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ABSTRACT
Latitudinal patterns in reef fish assemblages reflect the influence of long-term
environmental conditions, evolutionary processes and the recent, short-term influence of
fishing. Long-term processes generate the typically common latitudinal patterns in reef
fish assemblages, such as decreases in diversity and herbivory towards higher latitudes.
These patterns reflect the global gradient in water temperature and the isolation of
temperate regions from the tropics. Fishing also influences reef fish assemblages in that
it decreases the abundance of large-bodied carnivore species on reefs, often leading to
over-exploitation, depletion and in some cases the extirpation of populations. Indirectly,
the removal of these large-bodied carnivores can influence the abundance of their prey,
leading to an increase in non-target species.
This study examines the latitudinal patterns in reef fish assemblages across a unique
biogeographic region, the temperate Western Australian coast, and incorporates an
investigation of the influence of fishing on the structure of these assemblages. Seven
regions across seven degrees of latitude and seven degrees of longitude covering
approximately 1500 km of coastline were sampled. Fish assemblages were characterised
at each region using diver operated stereo-video transects. At each region, four
locations, and within each location, four reefs were surveyed totalling 1344 transects.
A significant gradient in water temperature exists with latitude and longitude. Along the
Western Australian coast, and in contrast to other regions species diversity of reef fish
increased towards higher latitudes and there was no evidence for a decrease in the
biomass and abundance of herbivorous reef fish. The presence of the poleward flowing
warm water Leeuwin current combined with the absence of major extinction events
means the temperate Western Australian coast contrasts with global latitudinal trends in
reef fish assemblage structure.
The unique biogeographic history of temperate Western Australia has also generated a
high degree of endemism among reef fish. Nearly 30 % of the species found along the
west coast in this study are endemic to Western Australia, with the narrow range of
these species playing an important role in the large scale patterns and spatial
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heterogeneity in reef fish assemblage structure. Furthermore, many of these endemic
species are large-bodied carnivores and targeted by fishers.
The impact of fishing on the abundance of large-bodied carnivores throughout the
Western Australian temperate region is clear both spatially and temporally. The
distribution of fishing effort is greatest along the west coast and decreases towards the
south following the gradient in SST. Along the west coast, high levels of fishing effort
have reduced the biomass and abundance of target carnivores to well below the standing
biomass of the south coast where a low level of fishing effort occurs. This reduction in
biomass is related to the historical declines in catch per unit effort (CPUE) of many key
target species. These target species include endemic species such as Choerodon
rubescens, Glaucosoma herbraicum, Epinephilides armatus Nemadactylus
valenciennesi and Achoerodus gouldii. Their narrow geographic range and life history
characteristics make them vulnerable to fishing. As a result of this vulnerability many of
these target species have also suffered declines in abundance in areas of relatively low
fishing effort along the south coast.
It appears that high levels of fishing effort and the subsequent removal of large-bodied
carnivores on the west coast has likely led to the increase in the abundance of at least
one non-target species, the wrasse Coris auricularis. This increase in abundance has
generated density-dependent growth rates and a reduction in mean body size in
populations from locations of high fishing pressure.
Overall this study demonstrates the importance of examining reef fish assemblages
across broad geographic regions. Developing a better understanding of how long-term
processes structure reef fish assemblages will better equip researchers and managers to
detect and understand the influence of the recent, short-term influence of fishing.
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Chapter One - General Introduction

