. Marine protected areas should incorporate this habitat
variability wherever practical, as discrete elements of trophic structure were
significantly associated with different habitats. Secondly this has implications for
investigation of ecological processes sustaining coral reef ecosystems. Discrete
ecological processes that drive the structure of fish assemblages in one habitat may not
apply elsewhere. Thirdly fish assemblages associated with discrete habitat types will
respond differently and influence their ability to adapt to rapidly changing environments
under climate change scenarios. Fourthly habitats of importance for many shallow coral
reef fish extends out across the breadth of the continental shelf. The presence of more
abundant and larger target species inside sanctuary areas facilitates increased
abundance of certain non-target species suggesting marine protected areas work to
recover and subsequently protect entire fish assemblages.
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1

1 Introduction
One of the biggest obstacles to understanding the effect of human impacts on coral reef
fish assemblages is inadequate knowledge of the relationship between habitat variability
and fish assemblage structure (Holland et al., 1996; Stevens et al., 2000b; Meyer &
Holland, 2005b; Sale et al., 2005). Changes in the types of habitats used by fish species
throughout their life history makes this task even more complicated (Holland et al.,
1996; Stevens et al., 2000a; Jackson et al., 2001; Zeller et al., 2003; Babcock et al.,
2005). Very few generalizations can be made about the habitat associations of fish and
how they change ontogenetically and between different species. Many coral reef fish are
known to utilize spatially or temporally restricted habitats at different stages in their
development. The availability and quality of juvenile habitat that exists directly
determines the rate of replenishment of depleted coral reef fish stocks to nearby coral
reefs (Mumby et al., 2004). The importance of specific habitat for maintaining the life
history of species that aggregate to spawn in comparison to those with alternative
reproductive strategies is obvious (Sadovy & Domeier, 2005). The ontogenetic habitat
requirements of species, even within the same genus, can differ substantially requiring
dedicated studies to inform design of conservation and management measures.
Conservation and impact-management strategies that are implemented without adequate
knowledge of species essential habitat requirements can therefore be compromised.

This thesis aims to increase our understanding of fish habitat associations in a tropical
coral reef ecosystem in the North West of Australia. By applying new non-destructive
sampling techniques, the significance of fish assemblage habitat associations across
specific temporal and spatial habitat and depth gradients, within and outside marine
protected areas will be investigated (Figure 1.1). Understanding this natural variability
and subsequently its relationship to fish demographics such as density, abundance, size,
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biomass, distribution and assemblage structure is essential to predicting the impact of
climate induced habitat change, fisheries and design of marine reserve networks as a
management tool (Russ et al., 1996; Stevens et al., 2000b; Piet & Jennings, 2005).

1.1 Approach
This study was conducted at the Ningaloo Coast World Heritage Area, within Ningaloo
Marine Park (NMP) (Figure 1.1). This protects Australia’s longest fringing coral reef
supporting increasingly valuable recreational and commercial fisheries and nature based
tourist industries worth more than $100m annually (Wood & Dowling, 2002). Both
depend upon sustainable marine resources particularly demersal fish assemblages. The
reef is close to shore, relatively pristine compared to most coral reefs world wide and
contains highly productive waters. The region has a semi-arid climate and largely lacks
both coastal development and terrestrial runoff (MPRA, 2005). Consequently, many
factors impacting coral reefs globally are minimal or absent although warm water coral
bleaching was reported to occur for the first time in 2011 (after undertaking sampling).
Commercial and recreational fishing represent the only contemporary legal extractive
activity at this location with commercial fishing occuring only outside the coral reef
lagoon and recreational fishing everywhere prior to 1989. In 1989, fishing impacts
provided justification for the implementation of protected reserves including Mandu and
Osprey sanctuary zones with the goals of preserving fish assemblages and maintaining
biodiversity (MPRA, 2005). These are strict nature reserves or IUCN category 1a
protected areas (IUCN, 2008). Surveys of target fish assemblages (including Lethrinids,
Serranids, Lutjanids and Haemulids) undertaken in 1987 before the inception of
protected areas in northern Ningaloo Reef concluded that although there were
significant variation in the abundance of heavily targeted L. nebulosus and L. atkinsoni
between back reef zones, there were no differences in target fish density or size along
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Figure 1.1: Diagram describing thesis structure and main concepts.
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the fishing gradients characteristic of the northern Ningaloo Reef lagoon (Ayling &
Ayling, 1987). Thirteen years after inception of these sanctuaries, elevated abundances
and size of targeted fish were recorded relative to adjacent fished sites (Westera et al.,
2003). Target species were surveyed at protected area locations once before their
declaration, again thirteen years later and the work presented in this thesis represent a
second post implementation round of surveys. Recovery of abundance and biomass
from effects of fishing has taken place over 25 years consistent with that found in other
studies (Russ & Alcala, 2004; McClanahan & Graham, 2005).

Ningaloo Reef fish assemblages are dominated by lethrinids and the most heavily
targeted reef fish is the spangled emperor, Lethrinus nebulosus. The life history habitat
associations of this and all other target species are not well understood (Moran et al.,
1993), however it is thought that L. nebulosus relies upon a variety of habitat types at
different life history stages. This fish is thought to utilize inshore subtidal algal
dominated reef and seagrass patches as juveniles, coral reef lagoon habitat in large
conspecific schools and offshore reefs during particular times of year to spawn. The
species is known to prey heavily on sea urchins (Westera et al., 2003), and has been
implicated in top-down processes affecting trophic cascades inside and adjacent MPAs
(Farmer & Wilson, 2011). Very little is known about the relationship between fish
assemblages and habitat variation at this location. As such Ningaloo Reef represents an
ideal case study to advance baseline understanding of fish assemblages in response to
complex habitat variation and fishing.
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1.2 Aims
This thesis is presented in four main data chapters that have been drafted as manuscripts.
Chapter two establishes the relationship between variation in the distribution and
abundance of fish assemblages and finescale spatial habitat variation at this location.
Fish assemblage parameters considered include distribution, length, abundance, density
and biomass and body size spectra, piscivorous prey abundance, competitor abundance,
fish guild structure, trophic structure and taxonomic diversity (e.g. (Priede & Merrett,
1998; Yau et al., 2001; Cappo et al., 2004). I quantify how fish assemblages are
distributed across coral reef lagoon habitats. Links between fish assemblages and habitat
associations can help reveal the role fish have in maintaining essential ecological
processes. For instance increases in urchin prey abundances due to a reduction in their
predators has been shown to dramatically reduce macroalgal habitat in temperate reefs
(Shears & Babcock, 2002). This has been shown to have top-down effects on habitat
quality by reducing habitat complexity, benthic primary production and trophic
cascades that maintain fished populations.

The relative importance of habitat for structuring fish assemblages has not been well
investigated (Anderson & Millar, 2004). To understand the potential effect of human
impacts such as fishing and climate change on the trophic structure of coral reef fish
assemblages. It is important to determine whether different components of a coral reef
fish assemblage are randomly distributed across a reef profile or if particular trophic
groups or other components of the assemblage are found restricted to specific habitat
zones. Impacts on reef flat, algal dominated pavements or massive Porites bommies for
instance are likely to impact associated fish assemblages in very different ways. This in
turn affects different trophic groups and the various ecological processes to which they
contribute.
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Chapter three determines if there is evidence that protection from the direct impacts of
fishing accounts for variation in overall fish assemblage structure in addition to that
contributed by fine scale habitat. In order to assess the effectiveness of protected areas
for preserving fish assemblage structure it is necessary to account for the influence of
habitat variability before you can demonstrate direct or indirect effects on assemblage
structure (Willis et al., 2003). Indirect impacts arising out of removal of fished species
such as predator-prey or competitive interactions may also result in increased
abundance of prey items (Gascuel et al., 2005), release of competing species from direct
competition (Ibarra et al., 2003), decrease in abundance of species who benefit from the
presence of fished species or change in ecosystem and habitat structure via trophic
cascades (Pauly et al., 2005). These indirect effects are difficult to predict and data on
this are sparse in the literature.

A primary consideration of any study is repeatability. It is critical to demonstrate that
observed patterns in fish assemblage structure is not just a function of natural spatial or
temporal variability but the results can be repeated and the effects are consistent through
time. Consequently in chapter four I repeatedly sampled fish assemblages a further three
times to establish whether these potential effects are consistent through time. There are
any number of temporal variables that have been shown to significantly influence fish
abundance and distribution and include diurnal (Meyer & Holland, 2005a), tidal (Hartill
et al., 2003) and interannual variation (Moran et al., 1993) in species movements. It is
important to demonstrate that observed patterns are not a function of such processes and
emphasizes the need to account for temporal variability in this type of study (Willis et
al., 2003). Very few studies into potential effects of marine reserves on fish
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assemblages have multiple temporal replication of results, decreasing the reliability of
quantitative evidence presented in the literature (Willis et al., 2003).

The final data section Chapter five contrasts the findings of the effects of shallow water
habitats and protection from fishing against variation in demersal fish assemblages
across the continental shelf. My main aim is to determine if significant elements of
shallow water fish assemblages, particularly species that are affected by fishing and
protected by shallow water no-take zones, can be found associated with offshore reefs
and continental shelf habitats down to 100m water depths. If it is found that
significantly different size classes occur then they represent a significant reservoir of
biomass and buffer for the shallow water population. Many studies fail to account for
the full suite of habitats used throughout fish species life histories. In general very little
is known about the significance of particular habitats or mosaics of habitats required by
fish assemblages throughout their life histories (Vanderklift, 2000; Jennings, 2001;
Harvey et al., 2002a).

One possible exception is the red emperor, Lutjanus sebae, which is known to connect
spatially and ecologically distinct habitats by spending different life history stages
literally across the shelf habitats of the Great Barrier Reef (ACRS, 2000). This species
recruit into seagrass habitats of the inshore, move to midshelf, sponge habitats,
halimeda mounds and deepwater seagrass beds as sub adults, then move to outer shelf
reefs as mature adults to spawn. Within each habitat a suite of critical biological and
ecological processes and interactions might define the species. These could variously
include recruitment, home range, refuge, diet and reproduction (Doherty, 1995; Caputi
et al., 1996; Samoilys, 1997b; Sale, 2004), influence such ecological processes as
predation, intra and inter-specific competition (Jackson et al., 2001) and in turn
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influence the ecology including biogenic habitat that is found there through trophic
interactions. Each one of these stages is critical to the ability of stocks to recover from
impacts. And clearly indirect impacts on critical fish habitat may dramatically affect
abundance of this species at their next ontogenetic habitat transition.

Localized impacts such as the clearing of mangroves or smothering of seagrasses may
reduce juvenile abundance and affect fisheries in spatially separate adult habitat
(Mumby et al., 2004). These processes differ between life history stages, species and
locations often in response to spatial and temporal habitat variables and together
determine a species habitat requirements (Zeller, 1997; Sibert & Nielsen, 2001). This
last data chapter explores if there is evidence for habitat partitioning through the life
history in target species at this broader continental shelf scale, as seen in the red
emperor. Or alternatively are size-classes of species normally associated with coral reef
habitats also found in significant numbers in deep water or are they restricted to specific
shallow water reef flats. Such contrasts have very different implications for
management of shallow coral reef fish resources. Shallow water impacts are generally
considered in isolation from the broader habitat associations of fish assemblages to
adjacent deeper waters so this thesis also considers in detail the implications of fish
assemblage variation across the continental shelf.

Successful management of impacts on marine fish assemblages and their habitats needs
to be informed by quantitative research calibrating variation in fish assemblages to
habitat (Doherty et al., 1994; Vanderklift, 2000; Ellingsen, 2001; Barber, 2002). The
vast majority of sanctuary zones in tropical coral reef environments protect shallow
areas, however their efficacy may be constrained by species moving to deeper waters
beyond those protected at various stages in their life history (Fernandes et al., 2005).
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The relative importance of these habitat variables or particular combinations of habitats
in maintaining most species life history is not known (ACRS, 2000). Understanding the
complexity of fish assemblage habitat associations is critical to understanding the
effectiveness of marine protected areas for achieving conservation benefits and
management outcomes (Hilborn et al., 2004; Sale, 2004). Planning marine protected
areas that are effective at achieving these outcomes requires an understanding of
biodiversity through space and time (Pressey et al., 2007). By utilizing a sampling
method that allows sampling across a wider depth range of habitats than customary
UVC methods, I have been able to broaden the understanding of fish habitat use on
Ningaloo reef. This will enable more effective seascape level approaches to
conservation management of this world heritage resource in the future.
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2 Influence of finescale habitat variation on fish
assemblage structure
2.1 Introduction
One of the most commonly utilized approaches for assessing the spatial distribution of
marine resources is the application of habitat mapping (Jordan et al., 2005; Friedlander
et al., 2007; Holmes et al., 2008). The fundamental utility of this approach relies upon
the assumption that habitat is correlated to marine biodiversity (Ward, 1999). The most
common approach to classifying habitats is to define broad geomorphological zones
which correspond with changes in the physical environment (Arias-Gonzalez. et al.,
2006; Cassata & Collins, 2008). In coral reef environments, general indicators of
biophysical structure are often used with biological elements, such as hard coral
architecture, or the presence of macroalgae and physical elements such as reef or sand
substratum measured to indicate overall habitat heterogeneity (Arias-Gonzalez. et al.,
2006; Wedding & Friedlander, 2008). Through quantifying the spatial extent of habitat
variables and using this as the basis for planning and management decisions, it is
assumed associated biological diversity such as benthic invertebrates or fish will be
represented e.g. Great Barrier reef Marine Park re-zoning (Day et al., 2003; Fernandes
et al., 2005).

Fish assemblages are a visually conspicuous component of the biodiversity of coral
reefs and have been shown to be highly dependent upon the structure of benthic habitat
(Sale, 2004). The heterogeneous structure of coral reefs influences the distribution and
relative abundances of fish at a particular location (Friedlander & Parrish, 1998). For
example, at the species level specific habitat variables might variously facilitate critical
biological processes such as recruitment, refuge, diet and reproduction. Some species
can be dependent upon specific spatially restricted habitat (e.g. grouper spawning
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grounds in the Caribbean (Sadovy & Domeier, 2005) while other species may be highly
vagile and able to move throughout a reef-scape (Ault & Johnson, 1998). In addition,
the critical habitat requirements of fishes at different stages in their life histories, or of
species within the same genus can differ substantially (Acosta & Robertson, 2002).
Therefore, it is clear that at numerous levels finescale variation in habitat influences
species abundance (Doherty, 1995; Caputi et al., 1996; Samoilys, 1997a).

The greatest variation in fish assemblages has been shown to occur at fine spatial scales
and consequently the abundances of species driving important ecological processes are
therefore difficult to predict from one location to another (Anderson & Millar, 2004).
By influencing fish species abundance, habitat mediates important ecological processes,
such as herbivory, predation and intra and inter-specific competition, which are
involved in the maintenance of coral reef biodiversity (Ault & Johnson, 1998).
Herbivory, for example is considered fundamental to the functioning of coral reef
ecosystems because it controls the competitive interactions between corals and
macroalgae (Hughes et al., 2007). A particularly abundant herbivorous fish at one
location may be rare at another location where an ecologically equivalent species is
found in its place (Chittaro & Sale, 2003).

It is therefore essential to account for this bottom-up effect of habitat when examining
how fish assemblage structure changes with any spatial or temporal impact (Halpern,
2003; Anderson & Millar, 2004). This is particularly important when considering the
effect of fishing or climate change on coral reef fishes. Two reviews on the efficacy of
no-take marine reserves for conserving the abundance of target species and marine
biodiversity noted that many studies inadequately accounted for this fundamental source
of variation in fish assemblage structure (Russ, 2002; Halpern, 2003). To optimise
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efficacy of no-take areas it is essential to quantify how fishes and different functional
groups of fish vary across gradients in finescale habitat structure (Anderson et al., 2006).
The objectives of this research were to:1) determine whether there are different fish
assemblages associated with each of six broad scale geomorphic zones, 2) quantify the
variation in the fish assemblage structure associated with finescale habitat variation
between the geomorphic zones and to, 3) investigate whether fish trophic groups are
distributed randomly or in a predictable way to distinct biophysical coral reef habitats.

2.2 Methods
2.2.1 Study site
Ningaloo Reef is a 290 km long fringing coral reef, between 23 48'S and 21 48'S,
adjacent to the semi-arid North-west Cape of Western Australia (Figure 2.1). The 50km
long northern section of reef encompasses a lagoon ~5km wide and less than 10m deep
punctuated by numerous reef passes. To date these back reef habitats remain unaffected
by bleaching, crown of thorns starfish, terrestrial runoff or urban and agricultural
development, however measurable fishing impacts on populations of target fish species
have been recorded (MPRA 2005, Westera et al 2003). Two no-take areas, Mandu and
Osprey sanctuary zones (Figure 2.1), were established in this northern area of Ningaloo
Reef in 1989. These locations provide examples of protected coral reef lagoon
environments from which meausures of fish habitat associations can be taken without
the influence of fishing impacts.

2.2.2 Survey design and sampling techniques
Broad gomorphological zones within each of the two sanctuary zones were defined
using aerial imagery and habitat ground truthing data from previous studies (Cassata &
Collins, 2008). The two sanctuary zones were assessed and six broad zones were
defined. These included; 1) Subtidal algal pavement, 2) Back reef massive Porites coral
"bommies", 3) Back reef patch reefs, 4) Tabulate Acropora dominated Inner Reef Flat,
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5) Outer coral-algal reef flat and 6) Reef pass zones. The finescale benthic habitat and
fish assemblages associated with each of the six zones were sampled at each of the two
protected no-take areas (Mandu and Osprey, see Figure 2.1) in July 2006.

Figure 2.1: Map of Western Australia with North-west Cape. North Ningaloo reef with Osprey
Sanctuary Zone and Mandu Sanctuary zone marked.

2.2.3 Finescale habitat sampling
Benthic habitat data was collected along 5 x 50m random transects within each of these
six back reef zones at each of the two locations by a diver on SCUBA recording
benthic organisms with a video camera held ~30cm above the substratum resulting in a
~20cm transect width (Abdo et al., 2004). The AIMS Automated video transect analysis
system (AVTAS ©) was used to automatically forward through transect video footage,
stopping a predetermined number of times randomly along each transect (in this case 40
frames per 50m transect). At each frame the operator identified benthic cover under
five points on the video screen. The sum of these point counts over 40 frames resulted
in a total of 200 points per transect which was then converted to a percent cover.
Transect variables measured included percent cover massive, submassive, branching,
tabulate, encrusting, foliose and soft coral, macroalgae, turf algae, coralline algae,
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sponge, seagrass, sand, percent overall hard coral and percent reef minus hard coral
cover.
Table 2.1: Replication within broadscale geomorphic zones of Osprey and Mandu sanctuary zones.
Osprey and Mandu sanctuary zone
Finescale habitat sampling
Broadscale geomorphic zone

Benthic video transects

1) Algal pavement
2) Porite ‘bommies’
3) Patch coral reef
4) Tabulate coral
5) Coral-algal flat
6) Reef pass

5 x 50m
5 x 50m
5 x 50m
5 x 50m
5 x 50m
5 x 50m

Osprey and Mandu sanctuary zone
Finescale fish sampling
Stereo-DOVs
Stereo-BRUVs
transects
replicates
5 x 50m
6
5 x 50m
6
5 x 50m
6
5 x 50m
6
5 x 50m
6
5 x 50m
6

2.2.4 Finescale fish sampling
2.2.4.1.1 Stereo-DOVs
A second scuba diver used a diver operated stereo-video camera (stereo-DOV) to record
fish assemblages along the same 5 x 50m transects as for habitat. The stereo-DOVs
were filmed before the benthic video transects to ensure larger mobile fish were not
disturbed. Transect direction was based on a predetermined random bearing, and
transect length measured by deploying a biodegradable cotton distance counter to
measure 50m. The stereo-DOVs consisted of 2 Sony TRV900 digital camcorders (set to
progressive scan so that individual video frames consisted of still images rather than
interlaced video) within waterproof housings and attached to a metal frame at an 8.5
degree convergence angle. A synchronising diode placed in the field of view of both
cameras enabling synchronization of the stereo imagery (Harvey & Shortis, 1996;
Harvey & Shortis, 1998; Harvey et al., 2002a) for stereo-video design and measurement
procedures). Stereo-DOVs establish a relative abundance of fish over a given area and
capture a higher proportion of habitat specialists, site attached fish such as pomacentrids,
schooling herbivores such as acanthurids and rarer species with greater frequency than
other fish sampling methods (as discussed in (Shortis & Harvey, 1998; Willis et al.,
2000; Harvey et al., 2004; Langlois et al., 2010; Watson et al., 2010).
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2.2.4.1.2 Stereo-BRUVS
6 random replicate baited remote underwater stereo-video systems (stereo BRUVs)
were deployed on a separate day at each back reef zone in the vicinity of the benthic
video transects and stereo-DOVS. Stereo-BRUVs consisted of 2 Sony HC15 digital
camcorders in waterproof housings which were attached to a metal frame in the same
orientation as for the stereo-DOVs. In addition to the synchronising diode, a standard
bait cage was attached to the piece of conduit in the field of view of both cameras. This
was baited with ~ 800 gms of crushed Sardinops sagax.Once the two cameras loaded
with 1hour mini DV video tapes, they were set to record. Six camera systems were
simultaneously deployed < 150m apart within each back reef zone and retrieved after
recording for one hour.

2.2.5 Image analysis
2.2.5.1.1 Stereo-DOVS
Each stereo-DOV tape pair was captured as a digital AVI file (audio video interleaved
files) and compressed with DivX to enable the measurement of fish fork length and
distance away from the cameras (Watson et al., 2007; Seager, 2009). Fish abundance
from stereo DOVs was then estimated from each tape using the custom ACCESS
interface BRUVS1.5.mdb© (AIMS, 2006; Science, 2006). The time a particular
individual of a species was seen was recorded and abundances then summed for each
transect. Once the fish had been identified and counted their fork length and distance
away from the cameras was determined using stereo photo comparator software
(PhotoMeasure). This software used camera calibration parameters that had been
determined prior to deployment in the field using calibration files derived from CAL
1.11 software (Seager, 2009) and following the procedures described in Harvey and
Shortis (1996, 1998). Once the project was setup in PhotoMeasure, the user progressed
through the footage and measured the distance of fish and their fork lengths at the time
of occurrence. Once an entire tape was read, text files containing the species name,
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distance from camera and percent accuracy were exported and standardized for 5m
transect widths. Unlike traditional underwater visual census techniques which rely on
diver estimates of transect width (Halford & Thompson, 1994; Harvey et al., 2002a;
Harvey et al., 2004), fish measures outside precise transect widths could be eliminated
(in this instance 5 x 50m or 250 m2).

2.2.5.1.2 Stereo BRUVS
Relative fish abundance from each stereo-BRUV tape was estimated using the ACCESS
interface BRUVS1.5.mdb© (AIMS, 2006). The time the maximum number of
individuals of the same species seen together at any one time on the whole tape was
recorded (MaxN) (Cappo et al., 2003; Cappo et al., 2004). Estimates of MaxN are
considered conservative, particularly in areas where fish occur in high densities (Cappo
et al., 2003; Cappo et al., 2004). Comparatively, stereo-BRUVs census a broad array of
the fish assemblage compared to other methods and provide a reliable relative estimate
of abundance and size structure particularly for highly vagile species which are difficult
to census using traditional transect methodologies (Harvey & Shortis, 1998; Cappo et
al., 2004; Harvey et al., 2004; Watson et al., 2005; Watson et al., 2010). Each stereoBRUV tape pair was then captured as a digital AVI file (audio video interleaved files)
and compressed with DivX to make stereo video measurements, in this instance fish
fork length, distances and direction from the camera using PhotoMeasure (Watson et al.,
2007; Seager, 2009). This software used camera calibration parameters that had been
determined prior to deployment in the field using calibration files derived from CAL
1.11 software (Seager, 2009) and following the procedures described in Harvey and
Shortis (1996, 1998). Once collected Stereo-BRUV data were standardized for
minimum visibility of 6m resulting in a sampling area of 37.22m2 and volume of
276.35m2 (Harvey et al., 2004). This is not used to infer a direct measure of abundance
for an area of seafloor but simply eliminates records of fish beyound minimum visibility.
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2.2.6 Data Analysis
2.2.6.1.1 Finescale habitat variation
To determine whether there were differences in the benthos between the 6 geomorphic
zones initially defined by rectified and ground truthed aerial imagery, statistical
differences in percent cover of finescale habitat variables using a one-way
permutational analysis of variance were tested for (PERMANOVA, (Anderson et al.,
2008). For each term in the analysis, 4999 permutations based on Euclidean distance
dissimilarity measure were computed to obtain P- values (Anderson & Millar, 2004).
Where significant main effects were detected, pair-wise comparisons between different
back reef zones were undertaken to investigate where differences were occurring.

2.2.7 Variation between back reef zones
2.2.7.1.1 Habitat variables driving fish assemblage structure
A distance based linear regression (DistLM) was used to identify habitat variables
significantly correlated to overall fish assemblage variation (Legendre & Anderson,
1999; Anderson, 2001; McArdle & Anderson, 2001). DistLM was used to identify
which combination of habitat variables best explained the variation in the fish
assemblage structure. The direction and magnitude of this relationship between habitat
variables and individual fish species were displayed using redundancy analysis RDA
biplots (Legendre & Anderson, 1999). These vector plots were based on Spearman rank
correlation with RDA axis 1 or 2 for species abundances and assume linear relationship
between fish and habitat variables.

2.2.7.1.2 Fish assemblage data
Fish species were assigned to the trophic groups; herbivores, planktivores, corallivores,
sponge-invertivores, invertivores, omnivores, piscivore-invertivores, piscivores, apex
predators based on previous studies and on data compiled in Fishbase (Froese & Pauly,
2010). Significant differences in fish abundance sampled by stereo- DOVS and stereoBRUVS between reef zones were tested for using the same PERMANOVA model

Fish habitat associations

19

described above for habitat. Because normality in such data was not a reasonable
assumption due to the predominance of zeros and the variability amongst back reef
zones, a one-way PERMANOVA was used (Anderson & Millar, 2004). For each term
in the analysis, 4999 permutations based on Modified Gower Logbase 10 dissimilarity
measure were computed to obtain P- values. A Modified Gower Logbase 10
dissimilarity measure was used because the use of MaxN for analysing stereo-BRUVs
video tapes results in conservative estimates of the relative abundance of fish (Cappo et
al., 2003; Anderson & Millar, 2004; Anderson et al., 2006). The Modified Gower
Log10 places less emphasis on compositional change of the assemblage and more on
changes in relative abundance (Anderson et al., 2006). Species richness, number of
species unique to each habitat, diversity, abundance and trophic level data were
compared using the same approach as for multivariate data, however since one variable
at a time was tested, Euclidean distance was used on squareroot transformed data
instead of Modified Gower Log10.

2.2.8 Overall assemblage structure analysis.
Constrained Canonical Analysis of Principal Coordinate ordination plots (CAP) were
constructed to identify the multivariate habitat and fish assemblages variables
contributing most to the differences between back reef zones (Anderson & Robinson,
2003; Anderson & Willis, 2003a). This enabled the identification of variables with a
Spearman rank correlation with CAP axis 1, 2 or 3 greater than 0.3. The leave-one-out
allocations (Anderson & Willis, 2003) to provide a measure of how unique fish
assemblages were to each back reef zone was used.

2.2.8.1.1 Within reef zones: Habitat variables driving assemblage structure
DistLM was used to identify habitat variables significantly correlated to within back
reef zone fish assemblage variation (Legendre & Anderson, 1999; Anderson, 2001;
McArdle & Anderson, 2001). This identified the combination of habitat variables best
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explaining variation in fish assemblage structure and the direction and magnitude of this
relationship were displayed using RDA biplots (Legendre & Anderson, 1999).

2.2.8.1.2 Within reef zones: Trophic level analysis
The significance of the relationship between finescale habitat variability unique to each
zone and the abundance of fish trophic groups (stereo-BRUV abundance) using the
fourth-corner statistic was tested (Legendre et al., 1997). This permutational statistic
tests if the Hellinger transformed trophic group abundances were randomly attributed to
sites irrespective of the associated habitats, or alternatively that “species assemblages
were dependent upon the physical characteristics of the locations where they were
actually found” (Legendre et al., 1997; Dray & Legendre, 2008). This allowed the
identification of particular habitat zones important for certain functional fish groups.

2.3 Results
2.3.1 General summary
From 59 Stereo-DOV transects, 11451 fish from 138 species and from 63 stereoBRUVs, 5408 individual fish from 182 species were recorded. Quantitatively, stereoDOVs recorded twice as many individuals as stereo-BRUVs. Stereo-DOVs sampled
fish which were in a significantly lower average trophic level (2.99±0.014) compared to
stereo-BRUVs (3.2±0.03) (Figure 2.2). Rank abundances of trophic groups, families
and species were generally similar between the two methods, however a few key
differences were revealed. Pomacentrids, scarids, labrids, acanthurids, chaetodontids,
and mullids dominated stereo-DOV counts and pomacentrids, labrids, acanthurids,
caesonids, scarids and lethrinids dominated the stereo-BRUV counts (see Figure 2.2).
The rank abundances of species in ascending order from stereo-DOVs included
Chromis viridis, Scarus schlegeli, Pomacentrus coelestis, Dascyllus aruanus,
Thallasoma lunare, Acanthurus triostegus, Chlorurus sordidus, Kyphosus sydneyanus,
Lethrinus nebulosus and Chaetodon plebius. Stereo-BRUVs recorded C. viridis, A.
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triostegus, T. lunare, Siganus argenteus, Lethrinus atkinsoni, Caesio caerulaurea, L.
nebulosus, C. sordidus, Scarus rubroviolaceous, and A. grammoptilus. A large
proportion of the species recorded where only seen in one zone/habitat. 33% of species
recorded from stereo-DOVs were found associated with one zone only, 16% with 2
zones, 11% with 3, and 41% of species were found associated with four or more (Table
2.2). From stereo BRUVs, 51% of species were found associated with one zone only,
18% with 2 zones, 9% with 3 zones and 23% with four or more back reef zones. For
both sampling techniques a majority of the species were associated with three or fewer
zones. Stereo-DOVs recorded smaller site attached and specialist species and roving
herbivores while stereo-BRUVs capture a far greater percentage of piscivoreinvertivores, primarily lethrinids.

2.3.2 Between back reef zone variation
Overall PERMANOVA tests of finescale habitat variation and abundance of fish from
stereo-DOVs and stereo-BRUVs demonstrate a significant difference between back reef
zones (Table 2.3). Pair-wise Permanova tests demonstrated that for habitat comparisons
for back reef zones 1) Subtidal reef pavement and 2) Back reef massive Porites coral
"bommies", and 5) Outer Reef Flat aligned coral-algal zone and 6) Reef pass zones
were not significantly different to one another (Table 2.4). Stereo-DOV comparisons for
back reef zones 3) Patch reefs and 6) Reef pass zones were not significantly different to
one another (Table 2.4). The remaining 42 pair-wise comparisons between back reef
zones for habitat, stereo-DOV and stereo-BRUV data were all significantly different
(Table 2.3, Table 2.4 Figure 2.3). PERMANOVA tests for univariate measures of
species richness, number of individuals and Shannon diversity were all significantly
different; from stereo DOVs and stereo-BRUVs. Pair-wise results indicate that these
differences were driven by a minority of comparisons. DistLM showed that 13.4% of
variation in overall fish assemblages sampled by the stereo-BRUVs were best explained
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by percent cover hard coral, turf algae and sand while 24.8% of variation in overall fish
assemblages sampled by stereo-DOVs were best explained by a combination of tabulate
coral, turf algae, Sponge, Seagrass, Soft coral, Foliose coral (see Figure 2.5 and Table
2.6).
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Scaridae

Labridae

Kyphosidae
Nemipteridae
Caesionidae

4) Tabulate Acropora dominated Inner Reef Flat

3) Lagoon patch reefs

5) Outer Reef Flat aligned coralgal zone
100
100
60
40
20

# habitats present

Siganidae

Proportion stereo-DOVS containing species x per habitat (%)
Ctenochaetus striatus (-0.04, -0.16)
30 20 30 20
Acanthurus triostegus (-0.07, -0.09)
50 80 60 80
Acanthurus grammoptilus (-0.24, -0.08)
50 80 40 70
Zebrasoma scopas (0, 0.04)
5
30
Naso fageni (-0.09, 0.43)
60
40
Siganus argenteus (-0.32, -0.22)
10
30
Siganus fuscescens (-0.22, 0.02)
10
Scarus sp (0.06, -0.03)
5
Scarus rubroviolaceus (-0.04, -0.02)
15 40 30 20
Scarus microhinos (-0.31, 0.02)
60
Scarus oviceps (-0.12, 0.09)
10
Scarus globiceps (-0.1, 0.13)
20
30
Scarus prasiognathos (-0.07, 0.16)
20
10
Scarus chameleon (0.07, 0.19)
Scarus schlegeli (-0.11, 0.2)
50 100 100 90
Scarus frenatus (0.01, 0.3)
10 40 50 60
Chlorurus sordidus (0.11, 0.47)
40 90 100
Thalassoma lunare (-0.43, -0.28)
90 100 100 60
Hologymnosus annulatus (-0.02, -0.25)
10
Thalassoma lutescens (-0.37, -0.24)
55 80 70 30
Labroides dimidiatus (-0.34, -0.2)
25 60 20
Bodianus bilunulatus (-0.31, -0.15)
15 20 20
Coris caudimacula (0.28, -0.14)
60 20 40 30
Coris pictoides (-0.09, -0.11)
15 40
Coris auricularis (-0.06, -0.07)
10 20
10
Gomphosus varius (-0.01, -0.03)
10
Coris aygula (-0.1, 0)
15 80 40 30
Hemigymnus melapterus (-0.51, 0)
10 60 40
Hemigymnus fasciatus (-0.13, 0.01)
5
10 10
Choerodon schoenleinii (-0.22, 0.02)
10
Labroides bicolor (-0.15, 0.06)
20
Halichoeres trimaculatus (0.03, 0.11)
10
20 50
Thalassoma hardwicke (0.02, 0.2)
40 10
Anampses caeruleopunctatus (0.11, 0.22)
10
Cheilinus trilobatus (0.11, 0.22)
10
Choerodon rubescens (0.11, 0.22)
10
Stethojulis bandanensis (0.11, 0.22)
10
Halichoeres margaritaceus (0.22, 0.23)
10
Cheilio inermis (0.11, 0.27)
20 20
Kyphosus sydneyanus (-0.43, 0.05)
80 10
Pentapodus vitta (-0.2, -0.27)
20
10
Scolopsis bilineatus (-0.23, 0.35)
10 80 90 70
Caesio caerulaurea (-0.17, -0.03)
20

6) Reef pass zone

Acanthuridae

Species r(CAP1,CAP2)

2) Lagoon massive Porites coral "bommies"

Family

1) Subtidal reef pavement

Table 2.2: The proportion of stereo-DOV transects which recorded a particular species at backreef
zones. Species from lower trophic groups and assorted families are listed with Spearman rank
correlations to CAP axis 1 & 2 indicated in brackets.

70
60
30
40
30
10

6
6
6
4
3
4
1
2
5
1
1
3
2
1
6
6
5
6
2
6
5
4
5
2
4
2
6
5
3
1
1
5
4
1
1
1
1
2
3
2
2
6
1

10
20

20
10
100 90
40 30
100 60
100 100
10
80 90
20 20
10
50

80
60

20
10
40
20

40
20

10
10

20
50

40

30
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Table 2.1 cont…
Labracinus lineatus (-0.05, -0.07)
Pseudochromidae Pseudochromis punctatus (0.08, 0.22)
P. quinquedentatus (-0.13, -0.32)
Pomacentrus coelestis (-0.25, -0.39)
Abudefduf bengalensis (0.09, -0.17)
Abudefduf sexfasciatus (-0.59, -0.14)
Chromis margaritifer (-0.13, -0.13)
Chromis viridis (-0.28, -0.12)
Dascyllus aruanus (-0.27, -0.03)
Pomacentridae
Dascyllus reticulatus (-0.27, 0.03)
Dascyllus trimaculatus (-0.52, 0.05)
Dischistodus melanotus (0.07, 0.1)
Plectroglyphidodon lacrymatus (-0.17, 0.13)
Neoglyphidodon melas (-0.2, 0.16)
Dischistodus perspicillatus (-0.01, 0.2)
Dischistodus prosopotaenia (0.27, 0.28)
Pomacentrus moluccensis (-0.37, 0.34)
Pomacentrus milleri (-0.1, 0.4)
Zanclidae
Zanclus cornutus (-0.27, -0.06)
Chaetodon punctatofasciatus (-0.1, -0.14)
Chaetodon vagabundus (-0.16, -0.1)
Heniochus acuminatus (-0.24, -0.07)
Chaetodon lineolatus (0.05, 0.06)
Chaetodon citrinellus (0.14, 0.09)
Chaetodontidae Chaetodon assarius (0.18, 0.1)
Chaetodon lunula (0.04, 0.14)
Chaetodon unimaculatus (0.04, 0.15)
Chaetodon auriga (-0.25, 0.23)
Chaetodon trifascialis (0.09, 0.24)
Chaetodon lunulatus (-0.06, 0.26)
Chaetodon plebeius (-0.22, 0.35)
Centropyge tibicen (-0.28, -0.08)
Pomacanthidae Pomacanthus semicirculatus (-0.01, 0.16)
Pomacanthus sexstriatus (0.07, 0.19)
Aulostomidae
Aulostomus chinensis (-0.06, 0.18)
Blenniidae
Aspidontus dussumieri (-0.05, -0.15)
Meiacanthus grammistes (-0.29, -0.01)
Pinguipedidae
Parapercis clathrata (0.05, 0.07)
Parupeneus spilurus (-0.2, -0.03)
Mullidae
Parupeneus barberinoides (-0.51, 0)
Parupeneus pleurostigma (-0.32, 0.04)
Parupeneus multifasciatus (-0.16, 0.05)
Apogonidae
Apogon aureus (-0.46, 0.08)
Ostraciidae
Ostracion meleagris (-0.22, -0.25)
Ostracion cubicus (0.05, -0.18)
Cantherhines fronticinctus (0, -0.16)
Monacanthidae Oxymonacanthus longirostris (-0.06, -0.13)
Mulloidichthys flavolineatus (-0.31, -0.01)
Sufflamen chrysopterus (-0.01, -0.2)
Abalistes aculeatus (-0.25, -0.15)
Balistoides viridescens (-0.22, 0.02)
Balistidae
Sufflamen frenatus (-0.22, 0.02)
Pseudobalistes fuscus (-0.36, 0.1)
Abalistes stellatus (0.13, 0.17)
Sufflamen chrysopterus (-0.01, -0.2)

20
20
10 20
30 100
20
100

20
60 80 10
15
20
15 80 50
5
45 80 70 30 20
75 100 100 80
25 80 40 20
45 100 50 60
20 20
40 20 10
40 100 90 100 100
10
20 40 20
15 60 70 80 60
20 40 80 90 40
10
30
20
5
10
20
5 20
10
20
20
20 30 40
5
10
5 20
20 40
5
20
15 60 40 70 20
10
10 40
10
25 40 80 100 100
40 10 10 40
5 20 10 10

15

20
40

10
40 40
30 100
20 20
20

42
10
10
10
60
80
60

50
10
10
20
30
50
20
30
60
10
40
50
10

60
10
30
20
30
10
50
20
10
20

20
10
20
30
30

40

10
30
30
10

50
10

10
5
5
5

20
5
45

60

20

30
10
10
20

20

10
28

42

1
1
3
6
4
5
1
6
5
5
5
2
4
6
1
4
6
6
4
1
2
2
2
5
3
5
2
6
4
2
6
4
5
1
1
4
3
4
6
5
5
1
1
2
1
1
1
1
1
4
1
1
2
1
2
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Proportion stereo-BRUVS containing species x per habitat (%)
Chanos chanos (-0.17, -0.2)
8
Gymnothorax flavimarginatus (-0.07, -0.08)
16
16
Gymnothorax javanicus (-0.03, 0.3)
5 16 83 41
Choerodon schoenleinii (0.08, -0.07)
Labridae
Choerodon rubescens (-0.16, -0.11)
8
Choerodon cauteroma (-0.15, -0.22)
16
Choerodon cyanodus (0.09, -0.02)
5
Haemulidae
Diagramma labiosum (-0.16, -0.11)
8
Plectorhinchus flavomaculatus (-0.21, -0.18)
16
Lethrinidae
Lethrinus olivaceus (0.1, -0.14)
Lethrinus nebulosus (-0.52, 0.1)
7 58
1 91
Lethrinus atkinsoni (-0.03, 0.34)
15 75 83 83
Lethrinus variegatus (-0.35, 0.14)
5
Lethrinus laticaudis (-0.15, -0.07)
2
8 33
Lethrinus sp (-0.28, -0.06)
1 16 33
Lutjanidae
Lutjanus fulviflamma (0.01, 0.49)
25
58
Symphorus nematophorus (-0.06, -0.18)
5 25
Lutjanus lemniscatus (0.08, -0.07)
Lutjanus carponotatus (-0.09, 0.1)
8
8
Lutjanus vitta (-0.06, 0.13)
8
Lutjanus quinquelineatus (-0.15, -0.18)
8
Myliobatididae Aetobatus narinari (0.16, -0.16)
5
Rhinobatidae
Rhinobatos typus (0.02, -0.09)
5
Rhynchobatidae Rhynchobatus djiddensis (-0.04, -0.19)
5
8
Dasyatidae
Taeniura lymma (0.12, -0.2)
Pastinachus sephen (-0.16, -0.11)
8
Dasyatis thetidas (-0.15, -0.18)
8
Dasyatis kuhlii (0.09, -0.12)
1
Echeneidae
Echeneis naucrates (0.02, 0.16)
15
16
Scombridae
Grammatorcynus bilineatus (0.1, -0.14)
Sphyraenidae
Sphyraena barracuda (-0.05, 0.07)
8
Sphyraena qenie (-0.08, 0.14)
5
16
Carangidae
Decapterus sp (0.19, -0.11)
Gnathanodon speciosus (0.06, -0.23)
25 25
8
Carangoides fulvoguttatus (-0.13, -0.29)
35 66 16
5
Scomberoides lysan (-0.03, 0.13)
8
Scomberoides sp (-0.13, -0.21)
8
Serranidae
Epinephelus fasciatus (-0.22, 0.03)
5
Variola louti (0.05, -0.11)
8
Variola albimarginata (0.1, -0.14)
Plectropomus laevis (0.19, -0.11)
Epinephelus rivulatus (0.17, -0.15)
25 66 16 58
Epinephelus coioides (0.18, 0.24)
8
Epinephelus polyphekadion (0.21, 0.19)
Plectropomus leopardus (-0.12, 0.06)
8
8
Cephalopholis miniata (-0.17, -0.2)
8
Ginglymostomatidae Nebrius ferrugineus (-0.06, 0.27)
8
41
Carcharhinidae Triaenodon obesus (-0.09, 0.27)
8
16
Carcharhinus amblyrhynchos (0.17, -0.39)
15 16
Carcharhinus melanopterus (-0.08, 0.22)
5
16 33
Chanidae
Muraenidae

66

33
83

83

7
38
7

7
23
76

7
7
7

7

16
7

16

66
5
16

16
16

7
23
46

7
7
7
7
76

7
3
7

# habitats present

6) Reef pass zone

5) Outer Reef Flat aligned coralgal zone

4) Tabulate Acropora dominated Inner Reef Flat

3) Lagoon patch reefs

Species r (CAP1,CAP2)

2) Lagoon massive Porites coral "bommies"

Family

1) Subtidal reef pavement

Table 2.1 cont…

1
3
6
1
1
1
1
1
1
1
6
6
1
3
3
4
3
1
2
1
1
1
1
2
1
1
1
1
3
1
1
2
1
4
6
1
1
2
2
1
1
6
2
1
2
1
4
3
3
4
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Figure 2.2: Average species richness, number of unique species, overall abundance, Shannon
diversity and average trophic level with standard errors (±1 S.E.) of fish abundances from stereoDOV and stereo BRUV replicates (see symbols in left and right hand margins of the plots). Each
measure was significantly different between back reef zones with the exception of average trophic
level which has a marginally significant P(perm) value of 0.06 in both instances (Table 2.2) (reef
zones are: 1. Inshore subtidal reef dominated by algae, 2. Porites bommies, 3. Patch reef, 4. Back
reef dominated by tabulate coral, 5. Reef flat and 6. Reef Pass).
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Figure 2.3: Proportion of individuals comprised of different trophic groups for stereo-BRUVs and
stereo-DOVs.
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Table 2.3: Overall PERMANOVA tests (4999 permutations) of significance in percent cover habitat
variables from benthic video transects, absolute fish abundance from stereo-DOV transects and
relative fish abundance from stereo-BRUV replicates between back reef zones. Also included are
species richness, number of individuals, Shannon diversity and trophic level between back reef
zones derived from stereo-DOV absolute abundances.
Habitat

Fish assemblage
(stereo-DOVS)
Fish assemblage
(stereo-BRUVS)
Species richness
(stereo-DOVS)
Number individuals
(stereo-DOVS)
Shannon diversity
(stereo-DOVS)
Trophic level
(stereo-DOVS)
Species richness
(stereo-BRUVS)
Number individuals
(stereo-BRUVS)
Shannon diversity
(stereo-BRUVS)
Trophic level
(stereo-BRUVS)

Source
Back reef zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total
Zone
Res
Total

df
5
52
57
5
52
57
5
57
62
5
50
55
5
50
55
5
50
55
5
50
55
5
57
62
5
57
62
5
119
124
5
57
62

SS
11699000
14282000
25981000
11699000
14282000
25981000
8.9711
33.433
42.404
1976
2614
4590
342300
666900
1009200
7.24
14.98
22.23
0.27038
1.2554
1.5258
3792.4
5642.4
9434.9
85500
1.9402E5
2.7952E5
19.307
46.438
65.746
1.8779E5
1.0752E6
1.2629E6

MS
2.34E+06
2.75E+05

Pseudo-F
8.5189

P(perm)
>0.001

2.34E+06
2.75E+05

8.52

>0.001

1.7942
0.58655

3.0589

>0.001

395
52

7.56

>0.001

68459
13338

5.13

>0.001

1.45
0.30

4.83

>0.001

5.4076E-2
2.5108E-2

2.1538

0.067

758.49
98.99

7.6623

>0.001

17100
3403.8

5.0238

>0.001

3.8615
0.39024

9.8952

>0.001

37558
18862

1.9911

0.064
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Table 2.4: Pairwise Permanova tests for habitat variables and absolute and relative abundance of
fish assemblages Back reef zones include; 1. Inshore subtidal reef dominated by algae, 2. Porites
bommies, 3. Patch reef, 4. Back reef dominated by tabulate coral, 5. Reef flat and 6. Reef Pass.

Back reef zones
1, 6
1, 3
1, 4
1, 5
1, 2
6, 3
6, 4
6, 5
6, 2
3, 4
3, 5
3, 2
4, 5
4, 2
5, 2
Back reef zones
1, 6
1, 3
1, 4
1, 5
1, 2
6, 3
6, 4
6, 5
6, 2
3, 4
3, 5
3, 2
4, 5
4, 2
5, 2
Back reef zones
1, 6
1, 3
1, 4
1, 5
1, 2
6, 3
6, 4
6, 5
6, 2
3, 4
3, 5
3, 2
4, 5
4, 2
5, 2

Habitat
t
P(perm)
2.1361 >0.001
4.2151 >0.001
4.3239 >0.001
2.1716
0.012
1.5316
0.100
7.3642 >0.001
4.4231 >0.001
1.6405
0.072
2.8854 >0.001
6.3851 >0.001
6.3082 >0.001
3.9221 >0.001
2.6224
0.015
3.8962 >0.001
2.7463 >0.001
Species richness
(stereo-DOVS)
0.278
0.793
1.240
0.214
1.632
0.118
0.934
0.370
5.257
>0.001
1.288
0.232
1.189
0.250
0.658
0.546
4.407
>0.001
2.296
0.038
1.578
0.171
5.007
0.001
0.347
0.762
3.209
0.007
3.214
0.014
Species richness
(stereo-BRUVS)
4.7496
>0.001
6.6217
>0.001
5.8909
>0.001
6.2805
0.001
5.584
>0.001
0.54697
0.611
0.25314
0.797
0.31338
0.769
0.47393
0.660
0.91
0.385
0.4554
0.692
0.20185
0.863
0.60612
0.568
0.81867
0.430
0.0862
0.954

Fish assemblage
(stereo-DOVS)
t
P(perm)
1.9038
0.03
1.9945
0.02
3.4145 >0.001
3.2267 >0.001
3.5452 >0.001
1.6325
0.085
2.7389
>0.001
2.1578
0.007
4.0888
>0.001
2.1154
0.003
2.7245
0.01
3.1655
>0.001
3.3729
0.002
4.0922
>0.001
4.8888
0.001
Total abundance
(stereo-DOVS)
1.848
0.072
1.087
0.287
0.724
0.476
1.415
0.180
2.829
0.014
0.312
0.753
1.331
0.209
3.196
0.012
4.966
>0.001
0.535
0.605
1.808
0.107
3.175
0.009
2.095
0.052
3.625
0.001
0.557
0.592
Total abundance
(stereo-BRUVS)
3.8041 >0.001
4.3854
0.001
4.0929 >0.001
6.7288 >0.001
4.0721 >0.001
0.29621
0.780
0.73737
0.479
1.1881
0.261
0.29091
0.783
0.85535
0.441
2.4697
0.042
0.5665
0.698
0.38058
0.712
0.42523
0.676
0.89386
0.409

Fish assemblage
(stereo-BRUVS)
t
P(perm)
1.9084 >0.001
1.9285 >0.001
1.9510 >0.001
2.0734 >0.001
1.9630 >0.001
1.8200 >0.001
1.5250 >0.001
1.5693
0.001
1.5613
>0.001
1.4825
0.001
1.7718
0.002
1.6577
>0.001
1.3279
0.014
1.4123 >0.001
1.5059 >0.001
Shannon diversity
(stereo-DOVS)
1.106
0.280
1.006
0.310
1.841
0.083
1.271
0.220
3.769
0.001
1.825
0.080
0.944
0.345
0.803
0.422
3.646
0.003
2.329
0.031
1.603
0.157
3.719
0.002
0.061
0.963
2.417
0.030
2.595
0.029
Shannon diversity
(stereo-BRUVS)
1.9533
0.05
4.3492 >0.001
5.6211 >0.001
4.3795 >0.001
5.9164 >0.001
1.7081
0.096
2.5665
0.015
1.6482
0.107
2.9636
0.007
0.9631
0.341
0.1734
0.870
1.3457
0.186
1.2101
0.227
0.5394
0.595
1.5771
0.132
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Table 2.5: CAP axis 1 and 2 correlations for % cover habitat variables from Figure 2.5.
Habitat
Sand
Macroalgae
Seagrass
Sponge
Branching coral
Submassive coral
Foliose coral
Coralline algae
Encrusting coral
Reef without live hard coral
Turf algae
Soft coral
Massive coral
Tabulate coral
Live hard coral

CAP1
-0.77
-0.36
-0.25
-0.23
-0.05
-0.01
-0.01
-0.01
0.08
0.11
0.32
0.35
0.36
0.85
0.86

CAP2
0.51
-0.06
0.16
0.14
0.01
-0.57
-0.40
-0.29
-0.72
-0.66
-0.68
0.03
-0.45
0.45
0.11

Table 2.6: displaying results of distance based linear model using forward selection and 4999
permutations. The AIC selection criteria was recorded with proportion of variability in modified
Gower 10 similarity matrix of fish abundance explained by individual environmental variables
noted individually and cumulatively.
Stereo-BRUVs

Stereo-DOVs

Variable
Hard coral
Turf algae
Sand
Tabulate coral
Turf algae
Sponge
Seagrass
Soft coral
Foliose coral

AIC
-24.634
-25.409
-25.979
-19.229
-21.394
-21.664
-21.856
-21.997
-22.079

SS(trace)
2.415
1.723
1.530
2.779
2.713
1.400
1.302
1.226
1.150

Pseudo-F
3.683
2.702
2.457
3.980
4.096
2.157
2.044
1.959
1.867

P
>0.001
>0.001
>0.001
>0.001
>0.001
0.003
0.011
0.010
0.018

Prop.
5.7%
4.1%
3.6%
6.5%
6.4%
3.3%
3.1%
2.9%
2.7%

Cumul.
5.7%
9.8%
13.4%
6.5%
12.9%
16.2%
19.2%
22.1%
24.8%

2.3.3 Ordinations of significant multivariate differences
CAP ordinations of habitat, stereo-DOVs and stereo-BRUVs identified the variables
most strongly correlated to these differences between zones (Figure 2.4). Sand,
macroalgae, tabulate coral, live hard coral, massive coral, soft coral, turf algae,
encrusting algae, foliose coral and submassive coral all have Spearman rank correlations
with CAP axis 1 or 2 of >0.3 (Figure 2.4, Figure 2.5, Table 2.5). Similarly, 54 species
recorded by the stereo-DOVS and 44 species sampled by the stereo-BRUVs had a
correlation with respective CAP 1 or 2 axis of >0.3 (Figure 2.4, Table 2.2). The leaveone-out allocation analysis demonstrates how distinctive fish assemblages and samples
were and correctly allocated to the appropriate back reef zones 75% of the time for
habitat transects, and 84% of the time for stereo-DOV and BRUV replicates.
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Figure 2.4: CAP ordination displaying differences between 1. Habitat variables, 2. absolute fish
abundance from stereo-DOVs and 3. relative fish abundance from stereo-BRUVs between 6 back
reef zones (reef zones are: 1. Inshore subtidal reef dominated by algae, 2. Porites bommies, 3. Patch
reef, 4. Back reef dominated by tabulate coral, 5. Reef flat and 6. Reef Pass).
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Lagoon Zone

5
4
3
2
1
0%

50%
100%
Square root trans formed % cover
Tabulate coral
Turf algae
Sand
Mas sive coral
Submas sive coral
Soft coral
Macroalgae
Branching coral
Coralline algae
Seagras s
Sponge
Encrus ting coral

Figure 2.5: Square root transformed % cover habitat variables from benthic video between back
reef zones.

2.3.4 Within back reef zone variation
Within each back reef zone DistLM was used to identify the combination of finescale
habitat variables that best explained variation in the multivariate fish abundance from
stereo-DOVs and BRUVs. Finescale biophysical habitat explained on average 47%
(between 14 and 96%) of the variation in fish assemblage structure within back reef
zones represented by redundancy analysis biplots (Figure 2.7, Figure 2.8). In the back
reef zone 1) Subtidal reef pavement, had the highest cover of macroalgae (15%) relative
to other zones with a significant proportion of turf algae (29%), sand (44%), tabulate
(1.6%), encrusting (0.8%) submassive (1.5%) and massive corals (0.7%), seagrass
(1.6%), sponge (1.9%) and coralline algae (0.5%) (Figure 2.5). Fish trophic groups that
had a significant correlation to the habitats of this zone included Herbivores
Zooplankivores, Invertivores and Piscivore-invertivores (Table 2.7). Habitat variables
that provide an optimal explanation for variation in the fish assemblages sampled by the
stereo-DOVs were turf algae (20%), macroalgae (17%) and coralline algae (8%) (Figure
2.7, Figure 2.8, Table 2.8). Average similarity between the stereo-DOV was 36% and
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many species contributed to this including Thalassoma lunare, Dascyllus aruanus,
Pomacentrus coelestis, Chromis viridis, Thalassoma lutescens, Acanthurus triostegus,
Scarus schlegeli, Coris caudimacula, Acanthurus grammoptilus and Neoglyphidodon
melas (Figure 2.7, Table 2.8). Turf algae (14%) and hard coral (12%) provided the
optimum model for the fish assemblages sampled by the stereo-BRUVs which were
21% similar to one another. Lethrinus nebulosus, L. atkinsoni and Carangoides
fulvoguttatus contributing to this (Figure 2.8, Table 2.8).

Porites coral "bommies" habitat (Back reef zone 2) had a high cover of sand (33%) with
a significant proportion of massive (5%), encrusting (3.4%), branching (1%), tabulate
(7.5%) and submassive (4%) corals and turf algae (37.3%) (Figure 2.5). Massive Porites
corals do not necessarily figure prominently in this data due to limitations of using
downward facing benthic video for quantifying a habitat element characterised
primarily by vertical structure. Trophic groups with a significant correlation to habitat
of this zone include Zooplankivores, Omnivores, Corallivores and Invertivores (Table
2.7). Habitat variables that provide an optimal explanation for variation in fish
assemblages sampled by both stereo-DOVs and BRUVs were percent cover of sand (24
and 17% of variation explained respectively) (Figure 2.7, Figure 2.8, Table 2.8). StereoDOV replicates had an overall similarity of 52% with 90% of this similarity explained
by the abundances of 22 species of fish, the top ten including C. viridis, T. lunare, D.
aruanus, S. schlegeli, Dascyllus trimaculatus, Pomacentrus moluccensis, Parupeneus
barberinoides, Abudefduf sexfasciatus, Kyphosus sydneyanus and Siganus argenteus
amongst others (Figure 2.7, Table 2.8). Stereo BRUV transects were 28% similar with
Lethrinus atkinsoni, C. fulvoguttatus, L. nebulosus and E. rivulatus, L. fulviflamma
Lethrinus sp. contributing to this (Figure 2.8, Table 2.7).
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Figure 2.6: Overall redundancy analysis biplots representing some of the fish species that
contribute greatest similarity between stereo- DOV and stereo-BRUV replicates across all 6 back
reef zones and percent cover of habitat variables correlated to overall assemblage structure (reef
zones at Osprey Sanctuary (OS) and Mandu Sancuary (MS) were: 1. Inshore subtidal reef
dominated by algae, 2. Porites bommies, 3. Patch reef, 4. Back reef dominated by tabulate coral, 5.
Reef flat and 6. Reef Pass).
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Figure 2.7: Redundancy analysis biplots representing some of the fish species that contribute
greatest similarity among stereo-DOV replicates from within 6 back reef zones and percent cover of
habitat variables correlated to overall assemblage structure (reef zones were: 1. Inshore subtidal
reef dominated by algae, 2. Porites bommies, 3. Patch reef, 4. Back reef dominated by tabulate coral,
5. Reef flat and 6. Reef Pass).
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Figure 2.8: Redundancy analysis biplots representing some of the fish species that contribute
greatest similarity among stereo-BRUV replicates from within back reef zones and percent cover of
habitat variables correlated to overall assemblage structure.
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Piscivore
invert

Piscivore

Apex
predator

Invertivore

Corallivore

Omnivore

Sponge
invert.

Plankivore

Herbivore

Table 2.7: Results of fourth-corner analysis testing significance of habitat variables in determining
abundance of transformed stereo-BRUV trophic level data within reef habitats. Figures in bold
indicate significant results. Significant results indicate that fish trophic groups were significantly
correlated to the habitat variable and that their distribution does not occur by chance. r(i,j)
represents the strength of the correlation coefficient between Trophic groups and habitat variables.

0.014
0.421
0.029
0.248
0.020
0.326
0.003
0.700

0.006
0.328
0.005
0.312
0.006
0.258
0.001
0.696
0.000
0.929
0.002
0.593
0.002
0.592
0.002
0.512
0.000
0.809
0.001
0.750
0.001
0.700

0.004
0.565
0.004
0.494
0.008
0.237
0.000
0.888
0.005
0.413
0.013
0.185
0.013
0.181
0.002
0.640
0.037
0.069
0.004
0.512
0.013
0.162
0.000
0.946
0.000
0.829
0.003
0.176

1. Inshore subtidal reef dominated by algae
Coralline algae
Encrusting coral
Hard coral
Macroalgae
Live coral
Rock
Sand
Seagrass
Sponge
Tabulate coral
Turf algae

r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob

0.014
0.304
0.012
0.306
0.001
0.809
0.034
0.084

r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)

0.032
0.179
0.001
0.806
0.089
0.046
0.033
0.170
0.077
0.089
0.013
0.397
0.002
0.752
0.002
0.749
0.012
0.398
0.049
0.066
0.000
0.983
0.018
0.280
0.018
0.280
0.018
0.280

0.047
0.044
0.047
0.044
0.047
0.044
0.012
0.237
0.004
0.614
0.004
0.642
0.021
0.202

0.075
0.025
0.064
0.038
0.031
0.138
0.047
0.056
0.015
0.317
0.041
0.097
0.041
0.097
0.014
0.248
0.019
0.199
0.007
0.570
0.075
0.016

-

0.000
0.912
0.007
0.148
0.000
0.754
0.001
0.593
0.007
0.122
0.009
0.073
0.009
0.073
0.006
0.150
0.001
0.677
0.006
0.166
0.012
0.030

0.001
0.857
0.000
0.900
0.027
0.003
0.003
0.374
0.004
0.199
0.000
0.950
0.000
0.950
0.000
0.795
0.001
0.564
0.000
0.746
0.001
0.626

0.007
0.284
0.010
0.221
0.009
0.225
0.001
0.746
0.012
0.147
0.024
0.033
0.023
0.034
0.027
0.004
0.014
0.102
0.016
0.094
0.026
0.023

0.091
0.027
0.142
0.004
0.143
0.004
0.086
0.009
0.019
0.379
0.012
0.429
0.156
0.002

2. Porite bommies
Encrusting coral

Turf algae

r(i,j)
Prob

0.001
0.774
0.005
0.441
0.033
0.009
0.000
0.955
0.002
0.665
0.002
0.611
0.009
0.306
0.009
0.302
0.016
0.158
0.000
0.865
0.004
0.507

Branching coral

r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob

0.038
0.042
0.038
0.042
0.038
0.042

Foliose coral
Hard coral
Macroalgae
Massive coral
Live coral
Rock
Sand
Submassive coral
Tabulate coral

Prob

0.003
0.321
0.003
0.402
0.008
0.131
0.003
0.273
0.000
0.908
0.002
0.576
0.004
0.326
0.004
0.326
0.000
0.998
0.001
0.699
0.000
0.922

0.010
0.109
0.009
0.130
0.000
0.993
0.007
0.181
0.005
0.267
0.012
0.070
0.012
0.065
0.012
0.067
0.026
0.001
0.012
0.057
0.006
0.228

0.006
0.121
0.008
0.034
0.001
0.646
0.000
0.975
0.006
0.089
0.003
0.300
0.002
0.352
0.002
0.354
0.001
0.541
0.001
0.519
0.005
0.165

0.000
0.983
0.001
0.555
0.012
0.046
0.000
0.929
0.003
0.341
0.000
0.887
0.000
0.765
0.000
0.756
0.001
0.653
0.001
0.551
0.000
0.785

0.016
0.052
0.008
0.182
0.001
0.630
0.008
0.197
0.009
0.153
0.005
0.280
0.007
0.225
0.007
0.232
0.010
0.116
0.002
0.506
0.000
0.756

0.000
0.662
0.002
0.277
0.000
0.909
0.000
0.708
0.000
0.822
0.003
0.270
0.002
0.276
0.003
0.274
0.000
0.890
0.001
0.622
0.007
0.039

0.005
0.052
0.000
0.787
0.002
0.352
0.001
0.555
0.001
0.558
0.000
0.788
0.005
0.086
0.000
0.841

0.000
0.904
0.000
0.904
0.000
0.904

0.000
0.926
0.000
0.926
0.000
0.926

0.013
0.343
0.013
0.343
0.013
0.343

0.001
0.548
0.001
0.548
0.001
0.548

0.001
0.339
0.001
0.339
0.001
0.339

3. Patch reef

Encrusting coral
Submassive coral

-

0.002
0.764
0.002
0.764
0.002
0.763
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Encrusting coral
Foliose coral
Hard coral
Live coral
Rock
Sand
Soft coral
Tabulate coral
Turf algae
Encrusting coral
Hard coral
Massive coral
Rock
Sand
Soft coral
Turf algae
Branching coral
Coralline algae
Encrusting coral
Foliose coral
Hard coral
Macroalgae
Massive coral
Live coral
Rock
Sand
Soft coral
Submassive coral
Tabulate coral
Turf algae