1

Background
Biogeography and the study of gradients have long been of interest to ecologists as they
reflect the response of organisms and species to environmental conditions, and are the
outcome of evolutionary processes (Briggs 1975; Vermeij 1978; Willig et al. 2003;
Witman et al. 2004). In particular, latitudinal patterns in marine assemblages reflect the
influence of long-term processes associated with evolution, tectonic plate movement,
the generation of ocean currents and thermal gradients and the range of seasonal change
and interannual climate fluctuation (Briggs 1975; Cracraft 1985; Ebeling and Hixon
1991; Briggs 2006).
For reef fish assemblages, there are two broadly accepted generalisations with regard to
latitude: 1) that diversity decreases with increasing latitude (Briggs 1975; Hillebrand
2004; Briggs 2006) and (2) that herbivory, or the use of low caloric food items, also
decreases towards high latitudes (Harmelin-Vivien 2002; Floeter et al. 2004; Floeter et
al. 2005a). These patterns are generally thought to be associated with the global gradient
in water temperature (Briggs 2006), although, the underlying mechanisms are often
debated (Hillebrand 2004; Mora and Robertson 2005). The formation of the current
thermal gradient towards the poles generated barriers to dispersal that have all but
isolated most temperate regions from higher diversity low latitude tropical regions
(Briggs 1975; Briggs 2006). Higher temperatures towards the equator facilitates
increased metabolic and digestion rates, allowing the use of low caloric food items
(Harmelin-Vivien 2002), which in turn has led to an overall increase in the diversity,
and numerical dominance of herbivores towards low latitudes. Latitude is also a
correlate of the relative environmental stability over long-term evolutionary time scales.
Glaciations and the rise and fall of sea level and water temperature have generated high
extinction rates in temperate regions (Vermeij 1978), further influencing the latitudinal
gradient in species diversity and herbivory.
Current biogeographic patterns in reef fish assemblages also reflect the short-term,
recent influence of fishing. The effect of fishing on reef fish assemblages varies
spatially with respect to the area fished (e.g. temperate versus tropical regions),
distribution of fishers (human population density (Jennings and Polunin 1996), range of
vessels (Hilborn and Walters 1992)), fishing methods (e.g. gear types, management
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arrangements (Hilborn and Walters 1992; Ruddle 1996)), cultural practices (e.g.
artisanal, commercial or recreational (Ruddle 1996)), and the vulnerability of the target
species (life history characteristics, geographic range (Jennings et al. 1998; Hawkins et
al. 2000; Dulvy et al. 2003; Cheung and Pitcher 2008)). Fishing potentially has the most
significant impact on reef fish assemblages where the targeted species are large-bodied
carnivores. These species have life history characteristics such as late maturity, slow
growth and increased longevity, making them highly susceptible to overexploitation
(Jennings et al. 1998; Reynolds et al. 2001; Cheung and Pitcher 2008). Worldwide,
where large-bodied carnivores are targeted, the impact of commercial and recreational
fishing has led to over-exploitation, depletion and in some cases extirpation of
populations (Jackson et al. 2001; Reynolds et al. 2001; Friedlander and DeMartini 2002;
Dulvy et al. 2003; Myers and Worm 2003). In some areas, the threat of over
exploitation is increased by the endemic nature of target species (Hawkins et al. 2000).
Endemic species by definition are restricted in their geographic range and significant
reduction in population numbers can leave them at risk of extinction (Vermiej 1993).
The removal of large-bodied carnivores, that are also top predators, can also influence
the abundance of prey (Russ 1991). High mortality of reef fish occurs soon after
settlement due to high predation of new recruits (Russ 1991), thus the removal of
predators increases survivorship of prey. In studies comparing assemblage structure
between high and low fishing levels of fishing, an increase in survivorship has
presumably led to the increase in abundance of prey species, those that are not targeted
by fishers (Graham et al. 2003; Dulvy et al. 2004b; Watson et al. 2007).
Temperate south-western Australia: A unique biogeographic case?
Temperate south-western Australia provides an opportunity to examine the influence of
long-term (evolutionary) and short-term (fishing) processes on the latitudinal patterns of
reef fish assemblages characterised by an alternate biogeographic history. Unlike other
temperate regions, the south west of Australia has remained in contact with tropical
faunas via the poleward flowing eastern boundary Leeuwin Current (Pearce 1991). This
current delivers warm water to a cooler clime at higher latitudes. Transported on this
current are tropical and sub-tropical species, resulting in a unique mixing of these, and
temperate species at latitudes characterised elsewhere by low species diversity (Wells
1980; Hutchins 2001a). Further promoting increased diversity are the patterns of
3