4. Back reef dominated by tabulate coral
r(i,j) 0.009 0.007 0.000 0.004 0.013 0.008
Prob 0.042 0.288 0.727 0.252 0.020 0.267
r(i,j) 0.001 0.000 0.000 0.005 0.007 0.015
Prob 0.379 0.945 0.274 0.108 0.048 0.082
r(i,j) 0.008 0.001 0.000 0.001 0.019 0.030
Prob 0.073 0.776 0.920 0.541 0.004 0.019
r(i,j) 0.003 0.001 0.000 0.002 0.018 0.023
Prob 0.278 0.648 0.930 0.389 0.005 0.044
r(i,j) 0.013 0.000 0.000 0.000 0.015 0.029
Prob 0.007 0.986 0.754 0.854 0.012 0.020
r(i,j) 0.013 0.000 0.000 0.000 0.015 0.029
Prob 0.007 0.987 0.754 0.855 0.013 0.020
r(i,j) 0.013 0.000 0.001 0.000 0.002 0.001
Prob 0.029 0.845 0.375 0.814 0.455 0.817
r(i,j) 0.008 0.000 0.000 0.001 0.017 0.028
Prob 0.069 0.820 0.970 0.653 0.008 0.026
r(i,j) 0.003 0.001 0.000 0.002 0.019 0.025
Prob 0.361 0.647 0.880 0.354 0.004 0.033
5. Reef flat
r(i,j) 0.000 0.004 0.000 0.000 0.005 0.001
Prob 0.861 0.882 0.867 0.874 0.280 0.280
r(i,j) 0.012 0.007 0.007 0.001 0.008 0.002
Prob 0.379 0.596 0.128 0.635 0.096 0.256
r(i,j) 0.031 0.001 0.001 0.001 0.000 0.001
Prob 0.079 0.793 0.652 0.592 0.903 0.497
r(i,j) 0.025 0.002 0.003 0.000 0.011 0.003
Prob 0.149 0.796 0.430 0.902 0.025 0.110
r(i,j) 0.025 0.002 0.003 0.000 0.011 0.003
Prob 0.149 0.789 0.437 0.902 0.025 0.117
r(i,j) 0.004 0.040 0.000 0.011 0.000 0.001
Prob 0.680 0.150 0.865 0.033 0.970 0.605
r(i,j) 0.007 0.001 0.009 0.000 0.009 0.001
Prob 0.534 0.853 0.076 0.875 0.099 0.453
6. Reef Pass.
r(i,j) 0.000 0.033 0.000 0.007 0.001 0.000
Prob 0.812 0.075 0.983 0.037 0.537 0.936
r(i,j) 0.016 0.000 0.001 0.003 0.001 0.022
Prob 0.092 0.921 0.415 0.229 0.673 0.006
r(i,j) 0.020 0.037 0.001 0.006 0.000 0.003
Prob 0.049 0.058 0.461 0.071 0.829 0.367
r(i,j) 0.019 0.001 0.000 0.001 0.013 0.014
Prob 0.055 0.777 0.877 0.566 0.029 0.059
r(i,j) 0.017 0.010 0.000 0.009 0.000 0.011
Prob 0.072 0.384 0.646 0.019 0.770 0.065
r(i,j) 0.007 0.001 0.000 0.007 0.000 0.010
Prob 0.293 0.784 0.796 0.024 0.992 0.093
r(i,j) 0.003 0.005 0.002 0.006 0.000 0.002
Prob 0.487 0.521 0.162 0.074 0.834 0.427
r(i,j) 0.002 0.019 0.000 0.007 0.001 0.002
Prob 0.537 0.194 0.633 0.044 0.626 0.508
r(i,j) 0.032 0.004 0.000 0.001 0.009 0.019
Prob 0.006 0.511 0.966 0.385 0.095 0.007
r(i,j) 0.033 0.004 0.000 0.001 0.009 0.021
Prob 0.007 0.518 0.953 0.420 0.103 0.006
r(i,j) 0.007 0.000 0.002 0.000 0.005 0.014
Prob 0.325 0.946 0.132 0.940 0.287 0.061
r(i,j) 0.028 0.011 0.003 0.001 0.005 0.012
Prob 0.016 0.342 0.096 0.497 0.272 0.049
r(i,j) 0.010 0.000 0.000 0.003 0.000 0.013
Prob 0.188 0.906 0.819 0.198 0.771 0.039
r(i,j) 0.000 0.024 0.001 0.005 0.002 0.000
Prob 0.847 0.148 0.511 0.079 0.438 0.949

0.000
0.942
0.000
0.805
0.000
0.769
0.000
0.990
0.002
0.506
0.002
0.509
0.005
0.195
0.001
0.713
0.000
0.922

0.000
0.962
0.002
0.244
0.001
0.362
0.002
0.220
0.000
0.717
0.000
0.718
0.002
0.204
0.001
0.421
0.002
0.156

0.007
0.091
0.000
0.814
0.003
0.267
0.002
0.445
0.004
0.180
0.004
0.179
0.002
0.465
0.002
0.413
0.001
0.469

0.009
0.070
0.000
0.848
0.006
0.301
0.000
0.821
0.000
0.814
0.000
0.854
0.000
0.796

0.002
0.874
0.000
0.875
0.009
0.117
0.006
0.296
0.006
0.296
0.004
0.346
0.000
0.861

0.002
0.294
0.005
0.520
0.006
0.539
0.011
0.374
0.011
0.381
0.008
0.451
0.010
0.308

0.006
0.199
0.003
0.350
0.001
0.646
0.009
0.117
0.002
0.482
0.002
0.509
0.003
0.341
0.001
0.631
0.020
0.002
0.022
0.002
0.001
0.722
0.001
0.672
0.005
0.244
0.002
0.434

0.000
0.626
0.004
0.154
0.000
0.788
0.001
0.499
0.001
0.486
0.001
0.440
0.000
0.807
0.000
0.855
0.002
0.265
0.002
0.253
0.007
0.056
0.006
0.077
0.000
0.711
0.000
0.881

0.001
0.464
0.005
0.049
0.001
0.455
0.004
0.078
0.001
0.453
0.001
0.355
0.005
0.046
0.001
0.573
0.000
0.668
0.000
0.679
0.002
0.187
0.003
0.195
0.003
0.161
0.000
0.734
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Piscivore
invert

Piscivore

Apex predator

0.001
0.566
0.019
0.000
0.009
0.020
0.010
0.008
0.005
0.081
0.003
0.206
0.008
0.025
0.008
0.026
0.002
0.298
0.002
0.174
0.002
0.341
0.004
0.116
0.003
0.244
0.010
0.016

0.004
0.241
0.000
0.842
0.000
0.762
0.000
0.859
0.001
0.562
0.003
0.325
0.003
0.304
0.003
0.302
0.009
0.073
0.000
0.794
0.013
0.026
0.002
0.429
0.000
0.894
0.004
0.204

0.022
0.045
0.030
0.016
0.011
0.166
0.081
0.000
0.054
0.002
0.052
0.002
0.037
0.007
0.037
0.007
0.067
0.000
0.006
0.320
0.073
0.001
0.005
0.367
0.057
0.001
0.052
0.001

Invertivore

Corallivore

Omnivore

Sponge invert.

Zooplankivore

Herbivore

Table 2.8: Results of fourth-corner analysis testing significance of habitat variables in determining
abundance of helliger transformed stereo-BRUV trophic level data across all reef habitats. Figures
in bold indicate significant results.

Significance of habitat/trophic group relationship across all reef zones

Branching coral
Encrusting coral
Foliose coral
Hard coral
Macroalgae
Massive coral
Rock
Sand
Seagrass
Soft coral
Sponge
Submassive coral
Tabulate coral
Turf algae

r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob
r(i,j)
Prob

0.008
0.219
0.021
0.044
0.004
0.374
0.061
0.001
0.029
0.020
0.052
0.002
0.047
0.002
0.047
0.002
0.098
0.000
0.003
0.432
0.081
0.000
0.001
0.648
0.046
0.002
0.069
0.000

0.008
0.219
0.021
0.044
0.004
0.374
0.061
0.001
0.029
0.020
0.052
0.002
0.047
0.002
0.047
0.002
0.098
0.000
0.003
0.432
0.081
0.000
0.001
0.648
0.046
0.002
0.069
0.000

0.004
0.311
0.022
0.018
0.006
0.229
0.034
0.003
0.023
0.018
0.027
0.007
0.019
0.029
0.019
0.029
0.032
0.002
0.000
0.928
0.029
0.005
0.002
0.521
0.021
0.022
0.029
0.006

0.001
0.704
0.003
0.481
0.000
0.974
0.005
0.357
0.018
0.068
0.033
0.016
0.000
0.790
0.000
0.791
0.007
0.271
0.001
0.690
0.011
0.138
0.000
0.908
0.002
0.546
0.000
0.827

0.000
0.938
0.006
0.021
0.002
0.311
0.003
0.123
0.003
0.097
0.004
0.071
0.001
0.356
0.001
0.356
0.001
0.327
0.002
0.254
0.001
0.392
0.000
0.647
0.001
0.439
0.002
0.175

0.001
0.381
0.010
0.009
0.007
0.031
0.007
0.034
0.000
0.979
0.000
0.769
0.021
0.000
0.021
0.000
0.009
0.018
0.000
0.841
0.006
0.061
0.005
0.081
0.002
0.237
0.022
0.000

Patch reefs (Back reef zone 3) were highest in sand cover (73%) relative to other zones
with a significant proportion of turf algae (17.6%) and to a lesser extent macroalgae
(0.8%) and tabulate (3.6%), branching (0.4%), submassive (1%) and encrusting corals
(0.4%) also contributing to benthic cover (Figure 2.5). The only trophic group with a
significant correlation to habitat in this zone were the Herbivores (Table 2.7). Habitat
variables that provided an optimal explanation for variation in stereo-DOVs included
tabulate coral (26%) macroalgae (22%), sand (12%), seagrass (11%) and sponge (10%),
while for stereo-BRUV fish assemblages branching coral (26%) provided the optimum
solution (Figure 2.7, Figure 2.8, Table 2.8). Stereo-DOV replicates have an overall
similarity of 24%, with T. lunare, D. aruanus, S. schlegeli, C. viridis, Chlorurus
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sordidus, A. triostegus, Chaetodon plebius, Scarus rubroviolaceus and S. bilineatus
contributing significantly (Figure 2.7, Table 2.8). Stereo BRUVs were 44% similiar to
each other with Gymnothorax javanicus, L. nebulosus, and L. atkinsoni, contributing
significantly to this (Figure 2.8, Table 2.8).

Tabulate Acropora dominated Inner Reef Flat (Back reef zone 4), was the highest in
average tabulate coral cover (46%) relative to other zones with a significant proportion
of turf algae (31%) sand (15%), massive (2%), submassive (2%) and branching corals
(2%) also present (Figure 2.5). Trophic groups with a significant correlation to habitat
in this zone included variously Herbivores, Corallivores and Invertivores (Table 2.7).
The habitat variable that provided an optimal explanation for variation in stereo-DOV
and stereo-BRUV fish assemblages was tabulate coral (27% and 14% respectively)
(Figure 2.7, Figure 2.8, Table 2.8). Stereo-DOV replicates have an overall similarity of
43% with Chaetodon plebeius, C. sordidus, N. melas, D. aruanus, D. trimaculatus, S.
schlegeli, P. moluccensis, A. triostegus, A. grammoptilus, C. viridis, Ctenochaetus
striatus and T. lunare (Figure 2.7, Table 2.8). Stereo-BRUV transects were 33% similar
with L. atkinsoni, L. nebulosus, Lutjanus fulviflamma, and Epinephelus rivulatus
contributing to this (Figure 2.8, Table 2.8).

Outer Reef Flat aligned coral-algal habitat (Back reef zone 5) had a high cover of turf
algae (53%) relative to other zones with a significant proportion of tabulate coral (32%)
massive coral (5.5%) soft coral (5%), sand (4%), submassive (0.4%) and encrusting
(0.2%) corals (Figure 2.5). Trophic groups with a significant correlation to habitat in
this zone included Omnivores and Corallivores (Table 2.7). The habitat variables that
provided an optimal explanation for similarity in stereo-DOV replicates were tabulate
(44%) and massive coral (39%) while for stereo-BRUV replicates the optimum habitat
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variables were soft coral (28%), sand (27%) and encrusting coral (24%) (Figure 2.7,
Figure 2.8, Table 2.8). Stereo-DOV replicates have an overall similarity of 64% with S.
schlegeli, C. sordidus , A. triostegus, P. coelestis, Chromis viridis, C. plebeius,
Ctenochaetus striatus, T. lutescens, N. melas, and A. sexfasciatus contributing to this
(Figure 2.7, Table 2.8). Stereo BRUV transects were 49% similar with L. atkinsoni, L.
nebulosus, Lutjanus fulviflamma, Epinephelus rivulatus and E. coioides contributing to
this (Figure 2.8, Table 2.8).

Reef pass habitat (Back reef zone 6) had the highest cover of turf algae (60%) relative to
other zones with a significant proportion of tabulate (12%) and encrusting corals (7.5%),
sand (5.5%), massive (5%) and submassive (4.2%) corals, macroalgae (1%) branching
coral (1.4%), sponge (0.6%) and soft coral (0.5%) (Figure 2.5). Fish trophic groups with
a significant correlation to habitat in this zone included Herbivores, Omnivores,
Corallivores, Invertivores, Piscivore invertivores and Apex predator (Table 2.7). The
habitat variables that provided an optimal explanation for similarity in stereo-DOV
replicates were tabulate coral (18%), encrusting coral (16%), macroalgae (13%), sand
(11%), soft coral (9%) sponge (13%), submassive coral (8%) and coralline algae (7%),
while for stereo-BRUV replicates sand alone accounted for 14% of this similarity
(Figure 2.7, Figure 2.8, Table 2.8). Stereo-DOV replicates have an overall similarity of
64% with 90% of this similarity explained by the abundances of 15 fish species the first
ten of which in rank order included S. schlegeli, T. lunare, T. lutescens, C. striatus, P.
coelestis, C. sordidus, N. melas, C. caudimacula, A. triostegus and C. plebeius (Figure
2.7, Table 2.8). Stereo-BRUV transects were 29% similar with L. atkinsoni and E.
rivulatus, contributing to this (Figure 2.8, Table 2.8).
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Table 2.9: Piscivore-invertivores, piscivores and apex predatory species from Stereo-BRUVs (with a correlation R value >0.3 to CAP axis 1,2 or 3) and abundance of all
species from Stereo-DOVs (with a correlation R value >0.3 to CAP axis 1,2 or 3) whose relative average abundance (±1 S.E.) correlated with differences between habitat
zones. DistLMs identify habitat variables that provide an optimal explanation for variation in these fish assemblages.
Stereo-BRUVs

Mean. Abun
Stereo-DOVs
Back reef zone 1: Subtidal reef pavement
Lethrinus nebulosus
2.1±0.8
Chromis viridis
Lethrinus sp
0.04±0.5
Thalassoma lunare
Carang. fulvoguttatus
0.34±0.6
Pomacentrus coelestis
Lethrinus atkinsoni
0.12±1.9
Dascyllus aruanus
Epinephelus rivulatus
0.12±0.6
Acanthurus triostegus
Thalassoma lutescens
Scarus schlegeli
Dascyllus trimaculatus
Coris caudimacula
DistLM best explanatory variables
Turf algae
20
Turf algae
Macroalgae
17
Hard coral
Coralline algae
8
Back reef zone 2: Porites coral "bommies"
Carang. fulvoguttatus
4.2±1.4
Chromis viridis
Lethrinus nebulosus
4±0.9
Scarus schlegeli
Lethrinus atkinsoni
3.61±1.1
Thalassoma lunare
Epinephelus rivulatus
1.37±0.4
Dascyllus aruanus
Abudefduf sexfasciatus
Dascyllus trimaculatus
P. moluccensis
Kyphosus sydneyanus
Parup. barberinoides
Pomacentrus coelestis
Siganus argenteus
DistLM best explanatory variables
Sand
24
Sand
Back reef zone 3: Patch reefs
Lethrinus nebulosus
12.74±3.2
Chromis viridis
Lethrinus atkinsoni
1.99±0.8
Dascyllus aruanus
Scarus schlegeli
Thalassoma lunare
Chlorurus sordidus
Scolopsis bilineatus
Acanthurus triostegus
Chaetodon plebeius
DistLM best explanatory variables
Tabulate coral
26
Branching coral
Macroalgae
22
Sand
12
Seagrass
11
Sponge
10
Reef(- live hard coral)
12

Mean. Abun
30.1±30.8
13.2±0.8
12.5±6.6
10.2±1.4
4.6±2.14
2.7±0.5
2.7±1
0.8±0.5
0.7±0.3
14
12

46.9±12.6
18.8±2.4
17.6±1.5
16.3±2.8
11.5±2.3
9.7±0.8
8.6±1.2
6.8±36.2
6.7±0.9
6±3.5
5.2±13.6
17
20.3±41.1
8.5±2.7
4.4±2.0
3.1±0.8
1.5±1.
1±2.1
0.8±1.3
0.4±0.3
26

Stereo-BRUVs

Mean. Abund
Stereo-DOVs
Back reef zone 4: Tabulate Acropora Reef Flat
Lethrinus atkinsoni
4.93±1.5
Chromis viridis
Lethrinus nebulosus
2.13±0.8
Chaetodon plebeius
Carang. fulvoguttatus
0.67±2.4
Dascyllus aruanus
Lutjanus fulviflamma
0.52±0.2
Acanthurus triostegus
Epinephelus rivulatus
0.48±0.2
Scarus schlegeli
Neoglyphidodon melas
P.moluccensis
Thalassoma lunare
Dascyllus trimaculatus
A. grammoptilus
DistLM best explanatory variables
Tabulate coral
27
Hard coral
Tabulate coral
Back reef zone 5: Coral-algal reef flat
Lethrinus atkinsoni
17.98±3.4
Scarus schlegeli
Lutjanus fulviflamma
5.48±2.7
Chlorurus sordidus
Lethrinus nebulosus
1.61±6
Acanthurus triostegus
Epinephelus rivulatus
0.77±0.2
Pomacentrus coelestis
Epinephelus coioides
0.46±0.3
Chaetodon plebeius
Ctenochaetus striatus
Abudefduf sexfasciatus
Neoglyphidodon melas
Thalassoma lutescens
DistLM best explanatory variables
Tabulate coral
44
Soft coral
Massive coral
39
Sand
Encrusting coral
Back reef zone 6: Reef pass
Lethrinus atkinsoni
2.19±1.2
Scarus schlegeli
Epinephelus rivulatus
1.14±0.4
Thalassoma lunare
Pomacentrus coelestis
Ctenochaetus striatus
Chlorurus sordidus
Thalassoma lutescens
Chaetodon plebeius
Acanthurus triostegus
DistLM best explanatory variables
Tabulate coral
18
Sand
Encrusting coral
16
Macroalgae
13
Sand
11
Soft coral
9
Sponge
13
Submassive coral
8
Coralline algae
7

Mean. Abund
12.5±14.9
8.5±0.5
8.5±1.6
7.5±4.5
7.5±1.2
6.2±0.6
3.5±0.6
2.7±1.7
2.5±3.8
2±2.0
22
14
83.7±8.7
52.6±4.9
33.1±1.8
32.4±12.5
10±0.4
7.7±1.9
5.5±1.2
5.4±1
3.5±1.7
28
27
24
17.7±2.9
8.7±1.7
6.3±5.9
4.5±2
3.9±3.7
3.4±0.8
1±0.7
0.9±0.7
14
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2.4 Discussion
2.4.1 Broadscale geomorphic zonation
At northern Ningaloo Reef using broad geomorphic back reef zones to plan stratified
sampling of finescale fish/habitat associations resulted in statistical differences in fish
assemblage structure caused by finescale habitat variation. Overall variation in finescale
habitat and relative abundance of fish, species richness, number of individuals, Shannon
diversity and to a lesser extent trophic level (as sampled by stereo-DOVs and stereo
BRUVs) were all significantly different between the 6 different back reef zones
supporting the assumption that broadscale geomorphology can be used to represent
biodiversity (McClanahan & Arthur, 2001; Anderson & Millar, 2004; Friedlander et al.,
2007). However, these latter univariate measures of fish assemblage structure, number
of individuals, Shannon diversity, and trophic level, were poor indicators of change
between reef zones since only a minority of significant pairwise comparisons were
driving these significant differences supporting findings in other studies (Acosta &
Robertson, 2002). Species composition was a more meaningful measure in this context
and provided a clearer delineation in finescale variation in fish assemblages (Anderson,
2001).

2.4.2 Finescale habitat variation
Overall a larger number of habitat variables explained a greater percent of the variation
in stereo DOVs than stereo-BRUVs. This was because Stereo-DOVs capture site
attached fish with specific habitat associations by sampling habitat variation over
50x5m. Alternatively, stereo-BRUVs were useful in quantifying differences in the
abundance of vagile species from higher trophic levels and were restricted to a small
sampling area. Sampling with Stereo-DOVs revealed a number of habitat attributes that
were important for discerning differences between reef zones. These included percent
sand, tabulate, massive, submassive and encrusting coral and turf and macroalgae.
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Finescale biophysical habitat explained on average 47% (between 14 and 96%) of the
variation in fish assemblage structure within the 6 back reef zones. Various
combinations of these dominant biophysical habitats which discriminated between reef
zones, in addition to secondary variables unique to particular zones, drove much of the
variability in overall fish assemblage structure as well as trophic group and species
abundances.

2.4.3 Overall fish assemblage structure
Univariate measures of fish assemblage structure including number of individuals,
species richness and Shannon diversity were all significantly different between reef
zones but the trophic level was marginal. The highest average trophic level recorded by
stereo-DOVs and BRUVs was the inshore Back reef zone 1) Subtidal reef pavement.
Transient piscivore-invertivores such as L. nebulosus and G. speciosus, territorial
piscivores such as E. rivulatus and even highly mobile apex predators like
Carcharhinus amblyrhynchos were also significantly associated with this zone.
Although this zone was of average overall abundance, the habitat was important for fish
from higher trophic levels, which was of significance considering that inshore algal
dominated habitats have been shown to be critical for the life history of many coral reef
fish and were readily impacted by coastal development, turbidity and sedimentation
(Baker & Sheaves, 2005; Lecchini & Galzin, 2005). The topographically diverse
structure provided by Zone 2) Porites coral "bommies" had the highest species richness,
overall abundance, and diversity measured by stereo DOVS. These trends of increased
species richness, abundance and diversity attracted an abundance of predatory species
from higher trophic levels. Although not specifically measured, rugosity was a
significant determinant of fish assemblage structure as demonstrated in other studies
(Risk, 1972; Harman et al., 2003). Back reef zone 3) Patch reefs were characterised by a
diversity of benthic habitat which reflected the highest number of unique species and
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highest Shannon diversity for any of the zones sampled by stereo-BRUVs. Variable
random recruitment of species to these reefs would lead to higher species richness
compared to more contiguous habitats (Ault & Johnson, 1998). Back reef zone 4)
Tabulate Acropora dominated Inner Reef Flat habitats had the highest live coral cover,
dominated by tabulate coral and creating shelter as well as highly productive coral, turf
and macroalgae resources. This may explain the very high average overall abundance
and the highest number of unique species of any zone recorded on stereo-DOV transects
as well as the highest in species richness from stereo-BRUVs. The high energy back
reef zone 5) Outer Reef Flat aligned coral-algal habitats were high in the percent cover
of turf and coralline algae, tabulate, massive, soft and encrusting corals and sand habitat
to the extent that it contained the highest overall average abundance and largest number
of unique species from stereo-BRUVs and also very high overall abundance of fish
from stereo-DOVs.

2.4.4 Abundance of trophic groups
Abundance of the various trophic groups differed among back reef zones and was
determined by combinations of the finescale habitat variables. The forth-corner analysis
demonstrate that trophic guilds of reef fish were spatially partitioned across habitat
zones. For instance at back reef zone 1) Inshore subtidal reef dominated by algae,
herbivores were significantly correlated to macroalgae, live coral, percent rocky
substrate and sand, zooplanktivores were associated with macro-algae, encrusting coral,
coralline algae, turf algae and sand, omnivores with sand and turf algae, invertivores
with percent rocky substrate, sand, seagrass, tabulate coral and turf algae, piscivoresinvertivores with live coral, percent rocky substrate, sand, seagrass and turf algae,
piscivores with macro-algae and apex predators with sponge. Variation in the
abundance of most trophic groups could be deemed highly dependent upon the
composition and variation in the benthic substrate across the various back reef zones
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(Legendre et al., 1997; Dray & Legendre, 2008). Although some spurious relationships
occurred, these were easily discounted by referring to the strength of correlations
illustrated in the redundancy analysis biplots and were being driven by correlations
between low abundances of particular trophic groups and low percentage cover of
habitat variables. Clearly studies hoping to detect change in trophic structure need to
account account for this partitioning of habitat.

2.4.5 Abundance of species - Habitat generalists
Fish species contributed to differences between back reef zones depending upon their
habitat usage patterns. Roving herbivorous Acanthurus triostegus and A. grammoptilus
ranged over all back reef zones in varying abundances presumably reflecting spatially
and temporally variable food resources. Alternatively, opportunistic species like
invertivorous Thallasoma lunare and Scarus schlegeli also take advantage of varied
food resources and their abundances differed between zones. Habitat was also indicative
of shelter and was useful in predicting the distribution and abundance of the
planktivores Chromis viridis and omnivorous Abudefduf sexfasciatus and Dascyllus
aruanus. Also species with foraging habits that lend themselves to broad spatial
distributions such as vagile piscivores-invertivores Lethrinus nebulosus, L. atkinsoni,
Carangoides fulvoguttatus and Gnathanodon speciosus also drove correlations with
finescale habitat variables. Most of these species were ubiquitous, their abundances
were high, but often with a peak in a particular zone presumably due to habitat quality.
Less abundant and specialist species also helped differentiate between back reef zones,
but not necessarily at the species level.

2.4.6 Abundance of species - Habitat specialists
Fish species which were not necessarily correlated to finescale variation in habitat at the
species level, but nonetheless comprised a majority of the fish assemblage sampled,
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varied across reef zones in a number of ways. Many species of coral reef fish were
habitat specialists and have highly predictable and very specific habitat usage patterns.
For instance the distribution of many chaetodontids or pomacentrids was dictated by the
distribution and abundance of only one particular coral species or growth form (BenTzvi et al., 2008). A significant proportion of species were found at one zone only (33%
of stereo DOV and 51% of stereo-BRUV species). Many more species were more
flexible in their habitat requirements yet their abundance was still relatively low (Green,
1996). These species would be considered rare in the true sense of the word and would
not necessarily be considered habitat specialists as their presence does not immediately
imply the presence of a co-occurring habitat. A majority of species were found
associated with three or fewer habitat zones in this study (59% for stereo stereo-DOVs
and 77% for stereo-BRUVs) representing a significant source of variability in coral reef
fish assemblages. This issue of numerical and/or habitat rarity was a common problem
and studies of coral reef processes need to take this into account (Jones et al., 2004).

Each broad zone was characterised by different finescale variation in biophysical habitat
structure which account for significant proportions of the variability in associated fish
assemblages at the level of overall species richness, abundance, trophic level and
Shannon diversity, trophic group, and species abundances. Generally these variables
were indicative of heterogeneity in the structure of biophysical habitats and might not
have any biological or ecological relationship to the species that were found. They may
merely co-vary with other aspects of the environment such as depth, water movement
and rugosity, which were all measures shown to have strong correlations with fish
assemblages (Friedlander & Parrish, 1998). Nonetheless, a high level of variability in
fish assemblages was explained by finescale habitat variation. At this location there was
also a high level of habitat specificity even in fish species with no obvious habitat co-
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dependency. To adequately consider effects of spatial or temporal change in fish
assemblages, sampling of fish assemblages need to account for this fundamental source
of variability wherever possible by stratifying across gradients in habitat variability in
order to optimise representation of fish assemblages. It also suggests that impacts on
coral reef environments will have very different implications depending upon their
spatial and temporal extent.
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3 Response of coral reef fish assemblages to
habitat and no-take zones.
3.1 Introduction
Fishing has been demonstrated to be responsible for reducing the abundance and size of
target species (Russ & Alcala, 1996a). Direct effects of fishing have led to the collapse
of many iconic fisheries including Cod in the North sea (Frank et al., 2005), Nassau
grouper in the Caribbean (Sadovy & Eklund, 1999; Sadovy & Domeier, 2005) and pink
snapper at Shark Bay, Australia (Jackson & Stephenson, 2002). In many instances these
species comprise the bulk of the biomass from higher trophic groups responsible for
regulating ecosystem function, and might include apex predators, piscivores and
generalist carnivores (Watson et al., 2007). Changes in the population dynamics of
target species simultaneously reduce their capacity to maintain their populations and
exerts top-down influences on fish assemblage structure having consequences for
species from lower trophic groups including herbivores, invertivores and planktivores
(Graham et al., 2003; DeMartini et al., 2008). As a result fishing impacts have been
implicated in the collapse of ecosystems to which target species belong (Pauly et al.,
1998; Jackson et al., 2001; Worm et al., 2005). These trophic interactions or indirect
effects of fishing are difficult to detect, particularly in diverse coral reef ecosystems
where predators have generalist prey strategies (Graham et al., 2003). Additionally
multiple species contribute to a particular ecosystem process and the abundance and size
of all species are strongly influenced by highly heterogeneous habitats (Russ, 2002;
Almany, 2004; Friedlander et al., 2007). These characteristics, which are typical of
coral reefs worldwide, make it difficult to draw conclusions about the indirect effects of
targeted fishing on coral reef fish assemblages (Mumby et al., 2006).
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Understanding these indirect effects is critical to assessing the effectiveness of measures
such as no-take reserves in achieving ecosystem based fisheries management goals
(Fulton et al., 2005). No-take areas benefit targeted fishes by decreasing their mortality,
resulting in increases in density, biomass, mean size, and age. These increases enhance
reproductive output and may lead to net export of adult and larval fishes (Bohnsack,
1996; Russ & Alcala, 1996a; Bohnsack, 1998; Zeller & Russ, 2000; Abesamis & Russ,
2005a; Russ et al., 2008). In theory, these responses to protection mean that established
no-take areas can be contrasted with heavily fished locations to explore the effect of
fishing on assemblages where target species of known functional groups are depleted
(Russ & Alcala, 1998). For example, a three to four fold increase in the piscivore
Plectropomus leopardus within no-take areas of the Great Barrier Reef was concomitant
with a decline in prey abundance by half when compared to adjacent fished locations
(Graham et al., 2003). These prey species included damselfishes, which fed on plankton
and invertebrates on coral reefs. It has been suggested that this interaction may be
responsible for trophic cascades which have resulted in the crown-of-thorns starfish
outbreaks that have impacted coral reefs which have been depleted of piscivores
through fishing (Dulvy et al., 2004a; Sweatman, 2008).

Although the direct and indirect effects of fishing can be difficult to detect, there is little
doubt that the abundance and sizes of both target and non target species are influenced
by fishing and in some instances this can lead to the disruption of critical ecological
processes through trophic cascades which could maintain coral reef biodiversity (Shears
& Babcock, 2002; Dulvy et al., 2004a; Bundy, 2005; Pauly et al., 2005). Given no-take
areas produce known benefits for target species, the presence of intact higher trophic
groups should result in indirect effects manifest in the abundance and size of species
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from lower trophic groups as a function of increased predation, decreased competition
or other more complex interactions.
One of the goals of establishing marine protected areas is to preserve fish assemblages
and maintain trophic interactions and ecological processes (Bohnsack, 1996; Babcock et
al., 1999; Agardy, 2000; Sumaila, 2000; Graham et al., 2003). One way to establish
how marine protected areas (MPAs) may achieve these objectives is to compare fish
assemblage structure across major gradients in habitat inside and outside established notake areas, and identify how they differ, and which trophic interactions and ecosystem
processes might be affected (Russ, 2002; Halpern, 2003; Friedlander et al., 2007).
Although the data presented here represents a once off survey, ideally a Before After
Control Impact type study would have been undertaken (Willis et al., 2003). However
as outlined in the approach section of the introduction, previous surveys of this area
have been undertaken to quantify target species abudance. These surveys showed no
difference in target fish abundance within proposed sanctuary zone areas and areas
adjacent (Ayling & Ayling, 1987). Then thirteen years later there were significant
effects of protection on target fish species abundance (Westera et al., 2003). By
considering overall assemblage structure, a greater understanding of the potential
mechanisms by which fishing effects might alter coral reef fish assemblage structure are
likely to be achieved (Russ & Alcala, 1998).

This research compares finescale variation in overall fish assemblage structure at two
no-take and two adjacent fished locations. The main objective of this research was to
test whether protection from fishing accounted for significantly more variation in fish
assemblage structure than that explained by bottom up habitat variation and location
effects alone. Fishing was used as a manipulation of general predator density across
major gradients in a typical coral reef profile with the aim of testing if there were
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consistent differences in the abundance and length of both target and non-target trophic
groups. This analysis allowed me to identify which variables accounted for greatest
variation in fish assemblages due to habitat and to determine if the top-down influence
of target species on overall assemblage structure accounted for additional variation. In
doing so, the hypothesis that protection increases the size and abundance of targeted
trophic groups and indirectly effects the size and abundance of non-targeted trophic
groups and species was tested.

3.2 Methods
3.2.1 Study site
Ningaloo Reef is a 270 km long fringing coral reef, found between latitudes 23 48'S and
21 48'S and adjacent the semi-arid North-west Cape of Western Australia (Figure 3.1).
The 50km long northern section of reef encompasses a lagoon ~5km wide and less than
10m deep and punctuated by numerous reef passes.

Figure 3.1: Map of WA and NW cape with North Ningaloo lagoon and Osprey and Mandu
sanctuary and Osprey and Mandu reference areas marked.
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3.2.2 Survey design
Fish assemblage structure within similar habitats at two fished and two no-take areas
was measured. Habitat maps from rectified and ground truthed aerial and hyperspectral
imagery enabled detailed sampling design planning with each fished and protected area
containing six broad dominant geomorphic and biophysical back reef zones (Figure 3.3).
These back reef zones included 1) Subtidal reef pavement, 2) Porites coral "bommies",
3) Patch reefs, 4) Tabulate coral reef flat, 5) Coral algal outer reef flat and 6) Reef pass
zones. Sampling of fish assemblages were stratified by each back reef zone at each
location during July 2006 I used a combination of baited remote underwater stereovideo system deployments (stereo-BRUVs) and diver operated stereo-video (stereoDOVs) transects to sample the fish assemblage. Sampling with both techniques has
been shown to have a number of advantages (Watson et al., 2010).

3.2.3 Sampling
3.2.3.1.1 Benthic habitat and stereo-DOVs
Five replicate 50m random benthic video transects and 5m wide stereo-DOVs belt
transects were collected by a pair of divers using SCUBA divers at each habitat zone x
location combination. The first diver filmed stereo-DOV fish transects measured with a
metric biodegradable cotton distance counter, and the second swam along these
transects recording benthic organisms with a video camera held ~30cm above the
substrate (Abdo et al., 2004). Stereo-DOV transects capture a high proportion of small
herbivores and site attached fish such as pomacentrids and were used to establish an
abundance of fish over a given area (for a full discussion of these methodologies see
Chapter 2, (Shortis & Harvey, 1998; Harvey et al., 2004; Langlois et al., 2010; Watson
et al., 2010). Stereo-DOV transects were used to derive abundance and length data on
species from lower trophic groups including invertivores, omnivores, herbivores,
corallivores, sponge-invertivores and planktivores following the procedure outlined in
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the image analysis section below. Fish species were assigned to trophic groups based on
general categories of herbivores, planktivores, corallivores, sponge-invertivores,
invertivores, omnivores, piscivore-invertivores, piscivores and apex predators as
quantified in previous studies and compiled in Fishbase (Froese & Pauly, 2010).

3.2.3.1.2 Stereo-BRUVs
On a separate day, six stereo BRUVs were deployed in the vicinity of the benthic
habitat video and stereo-DOV transects at each of the same six back reef zone x location
combination. Stereo-BRUVs were used to provide a reliable relative estimate of
abundance and size structure of species from higher trophic levels, particularly apex
predators, piscivores, piscivore-invertivores and invertivores. Target fish species are
particularly well represented in this data and stereo-BRUVs (see Harvey & Shortis,
1996; 1998; Shortis & Harvey, 1998; Harvey et al., 2002 for gear configuration and
calibration procedures) have been used elsewhere to measure differences in fished
compared to protected assemblages (Harvey & Shortis, 1996; Harvey & Shortis, 1998;
Shortis & Harvey, 1998; Harvey et al., 2004; Watson et al., 2005; Watson et al., 2010).

3.2.4 Image Analysis
3.2.4.1.1 Benthic Habitat
To sample finescale habitat variation percent cover of major benthic categories from
stratified random benthic video transects was estimated using a point sampling
technique in which 200 dispersed points were sampled per 50m transect (Abdo et al.,
2004) (see Chapter 1 for a full description of this method). Transect variables measured
included % cover massive, submassive, branching, tabulate, encrusting, foliose and soft
coral, macroalgae, turf algae, coralline algae, sponge, seagrass, sand, % overall hard
coral and percent reef minus hard coral cover.
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3.2.4.1.2 Stereo-DOVs
Each stereo-DOV tape pair was captured as a digital AVI file (audio video interleaved
files) and compressed with DivX to enable the measurement of fish fork length and
distance away from the cameras (Watson et al., 2007; Seager, 2009). Stereo AVI pairs
were synchronized and calibrated using calibration files derived from CAL 1.11
software (Seager, 2009) and subsequently analysed in PhotoMeasure, where the user
progressed through the footage and measured the distance of fish and their fork lengths
at the time of occurrence. Once an entire tape was read, text files containing the species
name, distance from camera and percent accuracy were exported and standardized for
5m transect widths (for a full description of this methodology see: Chapter 1). This
provided replicated and randomized data on fish length and abundance from lower
trophic levels including Invertivores, Omnivores, herbivores, Corallivores, Spongeinvertivores and Planktivores (for a full description of this methodology see: Chapter 1).

3.2.4.1.3 Stereo-BRUVs
A similar procedure was used to analyze the stereo-BRUV videos. Each stereo-BRUV
was assessed for maximum number of individuals of the same species seen together at
any one time on the whole tape (MaxN) using the custom ACCESS interface
BRUVS1.5.mdb© (AIMS, 2006). Each stereo-BRUV tape pair was then captured as a
digital AVI file (audio video interleaved files), compressed with DivX, stereo AVI pairs
were synchronized and calibrated and fish fork length, distances and direction from the
camera recorded using PhotoMeasure (Seager, 2009). Once an entire tape was read, text
files containing the species name, fork length, distance from camera and percent
accuracy were exported and standardized for minimum visibility which enabled us to
eliminate fish greater than 6m away (a sampling area of 37.22m2 and volume of
276.35m2) (Harvey et al., 2004). This provided replicated and randomized data on fish
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length and abundance from upper trophic levels including Apex predators, Piscivores,
Piscivore-invertivores and Invertivores (for a full description see: Chapter 1).

3.2.5 Data Analysis
3.2.5.1.1 Effects of location, protection and reef zone on fish assemblages
Because normality in fish assemblage data from both stereo-BRUVs and DOVs was not
a reasonable assumption due to the predominance of zeros and the variability amongst
habitats, a three-way non-parametric multivariate analysis of variance (PERMANOVA,
(Anderson, 2001; Anderson & Robinson, 2003; Anderson & Willis, 2003b; Anderson &
Millar, 2004; Anderson et al., 2008) was used to detect differences in fish assemblages
and lengths of respective trophic groups between locations, protection and habitat zones.
Significant finescale habitat was used as a covariable, previously identified using
DistLM following the procedure outlined below. Because there were different numbers
of replicates within a habitat zone at each level of protection, habitat was classified as a
random factor nested within protection. This PERMANOVA test was applied to
abundance and length data transformed using a Modified Gower Log 10 distance
measure separately for stereo-BRUVs and stereo-DOVs (Anderson et al. 2006). A
Modified Gower-Log10 distance measure was used as it placed less emphasis on
compositional change of the assemblage and more on changes in relative abundance and
length (Anderson et al., 2006).

3.2.5.1.2 Variables explaining differences in fish assemblages
Distance based linear models (DistLM) were used to quantify the overall variation in
fish assemblages accounted for by finescale habitat between protected and fished
locations (Legendre & Anderson, 1999; Anderson, 2001; McArdle & Anderson, 2001).
Since was only interested in the effect of protection, this was added as a categorical
variable in order to identify which habitat variables if any were associated with
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differences in fish assemblages between protected and fished locations. DistLM is based
on a permutational procedure in which species abundance data were converted into a
modified Gower log 10 distance matrix to compare to a habitat data matrix using a
forward stepping procedure which optimizes selection of variables explaining the most
variation in the fish assemblage. The abundance and length data of higher trophic
groups recorded from the stereo-BRUVs and the lower trophic groups recorded from
stereo-DOVs were modelled separately. Spearman rank correlation R-values were used
to define the direction and magnitude of the relationship between trophic groups,
individual fish species and protection and habitat variables, which were then displayed
using distance based redundancy analysis (dbRDA) biplots (Legendre & Anderson,
1999). Where specific trophic groups were found to have a significant spearman rank
correlation with RDA axis 1 or 2, these trophic groups were analysed separated using
this same DistLM and dbRDA model to identify species abundance and lengths
significantly correlated with specific group patterns.

3.2.5.1.3 Distinctness of fished and protected assemblages.
Where PERMANOVA tests detected significant differences in species abundance and
length from stereo-BRUVs and stereo DOVs, a constrained Canonical Analysis of
Principal Coordinates (CAP) was applied to test the level of concurrence between
samples in driving these significant differences (Anderson & Robinson, 2003; Anderson
& Willis, 2003a). By assigning randomly chosen replicates to fished or protected groups,
this procedure indicated how accurately the assemblage structure reflects the effects of
fishing for stereo-BRUV and stereo-DOV data. The higher the percent of correct
allocations made the stronger the relationship, with a 50% allocation success rate being
no better than random. In addition, where PERMANOVA detected significant
differences in the mean lengths of all species between fished and protected locations,
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Kolmogorov-Smirnov tests were used to compare length frequency distributions for
different trophic groups and species.

3.3 Results
3.3.1 Main effects of finescale habitat, reef zone, protection and
location
Main effects of finescale habitat covariates and back reef zone (6 levels nested within
protection) both accounted for significant variation in the length and abundance of fish
trophic groups from stereo-BRUVs and stereo-DOVs (Table 3.1). Differences in fish
assemblages were greatest across gradients in finescale habitat variation as represented
by percent cover of macro and turf algae, hard coral, tabulate coral, branching coral and
reef (Table 3.1). Likewise, fish assemblages associated with broadscale
geomorphological zones were significantly different to one another for the abundance
and length of upper and lower trophic groups. Gradients in finescale habitat variables
across biophysical back reef zones explains the majority of variation of reef fish
assemblages (length and abundance) regardless of the effects of location or protection
from fishing. The main effect of protection was significant for upper trophic group
abundance from stereo-BRUVs and marginally significant for lengths (P(perm) = >
0.001 and 0.059 respectively) (Table 3.1). There was no main effect of protection for
lower trophic group length and abundance reflecting overwhelming main effect of
bottom up habitat influences. The main effect of location does not account for
significant amounts of variation in abundance and length of stereo-BRUV and StereoDOV data (Table 3.1).

3.3.2 Effects of habitat variation and protection on fish assemblages.
3.3.2.1.1 Higher trophic groups from Stereo-BRUVS
The optimum DistLM for explaining variation in the abundance and length of upper
trophic groups included the finescale habitat variables of tabulate coral, macroalgae and
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turf algae for abundance and percent hard coral cover for abundance and length
respectively (Table 3.2). The variation in fish assemblages accounted for by habitat was
almost entirely accounted for by RDA axis 1 which explained 5.35% of total variation
in the abundance and 5.2% of variation in mean length (Figure 3.2). Percent cover of
these finescale variables was similar between protected and fished sites (Figure 3.4). In
both instances protection accounted for significant additional amounts of variation and
explained an additional 2.4 and 2.1 % of the variation in the abundance and length, and
unlike habitat was strongly correlated to RDA axis 2 (Figure 3.2). In a majority of
instances fish were more abundant at protected back reef zones while piscivores and
piscivore-invertivores were larger. The leave-one-out allocation success from a CAP
analysis correctly identified fished samples 77% of the time based on abundance and
75% of the time based on length. It correctly identified a protected assemblage 73% of
the time based on abundance and 72% of the time based on length (Table 3.3). This
suggests abundance and length of upper trophic groups from fished and protected
assemblages share distinctly different characteristics regardless of the location or zone
they were taken from.

3.3.2.1.2 Lower trophic groups from Stereo-DOVS
The optimum DistLM for explaining variation in the abundance of lower trophic groups
included finescale habitat variables of hard coral, reef, tabulate coral and macroalgae
and for length hard coral, turf algae, tabulate coral, macroalgae and branching coral
(Table 3.2). Protection contributed to this optimum DistLM solution and accounted for
significant additional amounts of variation in length and abundance (Table 3.2, Figure
3.3). RDA axis 1 accounted for 7.2% and axis 2 accounted for 4% of variation in
abundance, while RDA axis 1 accounted for 7.6% and axis 2 accounted for 3% of
variation in length. Overall abundance was significantly higher at protected sites while
size classes were significantly smaller (Table 3.4). The leave one out allocation success
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from a CAP analysis identified fished assemblages 70% of the time for abundance and
72% of the time for length. It correctly identified it as a protected assemblage 83% of
the time for abundance and length. This suggests abundance and length of lower trophic
group assemblages from fished locations were different to protected assemblages and
share distinct characteristics regardless of location (Table 3.4).

3.3.3 Trophic groups and species driving differences
3.3.3.1.1 Apex predators
Apex predators had a marginally significant relationship to the overall RDA axis 1 and
2 for abundance (0.24, -0.06, -0.09) (fished:1±0.07, protected: 1.5±0.16) and length
(fished:1203±223, protected:886±223mm) (Table 3.4). However, at the species level
Carcharhinus amblyrhynchos were significantly more abundant (fished:0,
protected:1.8±0.4) and larger (fished:0, protected:550±30mm) at a number of protected
back reef zones (Table 3.5, Figure 3.2). No individuals of this species were sampled at
either of the fished locations, while 17 individuals were censused at protected locations.
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Table 3.1: Multivariate PERMANOVA results for stereo-BRUV and stereo-DOV fish assemblages
displaying the significance of interactions between species abundance and average lengths
(Modified Gower logbase10) to, protection, location, reef zone, habitat covariates identified through
DistLM as significant and interaction terms, using 4999 permutations. Figures in bold indicate
significant results.

Stereo-BRUVs

Species abundance
·
Apex pred.
·
Piscivores
·
Pisc. Invert.
·
Invertivores

Average sp. lengths
·
Apex pred.
·
Piscivores
·
Pisc. Invert.
·
Invertivores

Stereo-DOVs

Species abundance
·
Invertivores
·
Omnivores
·
Herbivores
·
Corallivores
·
Sponge-invert.
·
Planktivores

Average sp. lengths
·
Invertivores
·
Omnivores
·
Herbivores
·
Corallivores
·
Sponge-invert.
·
Planktivores

Source
Covariates
Protection
Location
Reef Zone (Pr)
COxPr
COxLo
COxZo(Pr)
LoxZo(Pr)**
Res
Total
CO
Pr
Lo
Zo(Pr)
COxPr
COxLo
COxZo(Pr)
LoxZo(Pr)**
Res
Total
CO
Pr
Lo
Zo(Pr)
COxPr
COxLo
COxZo(Pr)
LoxZo(Pr)**
Res
Total
CO
Pr
Lo
Zo(Pr)
COxPr
COxLo
COxZo(Pr)
LoxZo(Pr)**
Res
Total

Df
3
1
2
10
3
6
26
5
68
124
1
1
2
10
1
2
10
5
76
108
4
1
2
10
4
8
35
6
45
115
5
1
2
10
5
10
44
6
28
111

SS
5.657
1.806
2.551
9.484
2.342
5.429
12.057
2.330
33.541
75.196
16.047
10.393
14.110
66.861
3.720
11.164
47.279
18.031
290.890
478.490
13.469
1.897
3.614
15.020
4.346
9.063
19.289
2.900
21.593
91.191
54.561
7.078
15.195
52.746
17.725
34.795
108.220
14.791
58.106
363.220

MS
1.886
1.806
1.275
0.948
0.781
0.905
0.464
0.466
0.493

Pseudo-F
2.417
1.500
1.136
1.923
1.583
1.383
0.940
0.945

P(perm)
>0.001
0.022
0.234
>0.001
0.003
0.027
0.785
0.624

16.047
10.393
7.055
6.686
3.720
5.582
4.728
3.606
3.828

2.510
1.334
1.109
1.747
0.972
1.138
1.235
0.942

>0.001
0.059
0.242
>0.001
0.517
0.205
0.011
0.645

3.367
1.897
1.807
1.502
1.087
1.133
0.551
0.483
0.480

3.064
1.016
1.061
3.130
2.264
1.224
1.149
1.007

>0.001
0.430
0.389
>0.001
>0.001
0.117
0.015
0.460

10.912
7.078
7.598
5.275
3.545
3.480
2.460
2.465
2.075

2.717
1.057
0.880
2.542
1.708
0.906
1.185
1.188

>0.001
0.382
0.730
>0.001
0.006
0.706
0.013
0.195
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Table 3.2: Stereo-BRUV and DOV surveys of fish using a distance based linear model with forward
selection and 4999 permutations. The AIC selection criteria was recorded with proportion of
variability in fish group abundance and length from stereo-BRUVs (Apex predators, Piscivores,
Piscivore-invertivores, Invertivores) and stereo-DOVs (Invertivores, Omnivores, Herbivores,
Corallivores, Sponge-invertivores, Planktivores) explained by individual environmental variables in
addition to protection.

Stereo-BRUVs
Abund.

Lengths
Stereo-DOVs
Abund.

Lengths

Variable
Tab. coral
Protection
Macroalgae
Turf algae
Hard coral
Protection
Hard coral
Reef
Tab. coral
Protection
Macroalgae
Hard coral
Turf algae
Protection
Tab. coral
Macroalgae
Branch. coral

AIC
-64.422
-65.571
-66.363
-66.592
158.19
158.14
-31.456
-34.342
-35.763
-36.506
-37.319
128.59
126.05
125.68
125.23
125.03
124.94

SS(trace)
2.888
1.799
1.558
1.219
18.2
8.335
5.740
3.525
2.380
1.859
1.861
22.55
13.53
6.859
6.933
6.086
5.686

PseudoF
4.9121
3.1122
2.7332
2.1592
4.3398
2.0073
7.6582
4.8620
3.3515
2.6564
2.6999
7.281
4.5065
2.3128
2.3675
2.0995
1.9799

P
>0.001
>0.001
>0.001
0.001
>0.001
>0.001
>0.001
>0.001
>0.001
0.001
>0.001
>0.001
>0.001
>0.001
>0.001
0.001
0.002

Prop.
3.8%
2.4%
2.1%
1.6%
3.9%
1.8%
6.3%
3.9%
2.6%
2.0%
2.0%
6.2%
3.7%
1.9%
1.9%
1.7%
1.6%

Cumul.
3.8%
6.2%
8.3%
9.9%
3.9%
5.7%
6.3%
10.2%
12.8%
14.8%
16.9%
6.2%
9.9%
11.8%
13.7%
15.4%
17.0%

Table 3.3: Results of leave one out allocation success from CAP analysis for abundance and lengths
of species belonging to upper trophic groups from stereo-BRUVs and lower trophic groups from
stereo-DOVs.

Stereo-BRUVs
Stereo-DOVs

Orig. group
Fished
Protected
Fished
Protected

Abundance
% correct
77
73
70
83

Lengths
% correct
75
72
72
83

Fish habitat associations

65

Figure 3.2: Distance based RDA biplots representing abundance and lengths of species from stereoBRUV trophic groups modelled by habitat and protection variables with Distance based linear
modelling. Species from trophic groups including apex predators, piscivores, piscivore-invertivores
and invertivores with spearman correlation greater than 0.25 to RDA axis 1 or 2 are shown as
vectors in corresponding vector plots below.

3.3.3.1.2 Piscivores
Piscivores were significantly more abundant (fished:2.2±0.6, protected:2.7±0.3) across
reef zones at protected locations, although they were significantly larger at some fished
back reef zones (fished:536±54, protected:377±54 mm) this result was spurious and
driven by rare records of the large E. malabaricus and Epinephelus tukula. When the
remaining twenty species of serranids were compared, comprising most of the targeted
piscivores on this reef, overall they were significantly more abundant (fished:1.5±0.2,
protected:1.9±0.2) and larger at protected habitats (fished:266±19, protected:318±15
mm). Species of Serranids included Cephalopholis miniata, Cephalopholis urodeta,
Epinephelus amblycephalus, Epinephelus areolatus, Epinephelus bilobatus, Epinephelus
coioides, Epinephelus fasciatus, Epinephelus longispinis, Epinephelus multinotatus,
Epinephelus polyphekadion, Epinephelus rivulatus, Epinephelus sexfasciatus, Gracila
albomarginata, Plectropomus laevis, Plectropomus leopardus, Variola albimarginata,
Variola louti, as well as unidentified Cephalopholis and Epinephelus species. Each of
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these species could be considered rare, but together comprise a significant piscivorous
reef fish guild and the differences in their abundance and lengths represent significant
gradients in piscivory between protected and fished locations. At the species level,
Epinephelus rivulatus was the only piscivore with a Pearson correlation r-value > 0.25
and significantly more abundant (fished:1.4±0.1, protected:1.8±0.2, P >0.05) at
protected backreef zones (Figure 3.2, Table 3.5). This species was heavily fished and
was associated with inshore reef pavements and Porites coral bommie zones, where it
was either significantly more abundant or larger at protected habitats. This was despite
shore based fishing impacting the abundance of this species at Osprey sanctuary.

3.3.3.1.3 Piscivore invertivores
The overall abundance of the pooled piscivore-invertivores was significantly higher at
five out of six back reef zones (fished:7.4±1.9, protected:18.8±4.4, P >0.05). The
majority of species targeted by fishers at Ningaloo are piscivore-invertivores (Table 3.4)
(Sumner et al., 2002). This trophic group showed significant differences between fished
and protected back reef zones for average abundance (fished:9.2±1.2,
protected:18.9±2.6) and mean fork length (fished:296±11, protected:316±11mm) (Table
3.4, Figure 3.5). The main species driving differences in abundance were Lethrinus
nebulosus (fished:2.9±0.7, protected:4.7±0.7), L. atkinsoni (fished:2.3±0.2,
protected:6.6±0.9), Carangoides fulvoguttatus (fished:2.1±0.5, protected:3.7±0.7),
Gymnothorax javanicus (fished:1±0, protected:1.18±0.1) and Lutjanus fulviflamma
(fished:1.8±0.4, protected:3.5±1.0) (Figure 3.2, Figure 3.5, Table 3.5). Of these species,
the mean lengths of L. nebulosus (fished:322±18, protected:363±12mm) and L.
atkinsoni (fished:216±10, protected:234±3mm) were significantly different and in both
instances there was evidence for ontogenetic habitat partitioning though protected zones
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supported significantly greater abundance of larger size classes, compared to adjacent
fished zones (Figure 3.5).

3.3.3.1.4 Invertivores
Invertivores were significantly more abundant (fished:19±2.4, protected:28±3.2) and
smaller (fished:160±4, protected:144±2mm) at protected back reef zones. Abundance
patterns were driven by a number of species including Thalassoma lunare
(fished:5.8±0.6, protected:7.4±0.6), T. lutescens (fished:2.5±0.4, protected:2.9±0.7),
Coris aygula (fished:1.4±0.3, protected:2.8±0.8), Scolopsis bilineatus (fished:2.8±0.7,
protected:3.05±1), Neoglyphidodon melas (fished:2.2±0.3, protected:3.5±0.4) and
Parupeneus barberinoides (fished:1.9±0.4, protected:2.9±0.5). In general the mean
lengths of Invertivores were smaller in protected areas in comparison to fished areas for
example T. lunare (fished:125±3, protected:111±2mm) (Figure 3.5), Neoglyphidodon
melas (fished:113±5, protected:98±2mm) and Hemigymnus fasciatus (fished:181±20,
protected:140±40mm) which were significantly smaller. There are some examples of
invertivores which have large adult body sizes and were significantly larger within
protected zones including Coris aygula (fished:259±37, protected:295±11mm), H.
melapterus (fished:194±40, protected:198±35mm) and P. barberinoides (fished:118±12,
protected:124±8mm) while the smaller species T. lutescens (fished:119±5,
protected:117±3mm) and S. bilineatus (fished:186±6, protected:161±5mm) were
alternately smaller and larger at protected back reef zones respectively. Exceptions to
this general trend of increased abundance were C. caudimacula (Figure 3.5) which was
consistently more abundant at fished back reef zones (fished:2.2±0.4, protected:1.5±0.1).
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Table 3.4: Direction of response to protection for average abundance and length of trophic groups from stereo-BRUVs and stereo-DOVs. + indicates fish were more
abundant or larger at protected sites, - indicates fish were more abundant or larger at fished sites and ~ indicates no difference. Trophic group abundances with spearman
correlations to RDA axis 1,2 or 3 >0.25 are highlighted and were significantly different between protected and fished backreef zones. Trophic group whose average length
was significantly higher at protected locations from Kolmogorov-Smirnov tests are represented by a +, where length frequency distributions were no different they are
represented by a ~ and where mean length was higher at fished locations they are represented by a -. Appendix 1 details corresponding trophic group abundance and
length data.

Tabulate Acropora Flat

Coral algal Reef Flat

Reef pass

KS-test

Overall

Subtidal reef pavement

Porites coral "bommies"

Patch reefs

Tabulate Acropora Flat

Coral algal Reef Flat

Reef pass

(0.02,-0.39,0.08)
(0.24, -0.06, -0.09)
(0.25, -0.17, -0.14)
(0.01, -0.3, 0.09)
(0.38, -0.13, 0.13)
(0.3, -0.03, -0.06)
(0.13, -0.18, -0.27)
(0.47, -0.05, -0.06)
(0.16, 0.19, -0.36)
(0.13, 0.06, -0.08)

Patch reefs

Target species
Apex predators
Piscivores
Piscivore-invert.
Corallivore
Herbivore
Invertivore
Omnivore
Planktivore
Sponge-invert.

Porites coral "bommies"

Spearman corr.
(RDA Axis 1,2,3)

Subtidal reef pavement

Trophic group

Average of Length (mm)

Overall
Stereo-DOVs

StereoBRUVs

Average of abundance

+
+
~
+
+
+
+
+
-

~
~
~
~
+
~
+
+
-

+
~
+
~
~
+
+
~
-

+
~
+
+
~
~
~
~
-

+
+
+
+
+
~
+
~
+
+

+
+
+
+
+
+
~
+
~
~

+
+
~
+
+
~
~
~
-

~~
~~
++
~+
~~
++
++
+++
~~

~
~
+
+
~
+

~
+
+
~
~
~
+

~
+
~
+
~
~
+
~

+
+
~
~
~
~

~
+
+
+
~
~
+

~
+
+
~
~
-

~
+
~
~
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Table 3.5: Direction of response to protection of species average abundance and length from stereo-BRUVs and stereo-DOVs. + indicates fish were more abundant or
larger at protected sites, - indicates fish were more abundant or larger at fished sites and ~ indicates no significant difference. Abundances and lengths with Spearman
correlations to RDA axis 1,2 or 3 >0.25 are bold and were significantly different between protected and fished backreef zones. Locally targetted species are indicated with
an asterix below.

+
~
+
~
~
~
~
~
+
~
~
+
+
~
~
~
~
~
~
~
~
~
+
~
+
~
~
~
+
~

Reef pass

~
~
+
+
+
+
~
~
+
~
+
+
~
~
+
~
~
+
+
+
~
~
~
+

Coral algal Reef Flat

~
~
+
+
+
+
+
~
~
+
+
+
~
~
~
~
+
+
~
+
+
+
+
~
+
~
+
+

Tabulate Acropora Flat

~
~
~
+
~
~
+
+
+
~
~
~
~
~
+
~
~
~
~
~
+
+
-

Patch reefs

+
~
+
~
+
~
~
+
~
+
~
~
~
~
~
+
+
+
+
+
+
+
+
+
~
~
~
~
+
~

Porites coral "bommies"

+
+
~
~
+
~
~
~
~
~
+
~
~
+
+
+
+
+
+
~
~
~
~
+
+
+
+
+
+
~
~

Subtidal reef pavement

(-0.14,-0.27,0)
(0.33,-0.11,-0.02)
(0.33,-0.39)
(-0.18,-0.25)
(-0.01,-0.22)
(0.26,-0.1)
(0.27,-0.18)
(0.39,0.16,0.09)
(0.6,-0.18,-0.14)
(0.2,-0.15,-0.3)
(0.5,-0.09,0.04)
(0.23,-0.02,0.09)
(0.14,-0.16,-0.09)
(0.46,-0.2,-0.18)
(0.62,0.16,0.19)
(0.2,0.31,-0.14)
(-0.11,-0.33,0.07)
(0.06,0.14,-0.02)
(0.28,-0.04,0.16)
(0.14,0.01,-0.06)
(0.14,0.2,0.33)
(0.05,0.09,-0.25)
(0.25,-0.14,-0.12)
(0.52,-0.07,-0.02)
(0.52,-0.03,0.01)
(0.45,0.02,-0.16)
(0.22, 0.06,-0.16)
(0.26,0.16,0.04)
(0.44,0.34,-0.23)
(0.45,-0.23,0.01)
(0.47,0.01,-0.04)
(0.25,0.04,0.29)
(-0.21,-0.39,0.04)
(0.27,-0.08,0.25)

Spearman corr.
(RDA Axis 1,2,3)

Planktivores

Reef pass

Omnivores

Coral algal Reef Flat

Stereo-DOVs

Invertivores

Tabulate Acropora Flat

Herbivores

Carcharhinus amblyrhynchos*
Epinephelus rivulatus*
Lethrinus atkinsoni*
Lethrinus nebulosus*
Carangoides fulvoguttatus*
Lutjanus fulviflamma*
Gymnothorax javanicus
Chaetodon trifascialis
Chaetodon plebeius
Acanthurus grammoptilus
Scarus schlegeli
Scarus frenatus
Scarus rubroviolaceus
Acanthurus triostegus
Chlorurus sordidus
Zebrasoma scopas
Coris caudimacula
Hemigymnus fasciatus
Coris aygula
Hemigymnus melapterus
Scolopsis bilineatus
Parupeneus barberinoides
Parupeneus spilurus
Thalassoma lunare
Neoglyphidodon melas
Thalassoma lutescens
Chaetodon lunula
Chaetodon citrinellus
Ctenochaetus striatus
Pomacentrus milleri
Chromis viridis
Dascyllus aruanus
Pomacentrus coelestis
Pomacentrus moluccensis

Patch reefs

Corallivores

Apex predator
Ambush small fish
Mobile nekton feeder
Mobile nekton feeder
Mobile nekton feeder
Mobile nekton feeder
Mobile nekton feeder
Hard coral feeder
Hard coral feeder
Detritus sucker
Scraper
Scraper
Scraper
Benthic planktivore
Excavator
Large cropper
Mobile benthos feeder
Mobile benthos feeder
Mobile benthos feeder
Mobile benthos feeder
Sessile benthos feeder
Sessile benthos feeder
Sessile benthos feeder
Mobile benthos feeder
Sessile benthos feeder
Mobile benthos feeder
Sessile benthos feeder
Sessile benthos feeder
Detritus sucker
Sessile benthos feeder
Zooplanktivore
Planktivore
Planktivore
Benthic planktivore

Species

Porites coral "bommies"

Apex predators
Piscivores
Piscivore-inver.