isolation of warm water taxa at higher latitudes (Phillips 2001). Following sea-level rise
and fall, populations at higher latitudes become isolated with consequent reproductive
isolation and eventually speciation (Phillips 2001). This isolation of warm water taxa is
evident in the tropical affinities of numerous southern Australian marine taxa including
macroalgae (Phillips 2001), molluscs (Wells 1980) and fish (Hutchins 1994; Hutchins
2001a; Clements et al. 2004; Alfaro et al. 2007). Unlike other regions where major
climatic oscillations, glaciers, and ice-sheets have caused mass extinctions of temperate
marine taxa (Vermeij 1978), temperate Western Australia has remained relatively free
of major extinction events (Phillips 2001)
In temperate Australian marine ecosystems, patterns of events occurring over an
evolutionary timescale have generated a high level of endemism (Wells 1980; Wilson
and Allen 1987; Hutchins 2001a; Phillips 2001). Approximately 85 % of fish species,
90 % of echinoderm species, and 95 % of mollusc species are endemic to southern
Australia (Poore 2001) as a result of long-term isolation from other temperate regions
(Phillips 2001). The absence of near-shore rocky-reefs in the Great Australian Bight has
further isolated the west coast from eastern Australia marine faunas (Poloczanska et al.
2007). Subsequently, there are approximately 28 endemic reef fish species that are
restricted to the temperate region of Western Australia (Hutchins 1994).
The role of fishing in structuring reef fish assemblages
As in most regions of the world, commercial and recreational fishers in Western
Australia target large-bodied carnivores on temperate reefs (Sumner and Williamson
1999; Hesp et al. 2001; Wise et al. 2007; Sumner et al. 2008), with numerous key target
species showing signs of severe depletion (Hesp et al. 2001; Wise et al. 2007). Concerns
over the scale and rate of depletion of these species has prompted recent action from
management authorities to establish spatial and seasonal closures for commercial and
recreational fishing of key target species along the west coast in a bid to mitigate further
declines (Ford 2008). Importantly, many key target species are endemic.
Status of current knowledge
Few works have examined the structure of sub-tidal reef fish assemblages of temperate
Western Australia. The most comprehensive work to date is the summary of diver
surveys conducted from 1976 to 1993 of species diversity throughout the region
4