Feeding style

Subtidal reef pavement

Stereo-BRUVs

Trophic group

Average of length (mm)

Spearman corr.
(RDA Axis 1,2,3)

Average of abundance

(-0.14,-0.27,0)
(-0.01,-0.20,0.08)
(0.4,-0.27,-0.1)
(-0.09,-0.34,-0.01)
(-0.14,0.17,0.16)
(0.42,-0.03,0.14)
(0.03,-0.07,0.25)
(0.32,0.21,0.06)
(0.35,0.02,-0.1)
(0.17,-0.23,-0.1)
(0.37,0.06,0)
(0.32,0,0.09)
(0.12,-0.12,-0.24)
(0.18,-0.14,0.03)
(0.6,0.35,0)
(0.19,0.09,-0.27)
(-0.17,-0.03,0.13)
(0.25,0.15,-0.2)
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Figure 3.3: Distance based RDA biplots representing abundance and lengths of species from stereoDOVs trophic groups modelled by habitat and protection variables with Distance based linear
modelling. Species from trophic groups including invertivore, roving herbivore, planktivore, spongeinvertivore, corallivore and omnivore with spearman correlation greater than 0.25 are shown in
corresponding vector plots below.
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Figure 3.4: Average percent cover of habitat variables at fished and protected locations identified by
DistLM as explaining greatest variability in fish assemblage abundance and length data from stereoBRUVs and stereo-DOVs. These variables in addition to the factor of protection explain 10% and 6%
of variation in apex predator, piscivore, piscivore-invertivore and invertivores abundance and length
from stereo-BRUVs respectively. They also explain 17% of variation in abundance and length of
invertivores, roving herbivores, planktivores, sponge-invertivores, corallivores and omnivores from
stereo-DOVS. Branching coral was not represented and accounted for less than one percent of habitat
at all four locations.
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Figure 3.5: Abundance and average fork length of trophic groups across six backreef zones at protected
and fished locations. A number of species were responsible for significant differences within these
trophic groups, some of which are shown not necessarily alongside corresponding plots.
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3.3.3.1.5 Omnivores
Overall, omnivores were significantly more abundant (fished:10±1.6, protected:16±1.9) at
protected sites and showed no significant difference in length (fished:139±4,
protected:139±4mm) (Table 3.4, Figure 3.5). Chaetodon citrinellus (fished:1.5±0.2,
protected:1.7±0.2) were significantly more abundant while Chaetodon lunula (fished:1±0,
protected:1.7±0.5) was consistently (but insignificantly) more abundant at protected back
reef zones. Pomacentrus milleri (fished:2.3±0.26, protected:1.88±0.22) was significantly
less abundant at protected back reef zones (Table 3.5). Consistent with overall trends of no
difference in lengths, C. citrinellus (fished:102±2, protected:95±4mm), and C. striatus
(fished:177±9, protected:177±4mm) all showed varying response to protection between
back reef zones. The only exception to this was C. lunula which was significantly larger at
various protected backreef zones (fished:120±18, protected:133±13mm) and P. milleri
which was significantly smaller at protected backreef zones (fished:91±4,
protected:71±3mm).

3.3.3.1.6 Herbivores
Herbivores were significantly more abundant (fished:39±9.7, protected:54±10) and larger
(181±2, protected:194±2mm) at protected back reef zones (Table 3.4, Figure 3.5) with
Acanthurus grammoptilus (fished:1.6±0.2, protected:3.9±0.8), Chlorurus sordidus
(fished:5.1±1.2, protected:10.4±2.4) (Figure 3.5), Ctenochaetus striatus (fished:2.2±0.3,
protected:5.2±1) and Scarus schlegeli (fished:11±6, protected:15±3) all having the same
trend. Zebrasoma scopas (fished:1.5±0.1, protected:1.4±0.1) and A. triostegus
(fished:10±1.5, protected:8.8±1.3) were more abundant at fished and protected back reef
zones (Table 3.5). The lengths of S. schlegeli (fished:142±6, protected:146±5mm) and S.
rubroviolaceus (fished:190±10, protected:274±50mm) (Figure 2.5) were correlated to RDA
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axis >0.25 and were larger at protected reef zones, while A. grammoptilus (fished:189±12,
protected:215±6mm) was consistently larger though this was not strongly correlated to
RDA axes (Table 3.5). Z. scopas (fished:167±8, protected:172±6mm), C. striatus
(fished:177±9, protected:177±4mm), C. sordidus (fished:166±8, protected: 172±6mm) and
S. frenatus (fished:160±13, protected:168±15) were correlated to RDA axes however there
were inconsistent differences between fished and protected back reef zones.

3.3.3.1.7 Corallivores
Corallivores were significantly more abundant (fished:5.3±0.6, protected:7.7±1) and
consistently (though insignificantly) smaller (fished:112±4, protected:98±4mm) at
protected back reef zones (Table 3.4, Figure 3.5). Both Chaetodon trifascialis
(fished:130±11, protected:111±9mm) and C. plebius (fished:102±19, protected:91±27mm)
were significantly smaller at protected compared to fished back reef zones. Chaetodon
trifascialis (fished:1.4±0.2, protected:2±0) were significantly more abundant at protected
back reef zones while C. plebius showed no response of abundance to protection
(fished:2.0±0.1, protected:2.0±0.1).

3.3.3.1.8 Planktivores
Planktivores were significantly larger (fished:84±3, protected:70±3mm) and more abundant
(fished:122±33, protected:91±12) at fished sites (Table 3.4, Figure 3.5). Chromis viridis
(fished:76±1, protected:65±1mm), Pomacentrus coelestis (fished:52±4, protected:47±2mm)
and Pomacentrus moluccensis (fished:65±3, protected:61±2mm) all consistently showed
significantly smaller average lengths at protected back reef zones. These species also had a
strong spearman rank correlation with RDA axis 1,2 or 3 for abundance including Chromis
viridis which were less abundant overall (fished:114±31, protected:76±13) (Figure 3.5),
while Dascyllus aruanus (fished:6.5±1.1, protected:9±1), Pomacentrus coelestis
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(fished:12.8±3, protected:17.4±3.5) and Pomacentrus moluccensis (fished:4.1±1,
protected:4.2±0.6) were more abundant overall at protected back reef zones (Table 3.5).
Despite the significant overall pattern of decreased abundance at protected sites for this
trophic group, this was inconsistent between back reef zones. C viridis were orders of
magnitude more abundant than the other species. Despite the highly variable densities,
these small species of planktivore were consistently smaller across all protected back reef
zones.

3.3.3.1.9 Sponge invertivores
Sponge invertivores were consistently less abundant (fished:2.2±1.3, protected:1.3±0.2)
and larger (fished:230±22, protected:295±22mm) at protected back reef zones, though in
both instances this was insignificant due to their relative rarity compared to other more
abundant trophic groups (Table 3.4). Nonetheless, at the species level, Pomacanthus
semicirculatus were significantly larger (fished:202±30, protected:231±33mm) at protected
backreef zones and consistently (though insignificantly) more abundant at fished sites
(fished:2.4±0.4, protected:1.2±0.2) (Figure 3.3).

3.4 Discussion
By comparing the overall assemblage structure across similar gradients in finescale habitat
at these fished and established protected locations a greater understanding of the potential
mechanisms by which fishing effects may indirectly effect coral reef fish assemblage
structure have been elucidated. Protection from fishing explained significantly more
variation in fish assemblages in addition to that explained by finescale habitat alone. The
major drivers of change between fished and protected assemblages included percent cover
of live hard corals, tabulate corals, macroalgae and reef, suggesting that variation in the
abundance of fishes from different trophic groups will impact on these habitats according to

76

Fish habitat associations

their roles within the ecosystem. Evidence of the direct impacts of fishing at northern
Ningaloo reef was pervasive with a reduced abundance and size of target species consistent
across the range of habitats sampled. Protection accounted for an extra 2.4% variation in
abundance and 1.8% variation in length in addition to 7.5% and 3.9% explained by various
finescale habitat variables.

3.4.1 Target species
Target species from upper trophic groups including serranids, lethrinids, lutjanids and
carangids were consistently more abundant and larger in protected compared to fished back
reef habitats. This is consistent with previous studies (Russ & Alcala, 1996b; Russ &
Alcala, 1996a). On New Caledonia reefs a large component of the diet of these families
comprised of fish prey including 48% for serranids, 75% for carangids, 34% for lutjanids
and 16% for lethrinids (Kulbicki et al., 2005). This suggests that increases in their
abundance and size will increase the rate of predation on prey at these protected locations.
At protected sites the Piscivore-invertivores (L. atkinsoni 190%, L. nebulosus 62%, L.
fulviflamma 94% and C. fulvoguttatus, 76%) were more abundant, with L. nebulosus (12%)
and L. atkinsoni (8%) larger. In total, there were 22 species of serranids censused
(comprising most of the targeted piscivores on this reef) and overall these species were
27% more abundant and 19% larger at protected habitats. E. rivulatus was 28% more
abundant at protected sites despite being targeted by fisherman from the shore at Osprey
Sanctuary. These effects were enough to correctly distinguish abundance data of upper
trophic fish groups from a randomly chosen fished stereo-BRUV samples 77% of the time,
a protected abundance sample 73% of the time, a fished length sample 75% of the time and
a protected length sample 72% of the time. An increase in the abundance of the apex
predator Carcharhinus amblyrhynchos was detected with seventeen individuals sampled at
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protected sites but none at fished sites. Direct fishing impacts on this species could explain
this pattern however, it's more likely that these apex predators are attracted to the larger and
more abundant prey at protected areas given that they are not specifically targeted by most
fishermen and that known aggregation sites for this species occur proximal to fished sites
(MPRA, 2005). The presence of more C. amblyrhynchos at protected locations would
suppress effects of protection. Although target species were consistently more abundant and
larger, the species driving these differences were dependent upon the back reef zone
sampled, representing a difference in predator impacts on associated assemblages. Overall
piscivorous reef fish guilds from upper trophic groups are likely to feed on a range of
species dependent upon potential prey densities for which lengths and abundances differed
significantly between fished and protected locations (Graham et al., 2003; Hixon & Jones,
2005).

3.4.2 Non-target species
For non-targeted fish trophic groups, protection accounted for an extra 2% variation in the
abundance and 1.9% variation in the lengths in addition to the 14.8% and 13.5% explained
by finescale habitat variables. Abundance data of lower trophic groups from a randomly
chosen stereo-DOV sample from a fished and a protected location were correctly
distinguished 70% and 83 % of the time respectively, and length data from a fished and a
protected location were correctly distinguished 72% and 83% of the time respectively.
Non-target trophic groups were more specific in habitat requirements and closely related
prey species did fulfil similar functional roles at different locations. Consequently species
trends were often indifferent, or contradicted overall trends in the response of trophic
groups. However, protected and fished lower trophic group assemblages were more distinct
from one another than for upper trophic groups (Russ, 1991; Acosta & Robertson, 2002).
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3.4.3 Invertivores and corallivores
Invertivores and corallivores were more abundant at protected locations and were also
consistently smaller (significantly so in the case of invertivores). The more abundant
invertivores (including Thalassoma lunare, T. lutescens, Coris aygula, Scolopsis bilineatus
and Parupeneus barberinoides) are all medium to large, mobile and sedentary benthos
feeders and scavenge scraps and small invertebrates disturbed by feeding activity of larger
fish. Chaetodon citrinellus were significantly more abundant, although inconsistently larger,
while Chaetodon lunula, was consistently (but insignificantly) more abundant and
significantly larger at protected back reef zones. Studies at Abrohlos Islands have
highlighted the attraction of opportunistic invertivores to the feeding activity of larger fish
(Watson et al., 2007). At protected sites targeted piscivore invertivores were 154% more
abundant and their increased feeding disturbances simultaneously increase food availability
and represent increased predation risk for smaller size classes of invertivores explaining
why these species were more abundant but smaller at protected sites (eg T. lunare) (Connell
et al., 1998). Coris caudimacula was consistently less abundant and smaller at protected
sites as it has a maximum adult body size similar to the juvenile body size of these other
invertivores supporting size selective predation as a potential cause of these overall patterns
of increased abundance and length of invertivores at protected sites. Corallivores were
orders of magnitude less abundant than invertivores but nonetheless were more abundant
but smaller at protected zones. The significant reduction in size of both Chaetodon
trifascialis and C. plebius within protected locations are consistent with increased predation.
Increased overall abundance at protected sites was harder to explain as there were no
differences in average tabulate or live hard coral cover.
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3.4.4 Herbivores and Omnivores
Herbivores were more abundant and larger at protected back reef zones, a pattern driven
predominantly by turf algae grazers, while omnivores were significantly more abundant,
although no differences in size were detected. Acanthurus grammoptilus, a large bodied turf
algae cropper, was more abundant and consistently larger at protected sites. Ctenochaetus
striatus, a small bodied cropper, was significantly more abundant though inconsistently
different in length between fished and protected habitats. Scarus schlegeli were more
abundant and, as well as S. rubroviolaceus (both turf algae scrapers), were significantly
larger at protected reef zones. Chlorurus sordidus feeds by excavating sediments and was
significantly more abundant and consistently larger at specific protected back reef zones
(Bellwood, 1995). Both these species are sessile benthos feeders and are likely to be
affected by increased piscivore-invertivore abundance in the same way as invertivores. In
the instance of herbivores and omnivores, increased abundance might be linked to
increased availability of food, although there were no differences in the amount of turf
algae habitat at protected or fished locations. Similarly new recruits could be attracted to
noise generated by increased adult feeding activity at protected sites (Mann et al., 2007).
Regardless of the explanation, selective pressure through increased predation on these
species has been shown to lead to increased average length and abundance in herbivorous
scarids at other protected locations which has implications for grazing of algae on coral
reefs (Bellwood & Choat, 1990; McClanahan & Graham, 2005; Mumby et al., 2006;
Watson et al., 2007).

3.4.5 Planktivores and Sponge Invertivores
Planktivores, a number of additional pomacentrids and sponge-invertivores were smaller
and less abundant at protected back reef zones consistent with increased predation at
protected sites. Planktivores consist of predominantly small bodied pomacentrids and also
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caesonids. At the species level the overall trends were not as strong as the overall
differences, and in some instances contradicted them. Chromis viridis, the most abundant
and ubiquitous planktivore at Ningaloo was significantly less abundant and smaller at
protected sites, although in some instances it was more abundant at particular protected
back reef zones. Although not a planktivore, Pomacentrus milleri are abundant small
bodied pomacentrids and were significantly less abundant and smaller at protected backreef
zones. A high level of variability at the species level for pomacentrids could be expected
due to the highly hetereogeneous nature of habitat. At the massive Porites bommie habitats,
this trophic group was least abundant and smaller at protected sites where target species
overall were more abundant and E. rivulatus, L. atkinsoni, L. nebulosus, and C.
fulvoguttatus were significantly larger. Pomacentrus coelestis, P. moluccensis and
Pterocaesio marri were significantly larger at fished sites however P. coelestis, D. aruanus
and P. mollucensis were more abundant at protected back reef zones. Overall these species
were orders of magnitude less abundant compared to C viridis. The only sponge invertivore
to significantly correlate to protection was Pomacanthus semicirculatus which were
significantly smaller and consistently (though insignificantly) less abundant at protected
sites. Planktivores contribute to regulating supply of incoming larval recruits to local reefs
including both fish and invertebrates (Motro et al., 2005; Allen & McAlister, 2007; Bonte
et al., 2012). Variation in their abundance due to different levels of predation represents a
mechanism by which protected areas maintain marine biodiversity.

3.4.6 Fishing pressure
Historical commercial depletion of target fish stocks in addition to current ongoing
recreational fishing pressure, are consistent with the depletion of upper trophic fish groups
at fished compared with protected back reef zones detected in this study (MPRA, 2005). In
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1989 these direct fishing impacts provided justification for the implementation of protected
reserves including Mandu and Osprey sanctuary zones with the goals of preserving fish
assemblages and maintaining biodiversity (MPRA, 2005). Surveys of target fish
assemblages (including Lethrinids, Serranids, Lutjanids and Haemulids) undertaken in
1987 before the inception of these protected areas in northern Ningaloo Reef concluded that
although there were significant variation in the abundance of heavily targeted L. nebulosus
and L. atkinsoni between back reef zones, there were no differences in target fish density or
size along the fishing gradients characteristic of this northern lagoon (Ayling & Ayling,
1987). Thirteen years after inception elevated abundances and size of targeted fish
associated with these protected areas relative to adjacent fished sites (Westera et al., 2003).
In 1999 a census of recreational fishers revealed that annual effort amounted to an
estimated catch of 22600 Lethrinus nebulosus, 19700 Epinephelus rivulatus, 10400 L.
miniatus, 8500 L. laticaudis, 4800 Gnathanodon speciosus and 4700 L. atkinsoni, amongst
other target species at Ningaloo (Sumner et al., 2002). Fishing effort has increased
substantially in the decade since (MPRA, 2005) and prior to this, commercial line and trap
fisheries were deemed to be seriously depleted in the vicinity of northern Ningaloo Reef
with the annual L. nebulosus catch falling from 62.4 to 19.8 tonnes between 1987 and 1992
(Moran et al., 1993). One of the fished sites chosen for this study at Tantabiddi supports a
majority of contemporary recreational fishing effort for the entire ningaloo reef track as it is
the location for the only official boat launching facility providing direct access to the
northern Ningaloo Reef. Recovery of abundance and biomass from effects of fishing has
taken place over 25 years (Russ & Alcala, 2004; McClanahan & Graham, 2005).
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3.4.7 Conclusions
This study suggests protection of these fish assemblages resulted in consistent increases in
the average abundance and length of targeted piscivores and piscivore-invertivore trophic
groups. Though target species driving these patterns were different between fished and
protected back reef zones. Accordingly protection interacted with back reef zone to account
for significantly more variation in non-target fish assemblages in addition to the effects of
finescale habitat variation and location. This is consistent with the findings of studies on the
distribution and abudance of various groups including herbivores and butterflyfishes on the
Great Barrier Reef (Hoey & Bellwood, 2008; Emslie et al., 2010). Responses in non-target
trophic groups were dependent upon adult body size with large adult body sizes
contributing to Scarus schlegeli, Coris aygula and Acanthurus grammoptilus, being more
abundant and larger at protected habitats. Alternatively medium bodied labrids, acanthurids
and chaetodontids including T. lunare, T. lutescens, Ctenochaetus striatus, Acanthurus
triostegus, Parupeneus barberinoides, Chaetodon trifascialis and C. plebius more abundant
and often significantly smaller at protected habitats, while small bodied labrids and
pomacentrids including Coris caudimacula, Pomacentrus milleri and Chromis viridis were
less abundant and smaller at protected habitats though their response was not as predictable
as demonstrated in previous studies (Graham et al., 2003).

Variable response in the abundance of smaller bodied short lived prey species to protection
was probably driven by the spatially and temporally variable effects of recruitment and
highly specific habitat variables not considered in this study (Graham et al., 2003).
Butterflyfishes for instance are known to have highly specific habtiat associations for
different life history stages (Pratchett et al., 2008). Whereas larger bodied, longer lived
species of scarids, labrids and particularly acanthurids can build up biomass over time
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despite increasing predation on smaller size classes (McClanahan & Graham, 2005;
Mumby et al., 2006; DeMartini et al., 2008). It remains to be determined how stable these
trends are through time as the replenishment of various trophic groups are likely to be
strongly influenced by seasonally and spatially variable recruitment processes and habitats
(Doherty, 1995; Friedlander et al., 2007). Nonethless, stratified sampling across major
gradients in habitat to account for its bottom-up effects was essential to adequately assess
assemblages for the direct and concomitant top down indirect effects of fishing on overall
fish assemblage structure. This approach has identified potential differences in abundance
and length of trophic groups that contribute to critical ecosystem processes and offer
potential mechanisms by which protected areas can achieve biodiversity conservation
outcomes. It remains to be determined how significant these differences are through time.

84

Fish habitat associations

Fish habitat associations

85

4 Scaling up from habitats to reefscapes: the
importance of temporal replication
4.1 Introduction
Direct benefits of no-take areas include increasing the abundance, density, mean length and
biomass of target species (Russ et al., 2008). The preservation or recovery of target fish
populations allows the persistence of the ecological interactions they contribute to (for
example predation) (Hixon & Jones, 2005; Mumby et al., 2006). The presence of more
abundant and bigger target species has been shown to affect interactions with a range of
non-target species (Shears & Babcock, 2002; Graham et al., 2003) and that these
interactions are reflected in differences in overall fish assemblage structure (Watson et al.,
2007). Demonstrating the generality of this response in the overall assemblage structure of
demersal fish requires consideration of spatial and temporal variability and variation caused
by direct and indirect anthropogenic activities (Russ, 2002).
Coral reef fish assemblages are strongly influenced by variation in biophysical habitats
(Friedlander & Parrish, 1998). This variation is known to interact with, and mediate
biological signals associated with the effects of fishing ((Friedlander et al., 2007); this
report Chapters 1 and 2). Coral reef fish assemblage structure is also known to vary
significantly with processes including recruitment, feeding and migration that are all
closely linked to temporal cues and result in significant temporal variation in fish
assemblages (Doherty et al., 1994; Sadovy & Domeier, 2005). It is therefore important to
test the generality of the effects of fishing on overall fish assemblage structure repeatedly
through time in order to account for this significant source of variation.
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Other sources of variation in fish assemblages include human impacts. Terrestrial based
sources of pollution and development, climate change impacts which interfere with critical
ecological processes and a number of other impacts are known to affect the variability in
the structure of coral reef fish assemblages (Wilson et al., 2008). There are very few extant
coral reef systems that are not subjected to multiple human impacts making it difficult to
attribute variation to any single factor.
A number of studies have documented both direct and indirect effects of fishing, however
many of these studies have had low levels of spatial and temporal replication (Willis et al.,
2003). This study accounts for some of these sources of variation when quantifying the
possible responses of coral reef fish assemblages to protection. A comparison of variation
in overall fish assemblage structure within and adjacent to two long established sanctuary
zones (Mandu and Osprey) at Ningaloo Reef in Western Australia was made on four
occasions. This fringing reef system, adjacent to the remote and arid North-West Cape of
Western Australia, is a relatively pristine coral reef ecosystem and subject to patchy but
seasonally high recreational fishing effort and historical commercial fishing impacts.
Fishing is the only significant human impact known at this particular location which has
thus far escaped impacts linked to global climate change, polluted runoff, overpopulation
and other human impacts common elsewhere.
Within these protected areas increases in the relative abundance of target species relative to
adjacent fished habitats has already been demonstrated (Westera et al., 2003)). The most
heavily targeted species including, Lethrinus nebulosus, L. atkinsoni, Epinephelus rivulatus,
Carangoides fulvoguttatus, and to a lesser extent Lutjanus carponotatus, Lutjanus
fulviflamma, and Gnathanodon speciosus are more abundant and/or larger at protected
habitats. Most of these species are higher order predators that are either piscivores or
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piscivore-invertivores. The remainder of the fish assemblage, including herbivores,
omnivores, planktivores and most other trophic groups are not directly targeted by fishers.
The main aim was to test whether these fish assemblages’ differ in a consistent way
between multiple protected and fished reefscapes, and to determine whether these
differences are persistent through time and measurements can be repeated. The scale was
increased from the level of discrete biophysical habitats to reefscapes within locations when
testing the hypothesis that protection will affect abundance and length of non-target species
in addition to those directly targeted by fishers. I tested for patterns in the abundance and
length of target and non-target species, trophic groups and overall assemblage structure
being persistent through time. The consistency of these patterns with the potential effects of
fishing on overall fish assemblage structure were assessed.

4.2 Methods
4.2.1 Survey design and sampling techniques
To account for the variation in fish assemblages driven by differences in habitat,
randomized and stratified replicate Baited Remote Underwater Stereo-Video (stereoBRUV) samples were collected. Stereo-BRUVs are particularly useful for assessing fish
assemblages for the effects of fishing (Shortis & Harvey, 1998; Cappo et al., 2003; Harvey
et al., 2004; Watson et al., 2005; Langlois et al., 2010; Watson et al., 2010). Stereo-BRUV
samples were stratified by broad habitat types representative of the known variation in
habitat across all locations. Stratified habitat types had been previously mapped using
rectified and groundtruthed aerial and hyperspectral imagery and included 1) Subtidal reef
pavement, 2) Lagoon massive Porites coral "bommies", 3) Lagoon patch reefs, 4) Tabulate
Acropora dominated Inner Reef Flat, 5) Outer Reef Flat coral- algal and 6) Reef pass zones.
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These habitat types are known to account for a majority of the variation observed in fish
assemblages at these locations (see Chapter 2 and 3). To account for temporal variation in
these fish assemblages, the same protected and fished assemblages were resampled four
times; July and November during 2006 and 2007. Each time, six random stereo-BRUV
replicates were collected from each of the six protected and fished habitats at each of the
two locations resulting in a total of ~ 576 stereo-BRUV replicates (Figure 4.1).

4.2.2 Image Analysis
For a full description of image analysis refer to Chapter 2 and 3. Each stereo-BRUV tape
was read for fish appearance with the tape reader recording the maximum number of
individuals of the same species seen together at any one time on the whole tape (MaxN)
(Cappo et al., 2003; Cappo et al., 2004). Stereo-video measurements including fork length
of fish and distances and direction from the camera were taken from each stereo BRUV
tape pair using PhotoMeasure (Watson et al., 2007; Seager, 2009) for details of this
procedure). Subsequent data were standardized for minimum visibility which enabled us to
eliminate fish measures greater than 6m away (resulting in a standardized sampling area of
37.22m2 and volume of 276.35m2) (Harvey et al., 2004). Length estimates greater than 5%
inaccurate were omitted. Length data for rare and or large bodied species were omitted
from the calculation of mean length. These omissions included data on all species of
elasmobranchs, large Epinephelus tukula and E. lanceolatus, Gymnothorax,
Scomberomorus and Tylosurus species.
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Figure 4.1: Map of WA and NW cape with North Ningaloo lagoon and Osprey and Mandu sanctuary
and Osprey and Mandu reference areas marked.

4.2.3 Data Analysis
4.2.3.1.1 Multivariate Abundance and length data
A three-way permutational analysis of variance was used to test differences in fish
assemblages between the three factors of protection (2 levels fixed), location (2 levels
fixed) and time (four levels fixed) (PERMANOVA, Anderson et al 2008). For each term in
the analysis, 4999 permutations based on Modified Gower log 10 for multivariate fish
abundance or length matrices were computed to obtain P- values (Anderson & Millar,
2004). Matrices analysed included species, target species, non-target species and trophic
groups. Fish were assigned to broad trophic groups based on dietary and ecological data
from Fishbase and included piscivores, piscivores-invertivores, invertivores, omnivores,
corallivores, herbivores and planktivores.
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To test for the persistence of patterns of species composition within the six habitats
between the 16 protection x location x time comparisons, a constrained Canonical Analysis
of Principal Coordinates analysis was applied (CAP) (Anderson & Robinson, 2003;
Anderson & Willis, 2003b). Those species with a correlation R value > 0.3 with CAP axis 1
or 2 were identified by this procedure and were responsible for driving any significant
differences in fish assemblages in relation to the treatments. The mean abundance and
length of the species identified by these six separate CAP analyses were then calculated
over all habitats and mean over four sampling times for graphical display.

Centroids of the abundance and length of multivariate species, target species, non-target
species and trophic group data were computed for all replicates from each protection x
location x time combination. These centroid values were then used to compute a distance
matrix between all 16 protection x location x time comparisons from which non-parametric
Multiple Dimensional Scaling plots were constructed. These nMDS plots are a two or three
dimensional representation of the multidimensional data cloud consisting of each of the 16
treatment combinations. This provided an unconstrained visual representation of significant
patterns detected by PERMANOVA analysis for various levels of multivariate data
groupings.

4.2.3.1.2 Univariate abundance, length and biomass data
A univariate analysis of the mean abundance, length and biomass was undertaken with
PERMANOVA using a Euclidean distance matrix and the same model as described for the
multivariate analysis above. The biomass of the overall assemblage was computed by
summing the weights of all individuals censused. To derive biomass, length estimates were
combined with published length x weight relationships from Fishbase to derive mean
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biomass estimates for each species per replicate. If a particular species length x weight
relationship was not known, parameters of a closely related and morphometrically similar
species were substituted. In addition to those large rare species omitted from the length data
analysis listed above, large schools of Kyphosid sp., sighted on three stereo-BRUVs created
biomass estimates orders of magnitude greater and were also omitted from the biomass
analysis.

4.3 Results
4.3.1 Species differences
The mean abundance of species was not significantly different between the Osprey and
Mandu locations (Table 4.1). The mean abundance was significantly different among times
and between levels of protection and there was also a significant interaction between these
two factors. Closer inspection of the relative magnitude of this interaction from the CAP
analysis reveals that despite significant differences through time at each location, temporal
variation did not overwhelm the pattern of distinct fish assemblages associated with each
habitat type between fished and protected locations (Figure 4.2). The dominant species
which were contributing to these patterns (Figure 4.3, Table 4.4) are discussed under
targeted and non-targeted species. The nMDS of the centroid values obtained for each Time
× Protection × Location combination further reinforced this finding and demonstrate that
the variability contributed by temporal sampling did not overwhelm observed variability
due to effects of fishing (Figure 4.4). The mean length of species was significantly different
at the level of protection and did not vary significantly between locations, though the effect
of protection was confounded by an interaction with time (Table 4.2). These patterns are
best illustrated by the temporal plots (Figure 4.5, Figure 4.9). These plots demonstrate that
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although there was temporal variation in the fish assemblages within locations, in the
majority of instances fish assemblages were significantly more abundant, often larger and
the overall biomass significantly greater within sanctuary zones compared to adjacent
fished sites.

4.3.2 Target species
The mean abundances of target species were significantly different between the two
Locations, however they were significantly different among times, levels of Protection and
for the Protection × Time interaction (Table 4.1). The mean abundance of the main target
species was generally higher at protected reefscapes (fished: 8 ± 0.59 S.E., protected: 14.5
± 0.91 S.E.), however this trend was confounded by Protection x Time interactions. The
mean length of the main target species was significantly different between protected and
fished locations (fished: 297 ± 6.70, protected: 309 ± 2.87 mm). Of the target species, the
mean abundance of E. rivulatus, Lethrinus atkinsoni, L. nebulosus and C. fulvoguttatus
were all consistently positively correlated to protection (Figure 4.3, Table 4.4). The mean
length of L. atkinsoni, L. nebulosus and E. rivulatus were all generally larger at protected
locations (Figure 4.3, Table 4.4). Despite the confounding significant interaction between
time and protection, the nMDS plots of Target species length and abundance show clear
separation of the centroids for protected versus fished sites over and above the less variable
effects of time (Figure 4.5, Figure 4.9).
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Table 4.1: Results of 3 way Permanova on Modified Gower log 10 transformed coral reef fish
assemblage data using 4999 permutations. Mean abundance of fish at two locations (2 levels fixed)
containing fished and protected areas (2 levels nested in location) sampled on four separate occasions
between 2006 and 2007.
Abundance
Location (Lo)
Time (Ti)
Protection(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

df
1
3
2
3
6
496
511

SS
2.7456
6.742
8.4475
4.105
7.6919
315.67
345.49

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
496
511

2.15
6.30
9.42
3.83
8.38
275.64
305.82

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
496
511

2.75
6.60
7.05
4.21
7.76
324.12
352.47

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
496
511

1.21
5.78
4.498
2.54
3.06
221.73
239.11

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
496
511

27979
24180
56713
85563
85793
3.2x106
3.5 x106

Species
MS
2.7456
2.2473
4.2237
1.3683
1.282
0.63643

Pse-F
0.65012
1.7563
6.6366
1.0693
2.0143

P(perm)
0.9638
>0.001
>0.001
0.3066
>0.001

Target species
2.15
2.10
4.71
1.28
1.40
0.56

0.46
1.51
8.48
0.92
2.51

0.993
0.009
>0.001
0.688
>0.001

Non-target species
2.75
2.20
3.52
1.40
1.29
0.65

0.78
1.70
5.39
1.09
1.98

0.798
>0.001
>0.001
0.302
>0.001

Trophic groups
1.21
1.93
2.25
0.85
0.51
0.45

0.54
3.79
5.03
1.66
1.14

0.75
>0.001
>0.001
0.1242
0.2786

Overall
27979
8060
28356
28521
14299
6547

0.99
0.56
4.33
2.00
2.18

0.438
0.661
0.014
0.209
0.043
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Figure 4.2: CAP analysis of modified Gower log 10 transformed mean abundance of all fish within 6
habitat types at two fished and two protected locations sampled on four separate occasions between
2006 and 2007.
Mandu reference area,
Mandu Sanctuary,
Osprey Reference and
Osprey
Sanctuary. 4999 permutations were used. In all instances a significant difference between protected and
fished assemblages were detected.
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Figure 4.3: Mean abundance and length of fish driving differences between fished and protected
reefscapes averaged over four sampling periods. Bars represent mean abundance and circles mean
length at
Mandu reference,
Mandu Sanctuary,
Osprey Reference and
Osprey
sanctuary respectively. Error bars represent ± 1.S.E.
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Table 4.2: Results of 3 way Permanova on Modified Gower log 10 transformed coral reef fish
assemblage data using 4999 permutations. Mean length of fish at two locations (2 levels fixed)
containing fished and protected areas (2 levels nested in location) sampled on four separate occasions
between 2006 and 2007.
Length
Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

df
1
3
2
3
6
412
427

SS
11.426
31.21
42.531
16.127
35.849
1609.8
1748.6

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

3.34
25.79
89.62
14.7
30.56
1446
1612.5

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

12.691
31.929
33.038
15.85
33.993
1600.1
1728.7

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

2.12
10.9
8.55
7.85
7.02
542.89
579.81

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

26616
1.3 x105
16909
89230
1.0 x105
4.0x106
4.4x106

Species
MS
11.426
10.403
21.266
5.3755
5.9748
3.9072

Pse-F
0.537
1.743
5.443
0.901
1.53

P(perm)
0.997
>0.001
>0.001
0.786
>0.001

Target species
3.34
8.6
44.81
4.9
5.09
3.51

0.08
1.69
12.77
0.96
1.45

0.992
0.106
>0.001
0.511
0.051

Non-target species
12.691
0.76833
10.643
1.8805
16.519
4.2534
5.2833
0.93348
5.6655
1.4588
3.8837

0.8622
>0.001
>0.001
0.6868
>0.001

Trophic groups
2.13
3.64
4.28
2.62
1.17
1.32

0.50
3.11
3.25
2.24
0.89

0.781
0.004
>0.001
0.032
0.633

Overall
26616
43767
8454.7
29743
16785
9788.6

3.15
2.61
0.86
1.77
1.71

0.205
0.137
0.427
0.241
0.108
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Table 4.3: Results of 3 way Permanova on Modified Gower log 10 transformed coral reef fish
assemblage data using 4999 permutations. Mean biomass of fish at two locations (2 levels fixed)
containing fished and protected areas (2 levels nested in location) sampled on four separate occasions
between 2006 and 2007.
Biomass
Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

df
1
3
2
3
6
412
427

SS
14.92
34.95
47.8
19.3
40.68
1672.5
1832.4

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

9.79
45.00
113.19
21.25
49.04
2231.8
2476.5

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

15.74
33.22
33.28
17.91
36.92
1586.9
1725

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

7.15
21.9
15.4
7.38
13.9
853.84
921.39

Lo
Ti
Pr(Lo)
LoxTi
Pr(Lo)xTi
Res
Total

1
3
2
3
6
412
427

0.1950
4.389
4.2137
1.3805
3.8248
154.15
169.33

Species
MS
14.92
11.65
23.92
6.43
6.78
4.06

Pse-F
0.62
1.72
5.89
0.95
1.67

P(perm)
0.97
>0.001
>0.001
0.62
>0.001

Target species
9.79
15.00
56.60
7.08
8.17
5.42

0.17
1.84
10.44
0.87
1.51

0.99
>0.001
>0.001
0.68
0.003

Non-target species
15.74
11.07
16.64
5.97
6.15
3.85

0.95
1.80
4.32
0.97
1.60

0.56
>0.001
>0.001
0.55
>0.001

Trophic groups
7.15
7.33
7.71
2.46
2.32
2.07

0.93
3.16
3.72
1.06
1.12

0.51
0.004
>0.001
0.43
0.29

Overall
0.1950
1.463
2.1069
0.46017
0.63747
0.37416

0.0925
2.2981
5.6309
0.72283
1.7038

0.797
0.189
0.004
0.573
0.116
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Figure 4.4: nMDS plots based on centroid mean abundance, mean length and biomass of fish species at
two fished (open symbols) and two protected areas (shaded symbols) sampled on four separate
occasions between 2006 and 2007.
Mandu reference area,
Reference and
Osprey Sanctuary.

Mandu Sanctuary,

Osprey
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Figure 4.5: Mean abundance, length and biomass of species significantly correlated to differences
between two fished and protected reef habitats sampled on four separate occasions between 2006 and
2007.

Mandu reference area,

Mandu Sanctuary,

Osprey Reference and

Osprey Sanctuary.
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Table 4.4: Mean abundance and length and standard error of all species averaged over four samples with a correlation R-value >0.3 from the CAP analysis
represented in Figure 4.2. Numbers in the left hand column refer to species depicted in Figure 6 below.
Mean abundance ± 1 standard error

Mean length (mm) ± 1 standard error

Species

Targetted?

Trophic group

Mandu Ref.

Mandu Sanc.

Osprey Ref.

Osprey Sanc.

Mandu Ref.

Mandu Sanc.

Osprey Ref.

1

Acanthurus grammoptilus

Non-target

Herb/Detritivore

0.08 ± 0.08

3.95 ± 2.16

0.33 ± 0.22

1.11 ± 0.65

195.1 ± 19.8

157.7 ± 17.5

151.6 ± 17.4

Osprey Sanc.
290.1 ± 15.1

2

Kyphosus biggibus

Non-target

Herbivore

0.02 ± 0.98

1.6 ± 0.38

0.47 ± 0.36

2.16 ± 1.08

447.6 ± 50.1

296.1 ± 44.9

361.4 ± 52.3

235.5 ± 36.4

3

Chlorurus sordidus
Scarus ghobban

Non-target
Non-target

Herb/Detritivore
Herbivore

1.42 ± 0.54
0.12 ± 0.12

5.57 ± 1.82
0.36 ± 0.27

2.11 ± 0.5
0.13 ± 0.13

0.31 ± 0.07
0.4 ± 0.24

157.5 ± 14.6
338.1 ± 28.6

146.5 ± 13.7
283.5 ± 82.7

143.1 ± 14.5
162.2 ± 67.2

128.5 ± 15.9
394.8 ± 53.8

4

Scarus rubroviolaceus

Non-target

Herbivore

0.47 ± 0.22

1.53 ± 1

0.78 ± 0.96

1.69 ± 1

234.5 ± 40.2

236.5 ± 26.4

241.5 ± 25.3

282.8 ± 32.1

5

Scarus schlegeli

Non-target

Herbivore

2.2 ± 0.8

0.9 ± 0.38

2.72 ± 0.87

1.93 ± 0.63

144.7 ± 17.6

156.7 ± 17.3

152.1 ± 18.3

159.4 ± 19.5

6

Scolopsis bilunulatus

Non-target

Invertivore

0.43 ± 0.13

0.42 ± 0.09

0.72 ± 0.19

0.33 ± 0.06

153.2 ± 10.6

120.3 ± 10.2

112.8 ± 11.2

146.2 ± 12.8

7

Parupeneus indicus

Non-target

7a

Hemigymnus melapterus

Non-target

Invert/detritivore
Invertivore

0.08 ± 0.05
0.51 ± 0.13

0.26 ± 0.18
0.27 ± 0.11

0.47 ± 0.28
0.54 ± 0.18

0.81 ± 0.25
0.28 ± 0.56

150.9 ± 19.1
220.3 ± 20.8

164.7 ± 20.9
153.4 ± 24.7

221.8 ± 42.1
150.4 ± 31.6

270.7 ± 15.7
217.8 ± 39.8

8

Thallasoma sp.

Non-target

Invertivore

6.17 ± 1.42

10.6 ± 1.77

7.7 ± 1.27

9.69 ± 2.19

286.6 ± 32.9

355.5 ± 82.7

95 ± 75.6

394.8 ± 53.8

9

Dascyllus aruanus

Non-target

Plankivore

0.9 ± 0.45

1.88 ± 0.55

0.91 ± 0.45

2.44 ± 0.67

48.1 ± 3.4

39.9 ± 2.9

41.6 ± 3.7

42.8 ± 2.1

10

Chromis viridis

Non-target

11

Labroides dimidiatus

Non-target

Plankivore
Plankivore

17.52±5.4
0.06 ± 0.04

30.6±8.58
1.16 ± 0.3

12.92±5.19
0.58 ± 0.22

13.88±5.5
1.07 ± 0.22

72.3±4.62
63.3 ± 3.4

48.57±3.45
67.1 ± 4.4

63.7±2.04
58.6 ± 9.6

52.54±4.96
66.6 ± 11.8

12

Pomacentrus coelestis

Non-target

P. moluccensis

Non-target

Plankivore
Plankivore

1.76 ± 0.5
1.76 ± 0.65

4.36 ± 1.15
1.15 ± 0.34

4.47 ± 3.63
1.18 ± 0.34

7.35 ± 1.91
0.88 ± 0.78

49.4 ± 3.3
57.7 ± 3.2

43.2 ± 2.1
45.1 ± 4.7

41.9 ± 3.2
56.6 ± 4.8

41.5 ± 3.4
55.9 ± 1.9

1.48 ± 0.44
0.36 ± 0.15

1.75 ± 0.57
0.43 ± 0.11

0.73 ± 0.38
0.18 ± 0.11

3.72 ± 1.16
0.33 ± 0.08

14.7 ± 8.9
142.7 ± 15.2

76.9 ± 8.8
124.1 ± 11.2

99.8 ± 8.6
121.1 ± 11.6

17.2 ± 5.9
127.4 ± 12.3

0.18 ± 0.11

0.07 ± 0.03

196.3 ± 23.8

180.1 ± 22.4

242.3 ± 33.2

156.1 ± 32.5

0.2 ± 0.11

0.42 ± 0.15

0.28 ± 0.7

151.9 ± 11.6

160.1 ± 20.8

149.4 ± 15.4

89.2 ± 17.2

0.41 ± 0.19

0.03 ± 0.03

150.4 ± 27.9

260.3 ± 18.4

187.5 ± 29.1

193.1 ± 31.7

0 ± 0.01

0.68 ± 0.69

0.1 ± 0.01

121.4 ± 9.8

117.3 ± 22.3

125.4 ± 31.9

80.5 ± 28.1

9.79 ± 1.34

2.38 ± 0.56

3.03 ± 0.78

171.4 ± 16.2

194.1 ± 10.8

196.4 ± 11.9

280.6 ± 10.9

239.3 ± 27.8

313.9 ± 22.3

13

Abudefduf sexfasciatus

Non-target

Omnivore

Chaetodon lunula

Non-target

Omnivore

Cheilinus trilobatus

Non-target

Pisc-invertivore

0.18 ± 0.07

Gomphosus varius

Non-target

Pisc-invertivore

0.28 ± 0.12

Hologymnosus annulatus

Non-target

Pisc-invertivore

0.12 ± 0.05

14

Lethrinus variegates

Non-target

Pisc-invertivore

3.64 ± 0.24

15

Lethrinus atkinsoni

Target

Pisc-invertivore

1.25 ± 0.51

Lethrinus laticaudis

Target

Pisc-invertivore

16

Lethrinus nebulosus

Target

Pisc-invertivore

Gnathanodon speciosus

Target

Pisc-invertivore

0.1 ± 0.33

0.34 ± 0.03

0.01 ± 0.01

0.29 ± 0.92

559.3 ± 69.8

328.2 ± 10.6

521.8 ±

376.2 ± 56.9

17

Carangoides fulvoguttatus

Target

Pisc-invertivore

0.23 ± 0.14

1.45 ± 0.86

0.25 ± 0.02

2.33 ± 0.56

388.3 ± 64.7

436.4 ± 36.2

327.2 ± 54.6

383.7 ± 30.7

18

Epinephelus rivulatus

Target

8. Piscivore

0.47 ± 0.14

0.88 ± 0.22

0.86 ± 0.2

1.2 ± 0.53

221.7 ± 11.9

214.2 ± 14.8

210.1 ± 15.5

237.9 ± 11.7

0.33 ± 0
1.44 ± 0.37

2.18 ± 0.61

0.46 ± 0.03
0.93 ± 0.37

3.44 ± 1.28

83.5 ± 35.3
218.8 ± 23.5

340.1 ± 23.6

81.6
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4.3.3 Non-target species
The mean abundance and length of non target species were not significantly different
between the two locations. However, they were significantly different among times,
levels of protection and protection by time interactions (Table 4.1). The abundance of
Scarus rubroviolaceous, Chlorurus sordidus, Kyphosid sp. Thallasoma sp, Dascyllus
aruanus, Pomacentrus coelestis, Chromis viridis, Abudefduf sexfaciatus, Acanthurus
grammoptilus, Labroides dimidiatus and Parupeneus indicus all had a correlation R
value >0.3 from the CAP analysis, and were positively correlated to one or both
protected locations (Figure 4.3, Table 4.4). Of these species, C. sordidus and L.
dimidiatus in addition to P. indicus, Scolopsis bilineatus, Chaetodon lunula and
Gomphosus varius had significantly larger mean lengths at one or both protected
locations. C. viridis and Kyphosid sp. had significantly smaller mean lengths at
protected locations. The abundance of Lethrinus variegates, S. schlegeli, P. moluccensis,
Hemigymnus melapterus, H. annulatus and Cheilinus trilobatus, also had a correlation
R value >0.3 from the CAP analysis, but were positively correlated to one or both fished
locations. Of these H. melapterus were significantly smaller and C. trilobatus and H.
annulatus significantly larger at one or both fished sites. Closer inspection of the
centroid nMDS plots for non-targeted species reveals that although effects of protection
from fishing were significant, the variability introduced by temporal sampling was
considerable (Figure 4.6, Figure 4.9).

4.3.4 Trophic groups
The mean abundance and length of trophic groups were not significantly different
between the two locations, however they were significantly different between levels of
protection and times (Table 4.1, Table 4.2). The length of trophic groups was
confounded by a Protection × Time interaction (Table 4.1 Table 4.2). Closer inspection
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of the centroid nMDS plots for separate trophic groups suggest that some trophic groups
were consistently more abundant within protected locations including targeted
piscivores, piscivore invertivores (fished: 2.54 ± 0.24 S.E., protected: 4.11 ± 0.35 S.E.),
non-targeted invertivores (fished: 2.6 ± 0.10 S.E., protected: 3.4 ± 0.14 S.E.) and
planktivores (Figure 4.7). Of these, piscivores and piscivore invertivores were larger at
protected locations and this was relatively consistent through time compared to fished
assemblages (Figure 4.8, Figure 4.9). The remaining trophic groups showed little or no
discernable response to protection. This does not negate the effect of protection on
species belonging to these trophic groups as many species from the same trophic group
responded in contrasting ways. The low mean abundance of some trophic groups also
made drawing conclusions regarding their relationship to the factors of protection
location and time inconclusive.

4.3.5 Overall assemblage structure
The univariate abundance of fishes was not significantly different between the two
locations however it was significantly different between times, levels of Protection and
Protection by Time interactions (Table 4.1). The mean abundance of all fish was
significantly higher within protected habitats (fished: 78 ± 4.75 S.E., protected: 99 ±
5.62 S.E.). Although fish assemblages were significantly different each time they were
measured, there were consistent differences in abundance between fished and protected
assemblages (Figure 4.4, Figure 4.5). The mean length of all fish did not differ between
locations, between protected and fished sites or at different times (Table 4.2, Table 4.3).
Overall biomass differed significantly between fished and protected assemblages (Table
4.3). This difference was generally consistent between locations (Figure 4.5, Figure 4.9).
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Osprey Reference area
Osprey Sanctuary zone
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Time

1 Winter 2006
2 Summer 2006

3 Winter 2007
4 Summer 2007

Figure 4.6: nMDS plots based on mean abundance and mean length centroids of target and nontarget fish species at two fished (open symbols) and two protected areas (shaded symbols).
Mandu reference area,
Mandu Sanctuary,
Osprey Reference and
Osprey Sanctuary.
Numbers represent sampling times; 1 = Winter 2006, 2 = Summer 2006, 3 = Winter 2007 and 4 =
Summer 2007.

104

Fish habitat associations

Figure 4.7: nMDS of Modified Gower log10 transformed abundance of trophic groups within and
adjacent two sanctuary zones. Values were based on centroids at each of four times calculated using
PCO analysis.
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Figure 4.8: MDS of Modified Gower log10 transformed mean length of trophic groups within and
adjacent two sanctuary zones. Values were based on centroids at each of four times calculated using
PCO analysis.
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Figure 4.9: Mean abundance and relative size of fish significantly correlated to differences between
fished and protected reefscapes. Numbers correspond to species listed in Table 4.4 and Fish lengths
are drawn to scale.
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4.4 Discussion
Although fish assemblages were significantly different each time they were measured
this temporal variation did not obscure consistent differences between fished and
protected reefscapes. Average abundance, length and biomass of fish assemblages
differed in consistent ways and were driven by more and larger target species as well as
significant differences in the abundance and length of non-target species. Generally,
protected fish assemblages were more abundant than those that were fished. These
findings suggest that protected areas enhance both target species populations and the
fish assemblages they associate with.

4.4.1 Species responding to protection
The presence of more and larger target species facilitates increased abundance and often
larger individuals of particular non-target species. Invertivores such as Thallasoma sp.,
Scolopsis bilineatus, Parupeneus indicus, Chaetodon lunula and Gomphosus varius,
Scavenging algal invertebrate omnivores like Abudefduf sexfaciatus Scarus
rubroviolaceous, Chlorurus sordidus, Kyphosid spp and potentially Acanthurus
grammoptilus and the mutualistic Labroides dimidiatus populations all drive these
patterns. The ecological benefits of having intact healthy upper trophic levels through
more abundant and larger members of the Lethrinid, Lutjanid, Carangid and Serranid
families appear to outweigh the possible negative effects from increased predation risk
this may represent to non-target species in contradiction to findings of other studies
(Graham et al., 2003; Hixon & Jones, 2005). One explanation was that the increased
activity of the more abundant target fish populations represent considerable increases in
the production and turnover of food and nutrients.
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4.4.2 Facilitation
Lethrinids and Carangids forage for food under rocks rubble and sand, inadvertently
exposing small crustaceans, worms, molluscs and other invertebrates. These otherwise
inaccessible food items are quickly scavenged by opportunistic invertivores and
omnivores. Likewise these larger predators prey on fish, crustaceans, echinoderms and
molluscs. For example at Ningaloo, the highly abundant and ubiquitous L. nebulosus’
diet was composed almost solely of sea urchin (Westera et al., 2003; Farmer & Wilson,
2011). Scraps and leftovers from feeding activity together with increased faecal
production was positively correlated to increased abundance and length of lethrinids,
lutjanids, serranids and carangids within marine reserve boundaries and contribute
significantly to the food and nutrient budget of lower trophic levels. Fish from lower
trophic levels, such as the detritivores and the many nominally herbivorous species, are
likely to benefit from this increased food availability directly for as well as indirectly as
this source of nutrients also benefit populations of algae and other marine plants, sessile
and sedentary benthic invertebrates and plankton, all of which are significant dietary
elements for particular fish guilds. Increased abundance of the number of parasites with
more individuals of higher order predators are also likely to represent more food
opportunities for mutualists like L. dimidiatus. Not only do protected areas benefit target
trophic groups such as piscivores, piscivore invertivores, but they consistently contained
more abundant invertivores and planktivores.

4.4.3 Exceptions
There were however exceptions to these general trends. Kyphosid sp were smaller but
more abundant at protected sites, as were Chromis viridis which were by orders of
magnitude the most abundant small fish at these locations. Although predation would
likely increase significantly due to greater abundance of piscivores and piscivore-
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invertivores, abundant prey items like these are likely to evolve to maintain large
populations despite these natural levels of predation pressure through high rates of
recruitment to adult populations.

4.4.4 Conclusions
Although this study indicates that in general fish were more abundant in protected areas,
there were many individual species that responded in the opposite way. One reason why
patterns of indirect effects were not clear at the level of trophic group could be because
certain species might benefit from the presence of more targeted species while other
functionally similar species respond negatively. Lethrinus variegatus, Cheilinus
trilobatus, Scarus schlegeli and Pomacentrus moluccensis were larger and/or more
abundant at fished sites, Hemigymnus annulatus were more abundant at fished sites, but
largest at Mandu sanctuary, and H. melapterus were more abundant but smaller at
fished sites. Various ecological processes are likely to drive these such as competition,
size dependent predation, food and habitat availability. Response to protection is likely
a function of individual species behaviour and habitat usage combined with life history
and ecological inter-relationships with other species. All of these differ dramatically
between species, hundreds of which comprise typical coral reef fish assemblages.
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5 Habitat specialization in tropical continental
shelf demersal fish assemblages
5.1 Introduction
Susceptibility of marine organisms to anthropogenic impacts and natural perturbations
depend, in part, upon the degree of habitat specialization of fishes, which can be vastly
different between closely related species and between different life history stages of the
same species (Wilson et al., 2008). Shallow water marine environments are being
increasingly exposed to such impacts which threaten the overall maintenance of fish
diversity in coral reefs (Jones et al., 2004; Munday et al., 2007). Coral bleaching on
coral reefs associated with increasing sea surface temperatures, is directly affecting the
distribution and abundance of fishes, particularly those which are linked to certain coral
reef habitats such as some Pomacentridae and Chaetodontidae species (Cheal et al.,
2007; Munday et al., 2007; Graham et al., 2008). The ability of fishes to respond to
these impacts through range shifts with latitude and depth will likely be influenced by
the degree of habitat specialization of the fish (Brokovich et al., 2008; Cheung et al.,
2008).

Therefore, an understanding of habitat usage and the requirements of fish at various life
stages will aid predictions about how fish distributions might respond to pressures such
as climate change, over fishing and pollution (Wilson et al., 2008). It has been shown
that specific fish and benthic habitat associations exist, and that these habitat
associations can change throughout fishes life histories (Munday et al., 2007; Love &
Yoklavich, 2008). More detailed information on fish and fish-habitat relationships will
help develop more robust species distribution models (Moore et al., 2010; Young et al.,
2010). This will help inform management decisions, such as the design of MPA's to
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protect entire life history of species and further assist fisheries and conservation
planning and management (Fernandes et al., 2005; Love & Yoklavich, 2008). Two
parameters known to explain a large proportion of variability in fish assemblages are
depth and habitat, yet very few studies of fish assemblages encompass both shallow and
deeper continental shelf habitats (Friedlander & Parrish, 1998).

The majority of fish assemblage assessments on coral reefs are limited to 30 m, yet it is
becoming increasingly evident that the depth range of many species normally associated
with shallow water can extend well below this (Cappo et al., 2003; Cappo et al., 2004;
Graham et al., 2007; Kahng & Kelley, 2007a; Kahng & Kelley, 2007b; Brokovich et al.,
2008). There is limited knowledge of the abundance and length distributions of noncommercially important species across tropical continental shelf habitats between 30
and 100 m. Many studies assessing the structure of continental shelf fish assemblages
have used trawls to collect data (Williams et al., 2001). Trawl surveys are often
constrained to low relief habitats due to the danger of snaring gear on rocky outcrops.
Additionally, trawling is a coarse sampling tool that is not suitable for discriminating
fine scale fish-habitat associations. These constraints often result in the shallow waters
of the continental shelf being infrequently sampled and could explain why increasing
patterns of diversity with water depth have been reported (Haedrich, 1996; Williams et
al., 2001). Increasing displacement of fisheries effort to the continental shelves
following the depletion of shallower water stocks (Pauly et al., 1998; Morato et al.,
2006), means that developing baselines on the distribution of target species, as well as
overall fish assemblage structure in these habitats, is important (Cappo & Brown, 1996;
Kahng et al., 2010).

The aims of this study were to 1) investigate the structure of the demersal fish
assemblages from the inner lagoon to outer shelf across a range of benthic habitats, 2)
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determine whether the abundance and length of demersal fishes differed across the shelf
and 3) assess whether existing shallow water MPA’s alone provide protection to the full
range of species and size classes across this broader depth and habitat range. Baited
stereo remote underwater video (stereo-BRUVS) were used to measure these parameters.
Stereo-BRUVS are non-destructive, not constrained to shallow depths like SCUBA
divers and utilize well established design, calibration and measurement procedures
(Harvey & Shortis, 1996; Harvey & Shortis, 1998; Shortis & Harvey, 1998; Harvey et
al., 2002b)). Stereo-BRUVs can be used in the full range of benthic habitats whilst
other techniques such as trawling cannot. They have been shown to sample a broad
range of fish species compared to other sampling techniques however like all other nondestructive sampling techniques they do not sample the entire assemblage (Watson et al.,
2005; Cappo et al., 2007; Harvey et al., 2007; Watson et al., 2010). They are also cost
and time effective and so a large number of replicates can be collected following robust
experimental designs with strong statistical power (Langlois et al., 2010). StereoBRUVS do not provide an absolute measure of fish abundance rather the maximum
number of individuals (MaxN) of a particular species that can be seen in the field of
view of the camera at any one time is derived.

5.2 Methods
5.2.1 Study site
Ningaloo Reef is a fringing tropical coral reef approximately 300 km long and lies
adjacent to the semi-arid North West Cape of Western Australia between 23o 48.00'S
and 21o 48.00'S. The entire fringing reef system and adjacent shelf waters are declared a
Marine Park. This study was undertaken within the shallow continental shelf waters
<110 m of northern Ningaloo region (Figure 5.1). This northern section of reef has a
lagoon <5 km wide and is less than 10 m deep. The reef is punctuated by regular passes
which are deep channels that funnel water from the lagoon to the open ocean and has a
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steep fore reef slope down to approximately 30 m, before sloping gently across a narrow
continental shelf to the shelf break < 5 nautical miles seaward of the reef crest (MPRA,
2005).

5.2.2 Defining broadscale habitats
Pre-existing benthic habitat maps were available for the study areas. Habitat maps were
derived from different sources depending on whether they were inshore or offshore.
Maps of the geomorphology and associated modern habitats in shallow water inshore <
20m were used to locate sites in 6 inshore habitat/depth categories (Cassata & Collins,
2008; Collins et al., 2008). These included algal pavement 1-2m which are areas of
exposed limestone platforms near shore and colonized by diverse macroalgae
communities, patch coral reef 2-4m which are areas of isolated coral dominated reef
surrounded by sand, tabulate coral 1-2m which are substantial back reef areas
dominated by tabulate colonies, coral-algal flat 0-1m which are reef flats dominated by
coralline algae and rubble, porite 'bommies' 3-7m which are large colonies of massive
porites supporting extensive coral reef growth and the reef pass 4-10m which are deep
channels that funnel water from the lagoon to the open ocean (Table 5.1).

Maps of the geomorphology and associated modern habitats in deep water offshore
outside the reef crest <15m and >110m were used to locate sites in 10 offshore
habitat/depth categories (Colquhoun & Heyward, 2007). These included Reef slope 1030 which are the steeply sloping reef front, Reef base 30-50 which are composed of
broken bottom, rubble and sand at the base of the reef slope, Rhodolith 30-50 which are
areas of habitat dominated by extensive beds of rhodoliths, Sponge 50-70 which are reef
and substrate dominated by filter feeding sponges, Rhodolith 50-70, Sand 50-70,
Sponge 70-90, Sand 70-90, Sponge 90+ and Sand 90+ categories (Table 5.1). The
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classification of these categories enabled us to plan the stratification of our finescale
habitat and fish sampling.

Figure 5.1: Map of Western Australia showing the location of Ningaloo Reef. The northern
Ningaloo Reef and adjacent bathymetric contours expanded with the perimeter of the study site
bounded by the box extending from Winderabandi point in the south to Tantabiddi in the north.
The reef crest shown demarking between inshore and offshore waters.

5.2.3 Finescale benthic habitat sampling
Finescale habitat sampling was different depending on whether sampling was inshore or
offshore. At four areas, finescale habitat sampling was undertaken within each of the six
inshore habitat/depth categories (Table 5.1). Scuba divers recorded benthic habitat with
a video camera held ~30 cm above the substratum along five random 50 m transects
(Carleton & Done, 1995; Abdo et al., 2004). 20 stills taken randomly from each video
transect were then censured using a point sampling technique in which 10 randomly
dispersed points were sampled per image resulting in a total of 200 randomly defined
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points sampled per transect (Carleton & Done, 1995; Abdo et al., 2004). The points
were classified as belonging to various physical and biological variables including %
cover massive coral, submassive coral, branching coral, tabulate coral, encrusting coral,
foliose coral, digitate coral, macroalgae, turf algae, coralline algae, rhodoliths, soft coral,
gorgonian, seawhips, sponge, seagrass, sand, overall hard coral and depth. Number of
points were summed for each category and converted to provide an estimate of percent
cover of major benthic categories.

At four areas, finescale habitat sampling was undertaken within each of the ten offshore
habitat/depth categories (Figure 5.1). A towed video system recorded benthic habitat
from approximately 60cm above the substratum along five random 100 m transects. The
towed camera had a wide angle lens of 127o faced slightly forward at an angle of
approximately 15 degrees and lighting was provided by two 6 watt dive torches. The
resulting footage was analyzed as described for shallow transects above. Subsequently a
multivariate matrix was compiled that quantified habitat variability stratified by the
sixteen habitat/depth categories.

5.2.4 Fish Community Sampling technique
Non-destructive baited remote underwater stereo-video systems (stereo BRUVS) were
deployed to collect data on the abundance, assemblage composition and lengths of
demersal fishes. Up to six random replicate stereo BRUV samples stratified by the same
16 habitat/depth categories sampled for finescale benthic habitat at four cross-shelf
areas were deployed. A total of 304 samples were collected between April 2006 and
July 2006 (Table 5.1, Figure 5.1). The use of stereo BRUVS allowed the standardization
of the area sampled to account for differences in visibility between camera drops by
controlling for the range at which fish were included in the samples (Harvey et al.,
2002b; Harvey et al., 2003; Harvey et al., 2004). The sampling area was restricted to
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~37 m2 by excluding fish that were beyond the minimum horizontal visibility of 6 m
recorded across all stereo-BRUV drops (Harvey et al., 2004). This allowed us to make
estimates of abundance and length of fishes in a consistent manner at stations across the
shelf (Harvey et al., 2001; Watson et al., 2007). The purpose of accounting for
minimum visibility is to preclude species whose behaviour around bait stations is a
function of distance and is not meant to standardize for absolute measures of abudance.