(Hutchins 1994; Hutchins 2001a). This seminal work has provided an invaluable insight
to the role of the Leeuwin current in shaping diversity of the region, and highlighted the
regions unique sub-tropical and temperate endemics. This study relied heavily on semiquantitative field methods in order to survey the broad geographic area. Subsequently,
distributional data (presence/absence) for neritic marine fishes have also been used to
identify diversity hotspots as priority areas for conservation (Fox and Beckley 2005).
Investigations of the effects of commercial fishing on reef fish assemblages have largely
utilised fisheries dependent data along with information on population biology (e.g.
McAuley and Simpendorfer (1999); Wise et al. (2007); Hesp et al. (2001)). In the case
of recreational fishing, information has largely been obtained from two 12-month creel
surveys (1996 - 97 (Sumner and Williamson 1999) and 2004 - 05 (Sumner et al. 2008)).
Temperate Western Australia provides an opportunity to bring together quantitative
surveys, demography and fisheries data to examine the patterns of reef fish assemblage
structure across a latitudinal gradient characterised by an alternate biogeographic
history. Such an approach is facilitated by the presence of a single jurisdiction such that
management arrangements are consistent across the region and reported fisheries data
are relatively standardised throughout the state of Western Australia.
Thesis structure
The goal of this thesis is to examine the latitudinal trends in reef fish assemblage
structure and dynamics, including an assessment of the impact of fishing, across
temperate Western Australia. The efficiency and precision derived from diver operated
stereo-video surveys was used to gain estimates of species diversity, abundance and fish
size (Harvey et al. 2001; Harvey et al. 2002) at locations across 1500 km of sub-tidal
coastal reefs. Additionally, historical catch and effort data from the Department of
Fisheries, Western Australia was used to examine spatial and temporal effects of
fishing.
The thesis is presented in four data chapters where latitudinal patterns in reef fish
structure and demography and the role of fishing are examined. The major findings of
these chapters are integrated in a General Discussion chapter.
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In Chapter 2, the large scale spatial patterns of reef fish distribution and abundance are
examined. These data provide the first quantitative assessment of reef fish diversity and
abundance throughout this region, supporting the generation of hypotheses in regards to
the processes affecting latitudinal trends in assemblage structure.
In Chapter 3, the analysis in Chapter 2 is extended by assessing trophic patterns and
their relationship with two major latitudinal correlates, water temperature and fishing
pressure. Trophic structure allows assemblages to be compared across taxonomic
boundaries (Bellwood et al. 2002) and as such this approach provides further insight
into the long and short-term processes influencing the structure of these reef fish
assemblages.
In Chapter 4, 31 years of catch and effort data from commercial fishing is examined to
explore the spatial and temporal effects of fishing on reef fish assemblages. This
analysis extends the understanding of the effect of fishing over and above the natural
influence of biogeography and water temperature on the current distribution and
abundance trends of target reef fish. Furthermore, by combining both historical catch
and effort data with non-destructive and fisheries independent surveys of reef fish, the
suitability of using catch and effort data to assess the historical impacts of fishing is
examined.
Finally in Chapter 5, the potential for indirect effects of fishing on non-target reef fish is
examined. The population demography of three fast growing wrasse species that would
likely benefit from the removal of larger predators and competitors in areas of high
fishing pressure is examined. Specifically, traditional expectations from life history
theory in regards to latitude trends in population demographics upon mean body size,
growth rate, maximum age and mortality are compared against the influence of density.
It is expected that, if densities in areas of high fishing pressure are greater than what
should occur under natural conditions (e.g. in the presence of large predatory species),
then latitudinal trends in demographic rates should be disrupted.
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Chapter Two - Latitudinal patterns in diversity and abundance of reef
fish assemblages in a unique biogeographic region
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Introduction
Strong latitudinal gradients in diversity and abundance exist for many terrestrial and
marine taxa (Rosensweig 1995; Willig et al. 2003; Hillebrand 2004). Biogeography and
the study of gradients have long been of interest to ecologists as they reflect the
response of organisms and species to environmental conditions and are the outcome of
evolutionary processes (Willig et al. 2003; Witman et al. 2004). Latitudinal patterns in
temperate marine ecosystems are largely associated with global gradients in water
temperature (Briggs 2006). The formation of the current thermal gradient towards the
poles generated faunal breaks to dispersion which have all but isolated most temperate
regions from tropical areas (Briggs 2006). This relative isolation in combination with
extinctions from glaciation events has generally led temperate reef fish faunas to be
characteristically low in diversity.
The biogeographic history of Western Australia is strikingly different. The Leeuwin
Current, a poleward flowing eastern boundary current, delivers warm water into the
colder temperate climes (Pearce 1991). Its existence dates to the Eocene (McGowran et
al. 1997) and has been implicated in generating significant diversification and
endemism among numerous taxa including fishes (Hutchins 2001a), macro algae
(Phillips 2001) and molluscs (Wells 1980) in the temperate climes of Western Australia.
Favourable conditions in southern Australia have further promoted diversity. Few of the
major extinction events associated with ice sheet formation, glaciations and cold
currents in other regions have occurred and essentially Australia avoided the relative
severe climatic oscillations during the glacial/ interglacial periods of the Quaternary
(Phillips 2001).
Existing surveys of the reef fish fauna of south-western Australia suggest the system is
characterised by a highly diverse temperate suite of species, containing a strong
endemic signature and mixed with tropical and sub-tropical species from the north
(Hutchins 1994; Hutchins 2001a). Here, these studies on the diversity of reef fish
assemblages are extended by exploring both diversity and abundance by using a
quantitative and replicated survey design. Utilising a stereo-video technique, the mobile
and conspicuous reef fish fauna which encompasses a majority of the major reef fish
families found in this region, including Labridae, Pomacentridae, Cheilodactylidae,
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Odacidae and Monocanthidae (Hutchins 2001a) is surveyed. The use of stereo-video
allowed for the collection of data on species richness and abundance (numbers of fish
tallied per transect.
The objective of the study was to examine if the latitudinal patterns in diversity,
abundance and endemism of the reef fish assemblages of temperate Western Australia
follow the global trend, and if not how do the patterns relate to the alternate
biogeographic history of the region. These patterns will further our understanding of
how environmental and evolutionary processes shape latitudinal patterns of diversity
and abundance in temperate reef fish communities.
Methods
Study Area
This study was carried out along the temperate Western Australian coast between
Geraldton in the north (28°46’ S, 114°34’ E) and Esperance in the south east (33°54’ S,
121°57’ E). During the austral summer of 2005 -2006, using stereo-video, seven regions
(Geraldton, Jurien Bay, Perth, Capes, Albany, Bremer Bay and Esperance) were
sampled across seven degrees of latitude and seven degrees of longitude covering
approximately 1500 km of coastline (Fig. 2.1).
Sampling Design
The sampling design consisted of two factors: region (seven levels, fixed) and location
(four levels, random, nested within region) (Fig. 2.1). Each region and location covered
approximately 100km and 10 km of coast respectively. Within each region, four
locations were chosen (Table 2.1). At each location, four reefs were randomly surveyed
with twelve 25 × 5 m transects. Reefs were randomly selected from nautical charts or by
searching from survey vessel. Neighbouring locations were separated by 20 to 50 km
along the coast and replicate reefs within locations were separated by 100’s to 1000’s
m. A total of 1344 transects were surveyed during the study.
Surveyed reefs met two criteria. Reefs occurred between depths of 7-15 m and were
topographically complex and consistently high in relief (> 2 m). These criteria were
chosen to minimise the increased variability that occurs in reef fish assemblage structure
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in this region with depth (Kendrick et al. 2005) and between low and high relief reefs
(Harman et al. 2003).
Stereo-video: sampling methods and video analysis
Data collection
A diver operated stereo-video system (DOV) was used to collect information on the
relative abundance and length of reef fish along 25 × 5 m transects. Stereo-video was
used as the scope and logistics of the study required the involvement of several different
observers. This method reduces inter-observer variability (Harvey et al. 2001), reduces
errors associated with the definition of the sampling unit such that counts of relative
abundance are more accurate (Harvey et al. 2004), and generates highly accurate
measurement of fish length (Harvey and Shortis 1996; Harvey et al. 2002). The stereovideo system used in this study consisted of two SONY TRV 900 digital video cameras
in underwater housings. The cameras and housings were mounted on a base 0.7 m apart,
with the housings inwardly converged at an angle of eight degrees. A synchronization
diode was fixed to a bar 1 m in front of the cameras where it was common to both fields
of view. The diode enables the synchronisation of the stereo imagery recorded so that
estimates of fish lengths could be obtained.
Transects were performed by two divers: the first operated the stereo-video system, the
second defined the start and stop point of each 25 m transect. A 35 m rope was used
between the two divers, avoiding the need to fix the transect to the reef. This approach
allowed the second diver to communicate via a “tug-tug” method when the start (after a
10 m lead-in, hence a 35 m rope) and stop of each transect occurred. At the end of each
transect the stereo-video diver was stationary for up to one minute awaiting the second
diver to follow. The push-pull effects of fish being attracted to and repelled by the
stationary diver at the beginning of each transect are mitigated by the 10 m lead-in
(pers. obs.). All transects were performed between 0800 and 1600 to minimise
variability in assemblage structure due to diurnal patterns (Willis et al. 2006)
Video Analysis
Species abundance and length data were estimated by analysing digitised stereo-video
footage using the computer software package Vision Metrology Systems (VMS)
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(Shortis and Robson 2003). Procedures for calibration of the stereo system and
obtaining length estimates of individual fish are described by Harvey and Shortis
(1996). Based on the 3-dimensional coordinate output obtained for each fish,
individuals occurring outside the boundaries of the transect were excluded from the
analysis (Harvey et al. 2004). The video recordings provided estimates of the total
number of species, the total number of individuals, the length of each individual and the
density of each species encountered.