The stereo-BRUVs deployed used paired Sony HC15 digital camcorders within
waterproof housings. Bait arms made of 20 mm plastic conduit with a standard rock
lobster bait canister fastened to one end of the frame. Also attached to this conduit was a
diode in the field of view of both cameras, to enable synchronization of video frames for
stereo measurements (see (Watson et al., 2005) for a full description). Approximately
800 gms of crushed Sardinops sagax or sardines were placed in the bait bag for each
deployment. Six stereo-BRUVS were loaded with 2 x 1 hour video tapes, set to record
and deployed simultaneously within a single habitat. To minimize the effect of bait
odour on adjacent samples they were deployed at a nominal spacing of 250 m apart
(Cappo et al., 2001). At deep or turbid sites where available light was likely to be low at
the seafloor the stereo-BRUVS were set to record on ‘nightshot’. The stereo-BRUVs
were retrieved after recording for one hour at each station then prepared and bait
replenished for redeployment at another site.
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Table 5.1: Depth/habitat factor groups and number of stereo-BRUVS replicates sampled.
Habitat/Depth

Total

1) Algal pavement 1-2

29

2) Patch coral reef 2-4

16

3) Tabulate coral 1-2

18

4) Coral-algal flat 0-1

17

5) Porite ‘bommies’ 3-7

21

6) Reef pass 4-10

24

7) Reef slope 10-30

20

8) Reef base 30-50

18

9) Rhodolith 30-50

20

10) Sponge 50-70

16

11) Rhodolith 50-70

3

12) Sand 50-70

8

13) Sponge 70-90

22

14) Sand 70-90

28

15) Sponge 90+

22

16) Sand 90+

22

5.2.5 Image Analysis
Each stereo-BRUVS tape was assessed for the appearance of fish using the custom
interface BRUVS1.5.mdb© developed by the Australian Institute of Marine Science
(2006). The data base enabled the tape reader to record the video frame number the
maximum number of individuals of the same species seen together on the whole tape
occurred (MaxN). The use of MaxN as an estimator of abundance has been reviewed in
detail by (Cappo et al., 2003) and (Willis & Babcock, 2000). Estimates of MaxN are
considered conservative, particularly in areas where fish occur in high densities. In the
laboratory each stereo video pair was captured as a digital AVI file (audio video
interleaved file) and compressed with DivX to reduce the overall file size. Stereo AVI
pairs were synchronized and calibrated. Calibration files were derived using CAL 1.11
software following the procedure detailed in (Harvey & Shortis, 1996; Harvey &
Shortis, 1998). The stereo-photo comparator PhotoMeasure (www.seagis.com.au) was
used to measure the lengths of fish from the stereo video imagery.
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5.2.6 Data Analysis
5.2.6.1.1 Habitat variables correlated to fish assemblage structure
Distance based linear models (DistLM) were used to model the percent overall variation
in fish assemblages accounted for by finescale variation in habitat and depth across the
continental shelf (Legendre & Anderson, 1999; Anderson, 2001; McArdle & Anderson,
2001). The variation in habitat was assessed from the towed and diver video transects.
DistLM used Pearson correlation R-values to identify main species and habitat variables
explaining significant amounts of variation in fish assemblage data. The DistLM was
based on a permutational procedure in which species MaxN data were converted into a
modified Gower log 10 distance matrix then compared to the habitat data matrix using a
forward stepping procedure which optimizes selection of variables explaining most
variation in the fish assemblage. The direction and magnitude of the relationship
between habitat variables and individual fish species were displayed using distance
based redundancy analysis (dbRDA) biplots (Legendre & Anderson, 1999).

5.2.6.1.2 Univariate parameters
Statistical differences in univariate species richness and diversity, overall MaxN, length
and trophic level were tested between different depth and habitat combinations. Overall
MaxN is calculated as the sum of MaxN of all fish species per replicate, species
richness is a count of the total number of different species viewed on the video and
species diversity is calculated using the Shannon diversity index substituting MaxN
instead of absolute abundance to calculate the index (Magurran, 2004). Number of
unique species per habitat was considered and was the sum of unique species recorded
from stereo-BRUV replicates within specific habitat/depth combinations. Values for
trophic level for each species was obtained from fish base and where a value for a
particular species was not available that of a morphologically similar and closely related
species was substituted. Because normality in such data was not a reasonable
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assumption due to the predominance of zeros and the variability amongst habitats and
depth zones, a two-way permutational analysis of variance was used (PERMANOVA)
(Anderson, 2001; Anderson & Robinson, 2003; Anderson & Millar, 2004; Anderson et
al., 2008). For each term in the analysis, 4999 permutations based on Euclidean distance
with no transformation were computed to obtain P- values (Anderson & Millar, 2004).
Where significant main effects or interactions were detected, pair-wise comparisons
between different depth and habitat combinations were undertaken to investigate where
the differences were occurring.

5.2.6.1.3 Assemblage structure
Species and family MaxN and the number of species from a genus, family, order and
class sampled between different depths and habitats were also compared using
PERMANOVA. The use of MaxN for analyzing stereo-BRUVS video tapes results in
conservative estimates of the relative abundance of fish (Cappo et al., 2004). This is
because MaxN is only a count of the maximum number of individuals of a species seen
at one moment on the footage and not every individual that might enter into the field of
view of the camera during the entire replicate. A Modified Gower Logbase 10
dissimilarity measure was used to analyze the final MaxN data sets and the various
measures of taxonomic richness since this measure places more emphasis on
compositional change of the assemblage and less on changes in MaxN (Anderson et al.,
2006). Family MaxN is a multivariate measure of the species MaxN summed up to the
family level and is independent of when these species MaxN values were recorded on
the video tape. Records of schooling fish species that appeared in high numbers (100 1000s) on individual stereo-BRUV samples, but were seen rarely on other samples were
omitted as well as unidentified species data with the exception of the common
Hemitraikis elasmobranch shark species. These data were analyzed using the model
described above (4999 permutations).
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Where significant differences in species and family MaxN were detected, plots of the
principal coordinates were constructed from a constrained Canonical Analysis of
Principal Coordinates (CAP) (Anderson & Robinson, 2003; Anderson & Willis, 2003a).
This procedure maximizes separation between significant factors of depth and habitat
and uses Spearman Rank correlations to identify which species and family groups
contribute towards this significant difference. Since stereo-BRUVs sample a large
cross-section of the fish assemblages with orders of magnitude differences in MaxN
between different species, a Spearman correlation R value > 0.25 was used to identify
those families and species that were driving significant patterns between the factors.
Specific family and species groups that had significant r-values were plotted on a
separate set of axes to aid identification of significant habitat partitioning at family and
species levels.

5.3 Results
5.3.1 Habitat variables driving fish assemblage structure
In total 18780 individual fish from 377 species were recorded. A DistLM identified that
depth explained the largest proportion of the variation in the fish assemblage (8.5%)
(Figure 5.2, Table 5.2). Out of a possible 19 variables, 13 comprised the optimum
model explaining a cumulative 20.8% of total variation. These were % cover of
rhodolith, hard coral, sponge, coralline algae, gorgonian and seawhip, branching coral,
macroalgae, sand, turf algae, tabulate coral and seagrass (Figure 5.2, Table 5.2).
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Figure 5.2: Redundancy analysis biplot representing spearman rank correlations for fish species,
habitat variables and centroids of modified Gower log 10 fish assemblage resemblance matrix
sampled from each of 16 habitat depth categories. Some of the fish species that contribute greatest
similarity between stereo-BRUV replicates from within zones and percent cover of habitat
variables correlated to overall assemblage structure are indicated.

Table 5.2: Displaying results of distance based linear model using forward selection and 4999
permutations. The AIC selection criteria was recorded with proportion of variability in modified
gower log 10 similarity matrix of fish abundance explained by individual environmental variables
noted individually and cumulatively. These 13 out of 19 variables were the best combination of
predictor variables identified and accounted for a total of 20.8% variation.
SEQUENTIAL TESTS
Variable (% cover)
Depth
Rhodolith % cover
Hard Coral % cover
Sponge % cover
Coralline algae % cover
Gorgonian % cover
Seawhip % cover
Branching coral % cover
Macroalgae % cover
Sand % cover
Turf Algae % cover
Tabulate coral % cover
Seagrass % cover

AIC
-125.63
-134.23
-137.80
-139.03
-140.16
-141.06
-142.09
-143.15
-143.85
-144.73
-145.04
-145.33
-145.46

SS(trace)
18.48
6.80
3.48
1.99
1.91
1.75
1.81
1.81
1.58
1.67
1.33
1.31
1.21

Pseudo-F
28.12
10.68
5.55
3.19
3.08
2.85
2.97
2.98
2.62
2.78
2.23
2.20
2.04

P
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
>0.001
0.004

Prop
%
8.5
3.1
1.6
0.9
0.9
0.8
0.8
0.8
0.7
0.8
0.6
0.6
0.6

Cumul.
%
8.5
11.7
13.3
14.2
15.1
15.9
16.7
17.5
18.3
19.0
19.6
20.2
20.8
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5.3.2 Univariate assemblage structure
The results of the univariate PERMANOVA highlight a significant main effect of
habitat for species richness, total abundance of all fish, Shannon diversity and trophic
level (Table 5.3). This significant effect of habitat is reflected by the transition of fish
assemblages between the 10-30 m and 30-50 m depth ranges (Table 5.3, Figure 5.3).
The habitat with lowest overall species richness was Sand 50-70 m (3.1±1.6 S.E.) and
the highest was Reef slope 10-30 m (36.1±2.1 S.E.). Shannon diversity followed a
similar relationship with Reef slope 10-30 m being highest in Shannon diversity
(2.6±0.13 S.E.) and Sand 50-70 m lowest (0.8±0.18 S.E.). Average overall abundance
appears to be lower in deep habitats than shallow habitats with the highest abundances
being recorded on the Reef slope 10-30 m (151.7±27.6 S.E.) and the lowest Sand 90+ m
(14.1±2.3 S.E.).

Conversely the average length increased significantly across the shelf into deeper water
(Table 5.3, Figure 5.3). The habitats containing the smallest average size of fish
(157±63 mm S.E.) were inshore patch coral reefs in 2-4 m depths while Sand 70-90 m
contained the largest overall average fish size (465±19 mm S.E.). The overall trophic
level of fishes increased across the shelf with patch coral reefs 2-4 m being lowest
(3.1±0.03 S.E.) and Sand 90+ m being the highest (4±0.05 S.E.). The number of unique
species at deeper habitats including Sand at a depth of 70-90 m and Sponge at a depth of
90+ m was similar to shallow coral reef habitats.
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Table 5.3: PERMANOVA results displaying the significance of interactions between total
abundance, species abundance, species, genus, family, order and class richness, Average overall
length and trophic level and Shannon diversity; and depth (10 degrees of freedom), habitat (11
degrees of freedom) and depth/habitat terms, using 4999 permutations. Figures in bold indicate
significant results. * Term has one or more empty cell.
Overall abundance
Univariate
Euclidean
distance
Overall length
Univariate
Euclidean
distance
Assemblage abundance
multivariate
mod. Gower
log 10
Species richness
Univariate
Euclidean
distance
Overall trophic level
Univariate
Euclidean
distance
Shannon diversity
Univariate
Euclidean
distance
Genus
multivariate
mod. Gower
log 10
Family
multivariate
mod. Gower
log 10
Order
multivariate
mod. Gower
log 10
Class
multivariate
mod. Gower
log 10

Source
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Habitat
Depth
HaxDe*
Res
Total
Ha
De
HaxDe*
Res
Total
Ha
De
HaxDe*
Res
Total

df
4
3
2
288
303
4
3
2
257
272
5
4
2
287
303
4
3
2
288
303
4
3
2
288
303
4
3
2
288
303
4
3
2
288
303
4
3
2
288
303
4
3
2
288
303
4
3
2
288
303

MS
17617
728.74
77.213
3340.5
83558
36184
26577
11154

Pseudo-F
5.2737
0.21815
2.31E-02

P(perm)
>0.001
0.87
0.968

7.4916
3.2441
2.3828

>0.001
0.028
0.096

1.991
1.6249
0.91565
0.58069

3.4287
2.7981
1.5768

>0.001
>0.001
>0.001

1218.3
23.453
8.5108
52.534

23.19
0.44643
0.16201

>0.001
0.719
0.856

0.56659
5.45E-02
7.76E-02
3.64E-02

15.586
1.4994
2.1355

>0.001
0.202
0.128

6.2634
0.37354
0.2483
0.2706

23.147
1.3804
0.91759

>0.001
0.249
0.395

2.45E+09
1.04E+09
2.82E+08
1.16E+08

21.177
9.0143
2.4318

>0.001
>0.001
0.115

2.2515
0.91218
0.55837
0.27382

8.2225
3.3313
2.0392

>0.001
>0.001
0.062

1.6555
0.51102
0.2629
0.19225

8.6112
2.6581
1.3675

>0.001
0.002
0.198

1.7741
0.2827
0.21747
0.12482

14.213
2.2648
1.7423

>0.001
0.055
0.157
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Figure 5.3: Average overall abundance, length and trophic level, Shannon diversity, number of
unique species and average species richness per stereo-BRUV replicate within each habitat zone.
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5.3.3 Multivariate assemblage structure
PERMANOVA revealed a significant main effect of habitat and depth for the species
MaxN and family richness data (Table 5.3). In addition, species MaxN was the only
measure for which a significant habitat/depth interaction was detected. Canonical
Analysis of Principal Components (CAP) plots of this significant test were used to
identify the groups driving these differences and illustrate the separation between
samples from the 16 habitats across the shelf (Figure 5.4). In both plots, fish assemblage
data from inshore sites were proximal to each other as were those from the reef pass,
slope and base and finally the offshore sites. Pair wise comparisons across both data sets
revealed that out of the 120 possible comparisons only 3 were not statistically
significant in both instances. PERMANOVA tests for significant differences between
habitats for genus, order and class richness all showed significant main effects of depth
and habitat, and of the 120 pair wise comparisons between habitat categories, only 4 for
Genus, 14 for Order and 20 for Class comparisons were not statistically significant
(Table 5.3). Contrasting nMDS plots between habitat categories show the relative
difference between fish assemblages was similar between species abundance, species,
genus, family, order and class richness despite decreasing multivariate/taxonomic
resolution (Figure 5.5).

5.3.4 Species and family trends
From fish assemblages across the shelf, 62 species from 25 families had a Pearson
correlation value of greater than 0.25 (Table 5.4). The leave one out allocation success
from the CAP analysis (Anderson & Willis, 2003a) correctly identified a sample as
belonging to one of the 16 habitat/depth categories 61% of the time suggesting fish
assemblages were quite distinct. Fish families strongly associated with offshore habitats
included Tetraodontidae, Traikidae, Sparidae, Carangidae and Scombridae.
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Figure 5.4: Abundance of fish in relation to 16 habitat zones. 62 species from 25 families have
Pearson correlation values >0.25 and explain a majority of differences in fish assemblages between
zones. A number of these species and families are represented on the respective plots with vectors
illustrating the strength and direction of correlation to the 16 habitat categories.
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Figure 5.5: Multiple dimensional scaling plots constructed from pair wise distance matrix between
habitat-depth categories from PERMANOVA with 4999 permutations. Taxonomic richness for
each level includes Species – 384, Genus – 153, Family 63, Order 14, Class 2.

Fish families strongly associated with inshore habitats included Chaetodontidae,
Labridae, Acanthuridae, Mullidae, Scaridae, Muraenidae, Kyphosidae, Siganidae,
Nemipteridae, Monacanthidae and Ostraciidae (Figure 5.6). Families strongly
associated with offshore habitats included Tetraodontidae, Traikidae, Sparidae,
Carangidae and Scombridae. Families strongly associated with exposed reef slope, base
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and pass habitats included Lutjanidae, Balistidae, Lethrinidae, Pomacanthidae,
Serranidae, Pinguipedidae, Caesonidae, Fistularidae and Carcharhinidae.

Generally, families strongly associated with reef slope to offshore habitats contain large
bodied predatory species. Within families, species of Carangidae, Lutjanidae,
Lethrinidae, Serranidae, Balistidae and Carcharhinidae display varying degrees of
habitat partitioning (Figure 5.7). In the case of Serranids for example Epinephelus
rivulatus, E. fasciatus and E. coioides were most often associated with inshore lagoon
habitats while Variola louti and Cephalopholis miniata were predominantly associated
with the reef slope, base and pass habitats. By contrast E. multinotatus were most
common on offshore habitats (Figure 5.7).

Figure 5.6: showing 26 families with a Spearman rank correlation > 0.25 with the exception of
Carcharhinidae. Habitat affinities of the different families are indicated on the horizontal axis from
inshore to reef slope and offshore habitats.
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Table 5.4: The proportion of stereo-BRUV stations within a particular habitat and depth combination which recorded the presence of a species. Family and species
spearman rank correlations to CAP axis 1 & 2 indicated in brackets in addition to depth ranges.
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Figure 5.7: CAP of species Spearman rank correlations within families demonstrating significant
stratification of species across continental shelf habitat and depth gradients.

5.3.5 Habitat specificity vs generality
There were 156 species restricted to one habitat-depth category and 231 species limited
to 3 or less. Forty six species occurred only on the reef slope and generally inshore
habitats supported more unique species than offshore. However, sponge dominated
benthos at a depth of 70-90 m and 90+ m depth zones also supported high numbers of
unique species (Figure 5.3). Many species from families commonly targeted by fishers
tended to be habitat generalists with relatively broad cross-shelf distributions including
the Lethrinidae (7.62±1.14 S.E.), Scombridae (7±2.33 S.E.), Carangidae (5.31±0.99
S.E.), Lutjanidae (4.36±0.75 S.E.), Serranidae (3.66±0.56 S.E.) and Carcharhinidae
(3.19±0.56 S.E.) (Table 5.4, Figure 5.8 and 5.9). Only 13 species were observed in 10 or
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more habitats. L. nebulosus is the species most heavily targeted by fishers and was
recorded in 15 habitats. Carangoides fulvoguttatus was the most abundant Carangid
and was recorded in all 16 habitats. Species of Scaridae and Pomacanthidae averaged
the same broad habitat distributions as Carangidae while species from other families
were similarly broadly distributed (Figure 5.9).

Figure 5.8: Abundance and length distributions across continental shelf habitats and depths for
species of Balistidae, Lethrinidae, Lutjanidae, Carangidae and Serranidae.
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Figure 5.9: Relative comparison indicating degree of habitat specialization within demersal fish
families. Average number of habitat/depth categories of species from the same family censused in
this study are indicated by dots. Bars indicate min and max number of habitats for species from the
same family.
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5.3.6 Species lengths
Average fish length increased across shelf depths and habitat. This reflected the
decreasing occurrence of small bodied shallow water habitat specialists including
Siganidae, Acanthuridae, Scaridae, Labridae, Pomacentridae, Chaetodontidae and
Mullidae families (Table 5.4). Additionally, the Lethrinidae, Lutjanidae, Carangidae,
Balistidae and Serranidae display increasing average length across the shelf. Larger
bodied individuals and larger bodied species were generally associated with offshore
habitats (Fig. 5.8).

5.3.7 Depth range extensions
Many species were sampled at depths beyond their maximum records (taken from(Allen,
2004; Froese & Pauly, 2010). These included species of Acanthuridae (Naso tuberosus,
Acanthurus mata, A. blochii, Naso annulatus, A. grammoptilus), Balistidae (Sufflamen
chrysopterus, Balistoides viridescens), Chaetodontidae (Chaetodon auriga, Coradion
altivelis, Chaetodon assarius, Heniochus acuminatus), Labridae (Labroides dimidiatus,
Choerodon jordani), and Scaridae (Scarus schlegeli, S. frenatus, S. ghobban, S.
rubroviolaceus) (Table 5.5).
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Table 5.5: Species maximum depth recorded during this study compared to previous published
records (taken from: (Allen, 2004; Froese & Pauly, 2010). Max. depth sampled this study 109 m.

Caesionidae
Carangidae

Carcharhinidae
Chaetodontidae

Chanidae
Echeneidae

Haemulidae
Kyphosidae
Labridae

20
15
25
60
5
30
50
30
50
60
70
60
100
20
15
40
35
75
10
30
12
30
50
25
40
25
40
25
40
40
32
30
30
20
25
25
30

105
80
80
80
13
97
101
36
101
109
103
92
104
97
101
102
86
109
30
42
24
37
99
80
86
34
80
30
109
86
60
54
42
32
33
33
36

Family

Lethrinidae

Lutjanidae

Mullidae

Pinguipedidae
Pomacanthidae

Pomacentridae

Rachycentridae
Rhynchobatidae
Scaridae

Scombridae
Serranidae
Siganidae
Sphyraenidae
Stegastomatidae
Tetraodontidae

Species

Lethrinus miniatus
Gymnocranius audleyi
L. ravus
L. nebulosus
L. laticaudis
L. rubrioperculatus
L. atkinsoni
Gymnocranius grandoculis
Symphorus nematophorus
Lutjanus vitta
L. sebae
Parupeneus spilurus
P. barberinoides
P. cyclostomus
Parapercis nebulosa
P. clathrata
Chaetodontoplus personifer
Pomacanthus semicirculatus
Apolemichthys trimaculatus
P. imperator
Pomacentrus milleri
Pomacentrus coelestis
Neoglyphidodon melas
Rachycentron canadus
Rhynchobatus djiddensis
Scarus rubroviolaceus
S. ghobban
S. frenatus
S. schlegeli
Scomberomorus commerson
S. queenslandicus
Epinephelus multinotatus
Siganus fuscescens
Sphyraena barracuda
Stegostoma fasciatum
Lagocephalus sceleratus

Current
study

Balistidae

Acanthurus grammoptilus
A. blochii
A. mata
Naso annulatus
A. triostegus
Sufflamen chrysopterus
Balistoides viridescens
Pterocaesio marri
Carangoides hedlandensis
C. chrysophrys
C. gymnostethus
C. ferdau
C. fulvoguttatus
Carcharhinus albimarginatus
Coradion altivelis
C. assarius
C. auriga
Heniochus acuminatus
C. plebeius
C. speculum
C. trifascialis
Chanos chanos
Echeneis naucrates
Platax teira
P. batavianus
P. pinnatus
Diagramma pictum
Kyphosus biggibus
Choerodon jordani
Labroides dimidiatus
Cirrhilabrus punctatus
Choerodon cauteroma
Coris pictoides
Thalassoma lunare
C. caudimacula
Hemigymnus fasciatus
T. lutescens

Max depth
(m)
Previous

Acanthuridae

Species

Current
study

Family

Previous

Max depth
(m)

35
40
35
75
35
40
25
100
50
72
100
30
15
92
30
50
30
40
60
60
6
12
12
40
50
30
30
25
50
70
100
90
4
15
70
100

109
109
103
101
54
57
36
109
84
100
109
109
33
104
82
75
103
105
109
103
32
33
21
55
83
105
103
84
72
82
109
103
33
109
102
109
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5.4 Discussion
The influence of habitat and depth on fish assemblage structure was evident across the
continental shelf at Ningaloo Reef. Generally fish assemblages inshore differed from
those on the reef pass, reef slope and reef base habitats and also offshore sites
dominated by rhodolith and sponge/soft coral communities. Depth was the most
significant factor in explaining these differences, however other variables which were
generally indicative of major shifts in benthic habitat type such as rhodoliths, hard coral
and sponge cover in combination with depth accounted for 20% of the variation in fish
assemblages.

5.4.1 Assemblage Level Patterns
Overall univariate assemblage level patterns included lower species richness, average
overall MaxN and Shannon diversity in deeper habitats than in shallow habitats. In
contrast average overall lengths increased significantly offshore. Fish lengths inshore
averaged between 200 and 300 mm while offshore average length was around 400 mm.
Offshore habitats had less species, but supported greater MaxNs of higher order
predators, which has significant implications for overall assemblage structure if
predation is a significant factor structuring these assemblages (Scharf et al., 2000).

5.4.2 Unique and Rare Species
The number of unique species specific to one of the habitat/depth combination, as well
as richness at the level of Genus, Family, Order and Class also vary significantly with
habitat and depth. These patterns contribute to the ability to discern consistent
differences between fish assemblages even at lower taxonomic levels (Rogers et al.,
1999). Habitats with highest species richness and most unique fish generally occur in 30
m or less of water, however offshore sponge habitats were also high in unique species
from a number of families including some not represented in shallower waters such as
Carcharhinus albimarginatus, Epinephelis multinotatus, Pristipomoides multidens,
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Lutjanus sebae, Carangoides chrysophrys, Argyrops spinifer,Gymnocranius
grandoculis and Abalistes stellatus and Sparidae and Triakidae families. There were
156 only recorded from one habitat-depth category and 231 species limited to 3 or less.
Offshore deeper water sponge-dominated habitats contained similar numbers of unique
species as shallow water coral reefs, therefore habitat specific degredation in these
habitats would have a large impact on biodiversity (Munday, 2004).

5.4.3 Shallow Water Impacts
It was clear that overall pressures in shallow habitats will affect the highest numbers of
habitat specialists, with the majority of such species entire post recruitment populations
closely associated with shallow coral reef habitats (Wilson et al., 2008). Broadscale
shallow water impacts may also affect the MaxN of particular species that contribute to
the structure of fish assemblages across the continental shelf. Although the majority of
species were restricted to three or less habitats within 30 m water depths, many families
with highly specialized species also had closely related fishes with extended depth
ranges well below those previously recorded, including abundant coral reef fish from
the families Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Pomacentridae
and Scaridae.

5.4.4 Habitat Generalists
Species which occupy a large range of habitats will be more resilient to disturbance than
habitat specific species. This will have significant implications for their population and
conservation biology (Vasquez & Simberloff, 2002). The response to shallow water
disturbances of species that utilize broader depth ranges will be dictated largely by their
physiology. Factors such as tropical species being restricted by colder temperatures at
depth may lead to reduced growth rates, increasing size at sexual maturity, reduced
fecundity and reduced contribution of recruits (O’Conner et al., 2007). Many species
including Bodianus bilunulatus, Pomacanthus sexstriatus and Heniochus acuminatus,
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commonly observed by divers on adjacent shallow reef, were found in moderate MaxNs
in depths of up to 100 m. Understanding the implications of shallow water impacts for
population maintenance of a range of species will require dedicated biological and
demographic studies on populations that exist at depths >30m. Even closely related
species were associated with highly contrasting ranges of habitats, demonstrating their
response to habitat-specific impacts will differ.

5.4.5 Trophic level, Size and Habitat Partitioning
Increasing length with depth was consistent with ontogenetic habitat shifts in many
members of the Balistidae, Lethrinidae, Lutjanidae, Carangidae and Serranidae
families. Small size classes of Lethrinidae species in particular can be abundant in
specific habitats, while larger size classes can be found at lower densities utilizing a
broader range of habitats (Eggleston, 1995). This pattern should be treated with caution,
as size selective mortality due to the effects of fishing on larger individuals in shallow
habitats has been shown at this location (Westera et al., 2003). However given that
many of the shallow water samples come from within sanctuary zones the influence of
this possible effect should be reduced. At the family level, habitat partitioning between
species from the same family contributes to the observed patterns of increased average
length with depth, resulting in smaller species inshore and larger species offshore. This
partitioning of habitat between species was found in Balistidae, Lethrinidae, Lutjanidae,
Carangidae and Serranidae fish guilds and supports the view that processes such as
competitive interactions are an important process structuring fish assemblages (Connell,
1983). Offshore habitats were composed almost entirely of these families and their
abundances contributed most to the differences between the observed fish assemblages.
This has implications for which ecological processes contribute most to fish assemblage
structure across these habitat and depth gradients. It also suggests that higher order
predators, which as adults frequent a range of habitats, as well as generalist species from
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lower trophic levels, will respond differently to impacts on shallow water food and
shelter resources.

5.4.6 Conclusions
The effectiveness of shallow water no-take zones for providing protection to these more
generalist target species from fishing impacts depends, amongst other things, upon
extent of ontogenetic shifts away from shallow habitats (Abesamis & Russ, 2005b).
Target fishes whose abundance has been depleted in shallower waters contribute most
of the MaxN in less speciose fish assemblages at offshore habitat (Westera et al., 2003).
Globally no-take zoning in tropical regions are often applied to shallow water habitats
only, with a minority extending across adjacent continental shelves (Fernandes et al.,
2005). Various non-target species were found to utilize a range of habitats whilst many
more were highly specific in their habitat associations. Species with isolated
populations found at different depths may represent discrete populations that function
independently of one another and ecosystems processes maintaining them may differ
(Kahng et al., 2010). The spatial extent and relative magnitude of critical ecosystem
processes contributed by various species are also likely to be orders of magnitude
different. These factors suggest dedicated ecological and demographic studies of fish
assemblages across continental shelves are important in defining the habitat needs of
fish assemblages and identifying possible management implications (Brokovich et al.,
2008). Human impacts such as climate change, fishing and pollution will have
profoundly different ecological implications depending upon where they occur (Wilson
et al., 2006). To be completely effective, fisheries management and marine conservation
agencies need to incorporate the full range of continental shelf habitats that demersal
fish utilize, into their management plans (ANZECC, 1998).
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6 Discussion
6.1 Introduction
The aim of this work was to understand the interactions of fine scale habitat
associations and the effect of human impacts on coral reef fish assemblages, and their
implications for the design and effectiveness of sanctuary zones. A key assumption of
the use of sanctuary zones for preserving coral reef diversity is that they can affect
measurable and lasting change in fish assemblages moving them closer to an
unexploited structure compared to fished locations (Graham et al., 2003). For marine
protected areas to be effective at preserving fish assemblages they need to be
comprehensive adequate and representative of the range of habitats fish utilize. They
need to contain representative habitats for preserving the entire ontogenetic habitat
range of target and iconic species, and also the biodiversity found throughout all
habitats across a given range.

6.2 Influence of finescale habitat on fish assemblages
Significant amounts of variation were driven by variation in habitat which need to be
accounted for when measuring spatial or temporal change in fish assemblages (Choat &
Ayling, 1987). It is essential that marine protected areas incorporate this habitat
variability as discrete elements of trophic structure were associated with different
habitats (Curley, 2002; Dray & Legendre, 2008). Increased knowledge of the trophic
structure of fish assemblages in relation to habitat is a key component of planning and
evaluating sites for marine reserves (Roberts, 2003). There was very little information
available characterizing the fish assemblages associated with shallow water habitats at
Ningaloo and this is not unusual for many isolated coral reef locations (Stevens &
Connolly, 2005). This study established that a broad range of habitat variables, such as
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percent cover of hard coral, turf algae, sand, tabulate coral, turf algae, sponge, seagrass,
soft coral, foliose coral and depth all influence the structure and distribution of coral
reef fish assemblages. These are important in defining the distribution and abundance of
specific trophic groups such as herbivores on the Great Barrier Reef (Hoey & Bellwood,
2008). Species can be habitat generalists, like Lethrinus nebulosus or Carangoides
fulvoguttatus while others such as Apogon aureus or Aulostomus chinensis are specific
to certain habitats and within a single genus no two species are alike. Many habitats are
associated with low fish diversity however if particular habitats are excluded or omitted
from a sanctuary zone network, we risk excluding particular life history stages or
elements of coral reef fish trophic structures. As an example butterflyfish community
structure is known to vary significantly within life history and between species across
the reef and continental shelf of the Great Barrier Reef (Pratchett et al., 2008; Emslie et
al., 2010). This will have ramifications for the siting of sanctuary zones (Roberts, 2003).
For example planktivores are found significantly correlated with inshore subtidal reef
dominated by algae, around Porite bommies and reef passes however they are not
strongly associated with patch reefs, back reef dominated by tabulate coral or reef flats.
Other trophic groups are found associated with significantly different combinations of
coral lagoon habitats. These findings have implications for monitoring of fish
assemblages under various human impact scenarios when large components of the
trophic structure of fish assemblages may be disproportionately larger or smaller in
abundance depending on habitat type. For important species and trophic groups alike,
habitat distribution can vary significantly for various size classes within a species and
between closely related species. Monitoring needs to encompass the habitat range for
species and assemblages of interest wherever possible.
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6.3 Influence of protection from fishing on fish assemblages
Protection from fishing accounted for significantly more variation in fish assemblages
than that explained by finescale habitat alone. Of all the possible trophic interactions
that may be influenced by protection from fishing, different evidence was found to be
specific to a particular level or type of habitat and overall. Although many of the
protected target species are associated with a range of habitats, many of the potential
prey species such as Chromis viridis are isolated to one or a few geomorphic habitat
zones such as Porites bommies. These results tend to indicate that there are some
interactions occurring between fishes within protected assemblages when compared to
fished assemblages that are habitat specific and would be more difficult to discern at
broader spatial scales of sampling (Babcock et al., 1999; Shears & Babcock, 2002).
Therefore if we consider impacts from fishing in isolation from habitat we will get
inconsistent, indifferent or misleading results. By controlling for habitat a far more
rigourous consideration of the potential impacts of fishing on fish assemblages can be
acheived (Watson et al., 2007).

6.4 Temporal persistence of protected fish assemblages
Variation in fish assemblages was driven by habitat variation and protection from
fishing much more strongly than temporal variables suggesting that in the design of
monitoring or surveys controlling for seasonal and interannual variation was not as
critical as controlling for habitat and fishing impacts. Both target and non-target species
can be more abundant at protected reefscapes through time, consistent with the theory
that protected areas can affect lasting changes in fish assemblage structure relative to
adjacent fished locations and maintain overall structure (Denny & Babcock, 2004).
Target species which are generally predators are always more abundant and or larger
though some are strongly associated with specific habitats while others have more
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generalist habitat requirements. Of all the potential effects of fishing on ecological
processes between fish species, evidence from this study suggests that overall, greater
abundance and biomass of target species facilitates increased abundance and biomass of
non-target species over time. Rather than target species resulting in lower abundances of
components of the assemblage through competitive pressure or predation, my data
suggest that the presence of larger more abundant piscivorous and piscivore-invertivore
target species results in increased opportunity for a suite of non-target species that
benefit their populations within sanctuary zones. Although it has been found that
potential prey species are less abundant within sanctuary zones, data presented here
suggest this is a relatively minor consequence (Graham et al., 2003). Although the most
abundant prey species Chromis viridis was less abundant, individuals within sanctuary
zones were larger and other small planktivorous pomacentrids were more abundant in
their place, potentially due to competitive release within the guild of small planktivores
(Dulvy et al., 2004b). This study found that not only do protected areas benefit target
trophic groups but they consistently contained more abundant and/or larger non-target
species including cleaner wrasse Labroides dimidiatus, detritivorous surgeonfish such
as Acanthurus grammoptilus, invertivorous wrasses Thallasoma sp., and many
nominally herbivorous species. With L. dimidiatus it is a very direct trophic interaction
because more big fish results in more parasites and the greater need for cleaner fish.
With the other species the effects observed are far less obvious and even counter
intuitive because they are at lower trophic levels, or are much smaller and are potential
prey items. Nonetheless these effects are repeatable and consistent through time, they
do not appear driven either by trophic interactions or an artefact of sampling but due to
behaviour of smaller species taking advantage of the increased opportunities presented
by the presence and activity of larger target fish.
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6.5 Influence of habitats on continental shelf fish assemblages
Until this study it was uncertain how many of these species are associated with habitats
found beyond the boundaries of these shallow water protected areas (Abesamis & Russ,
2005a). At a broader cross-shelf scale, observed patterns suggest a number of additional
processes become important for structuring assemblages. Major gradients in fish
assemblage structure included length and abundance progressing from small highly
abundant species from lower trophic levels at shallow habitats, to larger less abundant
species from higher trophic levels at deeper habitats (Bulman et al., 2001). The finding
that biomass of the entire fish assemblage increases with depth is significant. This is
driven by a far larger proportion of piscivore-invertivore, piscivore, apex predator
trophic components contradicting our expectation that shallow coral reefs should
support higher biomass of predators due to an abundance of fish prey at lower trophic
levels. A significant ecological process driving these cross shelf patterns is ontogenetic
habitat shifts, with many larger species displaying habitat size-class partitioning. Fish
assemblages associated with deepwater habitats have biomass concentrated in upper
trophic levels, such as piscivorous and carnivorous Lethrinidae, Carangidae,
Serranidae and Lutjanidae. These families were found associated with most habitat
types and their abundance and length generally increased with water depth. There was
significant evidence that ontogenetic habitat shifts within the species contribute
significantly to this pattern with smaller juvenile fish found in near shore habitats and
larger fish having broader habitat associations (Lecchini & Galzin, 2005). This was
characteristic of many species at higher trophic levels including spangled emperor
(Lethrinus nebulosus) red emperor (Lutjanus sebae), red throat emperor (L. miniatus),
goldband snapper (Pristipomoides multidens) and rankin cod (Epinephelus
multinotatus) which display increasing size with depth. For example small spangled
emperor (Lethrinus nebulosus) less than 15cm in fork length were restricted to shallow
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branching Acropora and inshore algal reefs, while larger individuals were associated
with deeper water habitats found across the shelf. A number of other lethrinid species
showed significant ontogenetic partitioning of habitat use, however some had restricted
distributions. For example L. atkinsoni are found only in shallow lagoon habitats while
L. miniatus are found only in offshore habitats. Ontogenetic habitat shifts within a
species from shallow coral reef habitats to offshore sponge dominated habitats represent
an important ecological process which will be impacted by shallow water impacts.

There was also clear habitat partitioning between species from within these predatory
fish families with smaller bodied species abundant inshore and larger bodied species
abundant offshore. Species from the same family were often found in different habitats
suggesting partitioning through competitive interactions. For example smaller
piscivorous Serranids such as E. rivulatus dominate shallower habitats whilst the larger
bodied E. multinotatus dominate offshore habitats. Significant habitat partitioning also
occur among reef fish within other genera including Ballistidae and Carcharhinidae.

This pattern of increasing biomass with depth might be explained by differences in food
availability, with inshore waters supporting smaller bodied fish and offshore supporting
larger bodied fish hence predators must by necessity be larger. Another major form of
prey, sediment infauna, increases in diversity and abundance with depth which may also
contribute to increased food (Colquhoun & Heyward, 2007). Impacts from fishing
pressure in shallow water could also result in these observed patterns in trophic
structure with biomass of certain target species significantly less in fished areas relative
to no-take zones within the lagoon. If this is the case then it would likely take shallow
water fish assemblages longer to recover from fishing impacts given that the majority of
species are non-target species whose abundance are facilitated by the target species.
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Also depth range extensions for many species were found, with a number of butterfly
fish (Chaetodontidae), parrot fish (Scaridae) and wrasse (Labridae) in water up to
100m deep, away from the shallow phototrophic coral and algae habitats they are
usually associated with demonstrating greater species habitat versatility than was
previously thought (Kahng & Kelley, 2007b). Expanded depth ranges were recorded for
73 species which were found in significant abundances at depths of up to 100 m.
Overall the diversity of species decreased with increasing water depth. Inshore and reef
slope sites have high diversity with an abundance of rare species and low average body
size with an abundance of herbivorous and omnivorous Acanthurids, Labrids and
Scarids, planktivorous and corallivorous Pomacentrids, and Caesonids. However the
number of species unique to sponge dominated habitats from 70 m and deeper are
comparable to shallow coral dominated habitats considered one of the most highly
diverse ecosystems on the planet (Jones et al., 2002). These data demonstrate greater
species habitat versatility than was previously thought for many species and emphasize
the importance of habitats other than shallow coral reefs for supporting significant
diversity. It is likely that this greater diversity is being driven by availability of nutrients
in these deeper water associated with cold water upwelling in the area (Wilson, 2002).
This is important in the context of potential responses to shallow water impacts as
significant portions of many species’ populations occur beyond the depths of most
studies in the literature. Expanded depth distribution for many species reveals some
refuge at depth from shallow water impacts though it is uncertain how this contributes
to persistence in populations at a local or regional scale.

These patterns demonstrate significant connectivity between shallow coral reef habitats
and offshore habitats down to 100m. Ontogenetic habitat shifts and essential fish habitat
occurring at depth are significant factors when considering human impacts, research and
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management of fish assemblages associated with shallow coral reef habitats. These data
redefine what constitutes essential fish habitat for many species and highlight the need
for defining fish assemblage connectivity between feeding, shelter, nursery, spawning
and other essential habitats. Habitat and depth are known to correlate strongly within a
species’ life history, between closely related species, and with changes in overall
assemblage structure (Williams et al., 2001) but there is very sparse information
describing entire fish assemblage structure associated with deeper waters adjacent coral
reefs. Fish assemblages are usually sampled by SCUBA divers using underwater visual
census (Cappo & Brown, 1996; Cappo et al., 2007) restricting the vast majority of
research conducted to shallow coastal waters less than 30 metres depth. These data
represent a significant advance in our understanding of the potential influence a broader
understanding of essential fish habitat might have on managing shallow water impacts.

6.6 Conclusions
Habitat specialization changes dramatically from species to species and was not easily
predicted. In order to account for this, understanding effect of human impacts on
specific ecological process such as the top down impacts of fisheries should be
considered on the relevant spatial scale. Many processes such as predator prey
interactions will only be manifest in information collected at the correct spatial scale
since some species are specific to certain habitats whilst others are generalist. The
maintenance of specific ecological processes such as competition and predation is a
direct function of habitat. Any ecosystem research should encompass the full range of
habitats fish associate with since specific trophic groups are found in varying abundance
across the variation in habitats typical of a coral reef profile. Elucidating essential fish
habitat for all species, including the depth range, ontogenetic habitat shifts, and habitats
for food, shelter, nursery and spawning therefore has implications for understanding the
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long-term response of coral reef fish assemblages to extractive local impacts and to
global impacts such as climate change alike. This extends to depths greater than
previously considered with significant elements of shallow water fish assemblages
occurring at depths far greater than previously considered.

Developments in finescale habitat mapping utilizing high resolution remote sensing data
combined with georeferenced imagery is revolutionizing the way we define habitat
distribution (Bax, 2001). Developments in remote sensing of fish assemblages such as
video sampling as well as finescale acoustic tracking is significantly improving our
knowledge of animal movement and when combined with fine-scale habitat data can
allow detailed understanding of critical fish habitats (Lucieer & Pederson, 2008). These
techniques will increasingly be used to examine habitat associations at a range of spatial
scales for marine biodiversity management purposes.

Many ubiquitous target species that influence the structure of shallow water fish
assemblages through facilitation, predation and competition are found inhabiting
offshore habitats at various stages in their life histories. Cross-shelf sampling produced
significant new knowledge on the depth and habitat specificity of many species
previously only known from shallow coral reef environments. Many species are
confined to one or a few shallow water habitats for their entire post recruitment lifehistory as opposed to others that can range across many. This has implications for their
ability to adapt to rapidly changing environments under climate change scenarios and
the success of recruits dispersing to habitats that may become increasingly spatially
restricted such as shallow coral reefs. This also suggests that cross-shelf habitats have
significantly more connectivity among fish assemblages than previously realized. Our
knowledge of processes maintaining fish assemblages are mostly derived from studies
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conducted at shallow water coral reefs, yet this demonstrates that deeper water fish
assemblages are significantly different to shallow water fish assemblages, suggesting a
paucity of knowledge of significant biological and ecological processes at depth.

It is clear from this study that marine protected areas can be used to benefit exploited
species from a range of trophic levels and genera but if we ignore the breadth of fish
assemblage depth and habitat distribution and implement sanctuary zones ignoring this
then we run risk of ineffective protection. Fish assemblages associated with deeper
water habitats are composed of higher order predators and high numbers of unique
species, suggesting they will respond far more dramatically to protection from
extractive human impacts compared to adjacent shallow water (Willis et al., 2003; Russ
& Alcala, 2004). Sanctuary Zones are increasingly being proposed for protecting fish
asemblages in deeper waters but for these to be comprehensive adequate and
representative of fish assemblages, they should encompass the broad suite of habitat
variability and range of depths associated with species life histories, trophic structure
and diversity (Botsford, 2003; DSEWPAC, 2012). Assemblage structure also varies
significantly with habitat therefore networks should encompass more than one example
of a particular habitat.

The effect of human impacts on fish assemblages are species and location specific and
whether positive or negative they also persist through time. These findings highlight a
need to consider the processes driving fish assemblage structure at a cross-shelf scale
and have significant conservation implications considering the bias towards shallow
water marine protected areas globally. A greater understanding of the biological and
ecological processes driving fish assemblages associated with continental shelf habitats
is required. Continental shelves support a globally significant proportion of fisheries
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resources and marine biodiversity which are increasingly being utilized as shallower
water fish and habitats become degraded and depleted.
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Stereo-DOVs

Stereo-BRUVs

Reef pass

Coral algal Reef Flat

Tabulate Acropora Flat

Patch reefs

Porites coral "bommies"

Subtidal reef pavement

spearman rank correlations
RDA Axis 1,2,3

Species

Trophic group

Average abundance

Appendix 1: Table detailing trophic group abundance and length data supporting Table 3.4 indicating the direction of response to protection for
average abundance and length of trophic groups from stereo-BRUVs and stereo-DOVs.

Apex predator

Carch. amblyrhynchos

(-0.14,-0.27,0)

(0,1±0)

(0,1±0)

(0,0)

(0,0)

(0,0)

(0,2.8±0.48)

Piscivore

Epinephelus rivulatus

(0.33,-0.11,-0.02)

(0,1.6±0.6)

(1.7±0.3,2.3±0.4)

(1±0,1)

(1.5±0.5,1.4±0.2)

(1.5±0.2,1.25±0.25)

(1.5±0.5,2.1±0.4)

Piscivore-invert.

Carangoides fulvoguttatus

(-0.01,-0.22)

(2.1±0.6,5±2)

(1.4±0.2,6.4±1.4)

(1±0,0)

(0,3.8±2.4)

(1.3±0.3,0)

(3.3±1.9,2.2±0.5)

Piscivore-invert.

Gymnothorax javanicus

(0.27,-0.18)

(1±0,1±0)

(1±0,1±0)

(1±0,1±0)

(1±0,1.4±0.4)

(1±0,1.5±0.3)

(1±0,1±0)

Piscivore-invert.

Lethrinus atkinsoni

(0.33,-0.39)

(2.2±0.9,4.3±1.9)

(2.3±0.6,4.5±1.1)

(1.9±0.5,2.7±0.8)

(2.8±0.4,7.9±1.5)

(2.4±0.6,18.8±3.4)

(1.8±0.6,4.3±1.2)

Piscivore-invert.

Lethrinus nebulosus

(-0.18,-0.25)

(2±0.7,3.3±0.8)

(3.2±1.7,4.6±0.9)

(0.09±0,12.74±3.2)

(0,2.9±0.8)

(3.9±1.1,11±6)

(2.75±0.75,4±0.7)

Piscivore-invert.

Lutjanus fulviflamma

(0.26,-0.1)

(2±1,4±2.1)

(1.2±0.2,0)

(1.2±0.2,1.6±0.2)

(2.2±1,6.4±2.7)

(3±2,0)

Corallivore

Chaetodon trifascialis

(0.39,0.16,0.09)

(0,1±0)

(1±0,0)

(1.5±0.5,1.5±0.2)

(1.5±0.5,0)

(2±1,1.6±0.3)

(0,1±0)

Corallivore

Neoglyphidodon melas

(0.52,-0.03,0.01)

(4±1.3,4±1)

(1.5±0.4,4±1.5)

(1.3±0.1,1.5±0.3)

(2±0.5,4.1±0.6)

(1.6±0.4,4.2±0.9)

(3±0.5,2.3±0.5)

Herbivore

Acanthurus grammoptilus

(0.2,-0.15,-0.3)

(2±0.4,2±0.3)

(1.5±0.2,7.7±2.8)

(1.3±0.1,3±1.4)

(3±0,4.7±2)

(1.3±0.3,1.3±0.3)

(1.3±0.3,1.5±0.5)

Herbivore

Acanthurus triostegus

(0.46,-0.2,-0.18)

(3±1.1,9±2.1)

(18.7±1.4,2.6±0.8)

(15±6.2,3.6±1.3)

(9.8±3.7,11.9±4.5)

(9.7±2,18.7±1.8)

(3.2±0.8,2.3±0.6)

Herbivore

Chlorurus sordidus

(0.62,0.16,0.19)

(1±0,0)

(3.6±0.9,4.6±1.9)

(4.8±1,3.7±1)

(7.3±1.6,5±0.9)

(12.2±3.6,28.2±4.8)

(1.8±0.3,10.4±3.6)

Herbivore

Scarus frenatus

(0.23,-0.02,0.09)

(1±0,1.3±0.3)

(4.6±3.1,2.5±0.9)

(0,1.3±0.3)

(1±0,1.6±0.4)

(1±0,1±0)

(1.2±0.2,1.3±0.3)

Herbivore

Scarus rubroviolaceus

(0.14,-0.16,-0.09)

(1±0,1±0)

(11.5±5.4,3±2)

(4.8±0.8,1±0)

(1±0,4±3)

(7±2.5,1±0)

(1±0,0)

Herbivore

Scarus schlegeli

(0.5,-0.09,0.04)

(2.2±0.5,4.7±0.9)

(29.1±23.4,12.3±2.4)

(5.3±1.5,8.7±2)

(15.4±5.8,6.1±1.2)

(9.3±3.4,44.2±8.7)

(3.1±1.4,13±2.8)

(1±0,0)

(4.6±1.3,0)

(5.5±0.5,4±0)

(1±0,1±0)

(1±0,1.5±0.2)

Herbivore

Scarus sp

(-0.05,0.4,-0.2)

(3±0.5,3±0)

(9±3.4,0)

(12.4±2.8,0)

Herbivore

Zebrasoma scopas

(0.2,0.31,-0.14)

(1±0,2±0)

(1.4±0.2,1.5±0.5)

(3±0.4,1±0)

Invertivore

Coris aygula

(0.28,-0.04,0.16)

(0,2±0.6)

(1±0,4.6±2.5)

(1±0,1±0)

(1.3±0.3,1±0)

(3±2,5.5±2.8)

(1±0,1±0)

Invertivore

Coris caudimacula

(-0.11,-0.33,0.07)

(2±0.5,1±0.2)

(1±0,1±0)

(1.7±0.7,1.1±0.1)

(1±0,1±0)

(2.2±0.3,0)

(2.5±0.9,1.7±0.3)

Invertivore

Parupeneus barberinoides

(0.05,0.09,-0.25)

(2±0.9,1±0.2)

(1.5±0.2,4.5±0.8)

(1.5±0.5,1.5±0.2)

(0,1±0)

(1.6±0.3,1.2±0.2)

Invertivore

Parupeneus pleurostigma

(0.09,-0.04,-0.06)

(3±1.3,8±4.2)

(2.6±1.6,9.3±2.8)

(5±3,1±0)

(0,12.2±5)

(1.6±0.6,0)

(1±0,2±0)

Invertivore

Parupeneus spilurus

(0.25,-0.14,-0.12)

(4±2.1,3±1.5)

(0,6±1.9)

(1±0,6.5±3.9)

(2±0,1.5±0.5)

(2.3±0.8,1±0)

(1.7±0.4,1±0)

Invertivore

Scolopsis bilineatus

(0.14,0.2,0.33)

(0,2±1)

(1.9±0.2,3.6±0.7)

(3.2±0.7,4.8±2.1)

(1.2±0.2,2±0.5)

(4.4±1.2,2.3±0.8)

(6.3±2,3.6±1.2)

Invertivore

Thalassoma lunare

(0.52,-0.07,-0.02)

(11.9±2.9,8.6±0.7)

(4.7±0.7,11±1.5)

(4.5±0.6,4.1±0.8)

(3.2±1.3,5.7±1.6)

(4±0.5,3.7±0.8)

(7±1.1,6.5±1.6)

Stereo-DOVs

Subtidal reef pavement

Porites coral "bommies"

Patch reefs

Tabulate Acropora Flat

Coral algal Reef Flat

Reef pass

Thalassoma lutescens

(0.45,0.02,-0.16)

(8±1.6,3.8±0.4)

(1±0,3.8±0.7)

(1±0,1±0)

(1±0,2±0.4)

(1±0,3.7±1.7)

(3±1,3.5±0.8)

Invertivore

Hemigymnus fasciatus

(0.06,0.14,-0.02)

(0,1±0)

(1±0,1±0)

(1±0,0)

(1.3±0.3,1±0)

(1±0,0)

(0,0)

Invertivore

Hemigymnus melapterus

(0.14,0.01,-0.06)

(0,1±0)

(1.25±0.25,2.3±0.6)

(1.4±0.24,0)

(1±0,0)

(0,1.3±0.3)

(1±0,1±0)

Omnivore

Chaetodon citrinellus

(0.26,0.16,0.04)

(0,1±0.4)

(1±0,1±0)

(2.5±0.5,1±0)

(0,1.6±0.3)

(1.5±0.5,3±2)

(1.3±0.3,1.6±0.1)

Species

spearman rank correlations
RDA Axis 1,2,3
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Invertivore

Trophic group

Average abundance

Fish habitat associations

Omnivore

Chaetodon plebeius

(0.6,-0.18,-0.14)

(2±0.3,2±0.4)

(2.3±0.4,2.6±0.2)

(1.6±0.1,1.5±0.3)

(2.6±0.5,3±0.5)

(3±0.6,2.7±0.3)

(3.6±0.4,2.1±0.6)

Omnivore

Ctenochaetus striatus

(0.44,0.34,-0.23)

(0,5±2.3)

(1.5±0.5,1±0)

(1.6±0.3,0)

(2.2±0.9,3±0)

(4.2±0.9,5.8±1.8)

(1.6±0.2,7.5±1.9)

Omnivore

Pomacentrus milleri

(0.45,-0.23,0.01)

(0,1.6±0.4)

(2.3±0.4,2.5±0.8)

(2.3±0.6,1.2±0.2)

(2.8±0.4,2±0.3)

(2.7±1,1.5±0.5)

(1.2±0.2,1.4±0.2)

Omnivore

Chaetodon lunula

(0.22, 0.06,-0.16)

(0,1±0)

(1±0,5±0)

(0,0

(0,1±0)

(0,1.5±0.5)

(0,1.7±0.7)

Planktivore

Chromis viridis

(0.47,0.01,-0.04)

(38±19.4,94±30.8)

(148.2±71.1,54.9±12.6)

(104±39.6,76.8±41.1)

(5±0,139.3±14.8)

(176.6±161.7,12±0)

(115.5±92.5,47.3±17.9)

Planktivore

Dascyllus aruanus

(0.25,0.04,0.29)

(4±1.1,8±1.3)

(12.1±4.9,10.6±2.7)

(5.5±1.6,11.1±2.7)

(8.2±1.7,8.9±1.6)

(3.5±1,0)

(4.3±1.7,3.2±0.8)

Planktivore

Labroides dimidiatus

(-0.12,-0.31,-0.04)

(1±0.2,2±0.4)

(0,1.2±0.1)

(1±0,0)

(1.5±0.5,1±0)

(1±0,1±0)

Planktivore

Pomacentrus coelestis

(-0.21,-0.39,0.04)

(15±4.8,19±6.6)

(1±0,14.8±3.4)

(1.3±0.3,3±0)

(0,6±2.5)

(17±6.8,22.6±12.4)

(5.6±2.4,19.3±5.8)

Planktivore

Pomacentrus moluccensis

(0.27,-0.08,0.25)

(1±0,1.2±0.2)

(8.7±2.9,7±1.2)

(2.6±0.6,1±0)

(1±0,3.7±0.5)

(1.5±0.5,2.3±0.3)

(2.5±0.7,1.8±0.3)

Stereo-BRUVs
Stereo-DOVs

Reef pass

Coral algal Reef Flat

Tabulate Acropora Flat

Patch reefs

Porites coral "bommies"

Subtidal reef pavement

spearman rank correlations
RDA Axis 1,2,3

Species

Trophic group

Fish habitat associations

Average length (mm)
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Apex predator

Carch. amblyrhynchos

(-0.14,-0.27,0)

(-,565±5)

(-,577±28)

(-,566±22)

(-,-)

(-,-)

(-,622±76)

Piscivore

Epinephelus rivulatus

(-0.01,-0.20,0.08)

(227±14,233±11)

(229±14,272±4)

(263±9,275±6)

(284±20,266±10)

(216±13,207±31)

(254±8,271±11)

Piscivore-inv.

Carangoides fulvoguttatus

(-0.14,0.17,0.16)

(402±33,420±23)

(584±79,436±12)

(351±32,566±35)

(-,434±21)

(513±83,541±146)

(466±32,494±19)

Piscivore-inv.

Gnathanodon speciosus

(-0.25,0.01,0.06)

(683±15,401±10)

(414±9,397±21)

(564±63,328±21)

(-,-)

(-,-)

(-,419±28)

Piscivore-inv.

Gymnothorax javanicus

(0.03,-0.07,0.25)

(-,-)

(471±86,-)

(613±188,437±63)

(-,554±20)

(-,-)

(-,-)

Piscivore-inv.

Lethrinus atkinsoni

(0.4,-0.27,-0.1)

(159±16,216±6)

(202±9,232±3)

(237±7,229±6)

(251±7,265±2)

(189±13,258±4)

(243±8,239±2)

Piscivore-inv.

Lethrinus nebulosus

(-0.09,-0.34,-0.01)

(184±18,317±18)

(305±18,407±11)

(293±15,343±14)

(297±49,369±13)

(267±15,352±26)

(404±36,443±21)

Piscivore-inv.

Lutjanus fulviflamma

(0.42,-0.03,0.14)

(165±10,236±13)

(216±6,243±10)

(246±8,-)

(404±100,259±5)

(224±14,267±7)

(224±11,232±9)
(257±34,242±44)

Invertivore

Coris aygula

Invertivore

Coris caudimacula

Invertivore

Hemigymnus fasciatus

(0.2,-0.05,0.27)

(-,307±63)

(-,332±10)

(258±76,225±54)

(274±30,208±23)

(270±36,254±12)

(-0.17,-0.03,0.13)

(112±6,99±6)

(91±39,90±13)

(150±12,128±18)

(-,131±21)

(120±4,-)

(121±4,126±10)

(0.25,0.15,-0.2)

(-,-)

(130±28,-)

(173±23,-)

(210±18,177±67)

(-,-)

(211±11,104±12)

Invertivore

Hemigymnus melapterus

(0.28,0.04,-0.09)

(-,124±23)

(138±21,240±60)

(173±13,202±14)

(213±60,154±27)

(175±44,218±56)

(271±62,251±27)

Invertivore

Parupeneus barberinoides

(0.04,0.09,-0.24)

(76±7,97±11)

(118±8,106±5)

(118±7,125±5)

(131±31,153±10)

(145±15,143±10)

(120±6,117±8)

Invertivore

Parupeneus pleurostigma

(0.02,-0.18,0.01)

(251±38,110±9)

(207±101,283±16)

(155±12,134±6)

(-,160±5)

(226±16,-)

(-,149±25)

Invertivore

Parupeneus spilurus

(0.09,-0.04,-0.06)

(165±10,122±5)

(-,202±11)

(144±24,141±3)

(325±10,188±17)

(201±11,206±22)

(215±22,204±12)

Invertivore

Scolopsis bilineatus

(0.28,0.22,0.01)

(140±10,166±15)

(157±6,146±6)

(159±6,146±4)

(152±15,164±4)

(188±9,173±17)

(160±6,162±5)

Invertivore

Thalassoma hardwicke

(0.14,0.13,0.05)

(58±11,75±12)

(96±16,97±10)

(105±14,119±5)

(83±4,86±7)

(62±5,71±4)

(118±5,82±7)

Invertivore

Thalassoma lunare

(0.18,0.1,-0.19)

(109±3,100±2)

(110±4,94±2)

(117±4,114±2)

(101±5,107±4)

(110±4,101±11)

(119±2,93±3)

Invertivore

Thalassoma lutescens

(0.23,-0.26,0.06)

(107±3,101±2)

(108±4,102±4)

(109±4,118±5)

(100±4,118±6)

(93±4,99±4)

(107±2,93±2)

Omnivore

Chaetodon lunula

(0.25,-0.14,0.06)

(-,126±12)

(122±22,139±14)

(-,113±14)

(-,160±17)

(126±30,120±15)

(112±4,140±10)

Omnivore

Chaetodon plebeius

(0.35,0.02,-0.1)

(-,98±3)

(92±1,73±5)

(88±1,69±1)

(103±1,83±1)

(88±2,86±1)

(90±1,82±1)

Omnivore

Ctenochaetus striatus

(0.38,-0.26,0.02)

(-,168±6)

(138±5,120±49)

(144±8,140±29)

(166±8,155±12)

(199±5,165±7)

(184±5,167±4)

Omnivore

Pomacentrus milleri

(0.4,0.16,-0.05)

(81±3,78±4)

(70±4,68±2)

(71±3,72±2)

(77±2,74±2)

(72±2,59±4)

(85±3,68±1)

Omnivore

Chaetodon citrinellus

(0.24,-0.08,-0.11)

(-,92±5)

(-,-)

(104±4,80±5)

(94±11,88±10)

(95±7,82±3)

(89±5,98±3)

Stereo-DOVs

Patch reefs

Tabulate Acropora Flat

Coral algal Reef Flat

Reef pass

Chaetodon trifascialis

(0.32,0.21,0.06)

(-,99±17)

(110±11,-)

(119±7,99±13)

(120±6,108±2)

(118±13,-)

(126±4,111±10)

Corallivore

Neoglyphidodon melas

(0.4,0.01,0.11)

(98±4,106±4)

(119±8,84±5)

(100±5,104±5)

(102±5,97±3)

(99±7,96±3)

(104±5,101±5)

Species

Subtidal reef pavement

Porites coral "bommies"

spearman rank correlations
RDA Axis 1,2,3

Corallivore

Trophic group

Average length (mm)

Fish habitat associations

Herbivore

Acanthurus grammoptilus

(0.17,-0.23,-0.1)

(148±9,166±9)

(166±9,230±5)

(161±12,229±15)

(290±17,212±9)

(182±17,142±32)

(172±10,197±13)

Herbivore

Acanthurus triostegus

(0.18,-0.14,0.03)

(128±7,123±1)

(149±4,146±6)

(142±3,115±3)

(119±2,129±1)

(128±2,100±2)

(127±7,128±4)

Herbivore

Chlorurus sordidus

(0.6,0.35,0)

(94±22,148±9)

(179±7,190±8)

(183±5,174±7)

(195±4,202±4)

(195±5,170±3)

(155±5,149±5)

Herbivore

Scarus chameleon

(0.15,0.07,-0.15)

(185±67,190±35)

(132±26,174±53)

(155±18,58±6)

(158±48,117±13)

(138±9,100±8)

(150±24,197±60)

Herbivore

Scarus frenatus

(0.32,0,0.09)

(133±16,162±19)

(139±8,184±25)

(130±9,170±12)

(219±17,223±15)

(166±17,114±9)

(175±10,154±11)

(0.12,-0.12,-0.24)

(309±165,200±26)

(206±7,299±46)

(189±7,176±16)

(143±16,250±23)

(177±13,155±24)

(260±59,-)

(0.37,0.06,0)

(97±9,140±7)

(172±5,189±9)

(132±5,148±5)

(158±6,169±5)

(169±5,106±2)

(127±4,122±3)

Herbivore

Scarus rubroviolaceus

Herbivore

Scarus schlegeli

Herbivore

Scarus sp

(0.04,0.15,-0.29)

(-,-)

(140±10,-)

(132±8,-)

(-,-)

(94±4,-)

(143±10,-)

Herbivore

Zebrasoma scopas

(0.19,0.09,-0.27)

(-,104±13)

(146±10,75±10)

(177±7,107±13)

(127±17,95±13)

(-,165±0)

(149±4,154±13)

Planktivore

Chromis viridis

(0.04,0.09,-0.38)

(61±1,56±0)

(70±0,65±1)

(66±1,65±0)

(62±2,63±1)

(53±1,55±2)

(56±2,57±2)

Planktivore

Dascyllus aruanus

(0,0.09,-0.01)

(56±1,49±1)

(46±1,39±0)

(47±1,46±0)

(47±1,47±1)

(49±3,-)

(37±1,43±1)

Planktivore

Dascyllus reticulatus

(0.02,-0.08,-0.22)

(43±3,45±1)

(58±4,45±2)

(52±3,52±3)

(-,46±1)

(37±4,42±1)

(43±3,36±2)

Planktivore

Dascyllus trimaculatus

(-0.07,-0.15,-0.19)

(89±2,84±4)

(94±12,80±2)

(93±7,89±2)

(-,80±3)

(84±8,66±9)

(93±4,66±9)

Planktivore

Pomacentrus coelestis

(-0.04,-0.51,0.06)

(46±1,46±1)

(48±2,52±1)

(62±9,39±4)

(44±6,51±2)

(50±1,44±1)

(45±1,45±0)

Planktivore

Pomacentrus moluccensis

(0.26,0.15,-0.07)

(-,-)

(59±1,54±2)

(57±1,57±1)

(59±1,57±1)

(62±3,-)

(58±3,57±2)

Sponge-invert.

Pomacan. semicirculatus

(0.2,0.12,-0.25)

(189±60,194±32)

(250±57,227±34)

(207±14,215±39)

(180±18,279±39)

(163±15,-)

(226±15,244±20)
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