Figure 2.1. Map of temperate Western Australia, dashed boundaries represent approximate
boundaries of surveyed area for each region. The expanded Perth region provides an example of
the hierarchical design, with each Perth Location (labels) and the sites in each location (open
triangles).
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Table 2.1. Description of regions and locations studied.

Region
Geraldton
Jurien Bay
Perth
Capes
Albany
Bremer
Bay
Esperance

Geographic
Co-ordinates
28°46’ S
114°34’ E

Mean annual
SST C
21.2

30°17’ S
115°01’ S
31°56’ S
115°52’ E
34°00’ S
115° 10’ E
35°00’ S
115°00’ E

20.7

34°30’ S
119°24’ E
33°54’ S
121°57’ E

18.3

19.9
19.5
18.4

17.8

Location
Port Gregory North, Port Gregory
South, Geraldton, Drummond
Cove
Leeman, Green Head, Jurien Bay,
Cervantes
Marmion, Rottnest Island, Carnac
Island, Rockingham
Geographe Bay, Cape Freycinet,
Hamelin Bay, Flinders Bay
Cosey Corner, King George
Sound, Two Peoples Bay (South),
Two Peoples Bay (North)
Dillon Bay, Point Henry, Back
Beach, Peppermint Beach
Observatory Island, Cull Island,
Woody Island, Cape Legrande

Species diversity, abundance and endemism
Latitudinal patterns in number of species and abundance were examined using a nested
ANOVA to test for differences between regions. The data were pooled across transects
for each site (n = 4) and compared between locations within each region and between
regions. The assumptions of ANOVA of equality of variance and normality were tested
using Levene’s test and Shapiro-wilks test, respectively (Zar 1999). For number of
species data, the assumption of equality of variance and normality were violated under
the formal tests of significance (P < 0.05). However, plots of normality and comparison
between predicted and standardised residuals for patterns in variance structure
(Appendix 1) suggested these violations were minor. Therefore, for the number of
species, the analysis of the untransformed data was used for ease of interpretation.
Abundance data were log 10 (x + 1) transformed as the violations in assumptions as
indicated by tests of significance were clear in the interrogation of the plots of normality
and variance structure of the residuals. To examine how diversity and abundance
changed with latitude, Tukey’s test was used to compare means between regions (Zar
1999).
Latitudinal patterns in assemblage structure
Reef fish assemblage patterns with latitude were examined using multivariate statistics.
All multivariate analyses were conducted at the level of individual reefs (n = 4), with
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abundances of fish summed across transects. A two factor, permutational multivariate
analysis of variance (PERMANOVA; Anderson (2001) was used to test for differences
in reef fish assemblages between the factor Region and Location nested within Region.
Post-hoc pair wise comparisons tested for differences among levels within significant
factors. All permutation analyses were conducted with 4999 permutations under the
reduced model. The analysis was conducted on untransformed data using the modified
Gower (base 10) dissimilarity. This measure applies a direct weighting of a change in
species composition to an order of magnitude change in abundance (Anderson et al.
2006). This measure was chosen to avoid non-affine transformations associated with
common dissimilarity measures (e.g. Bray-Curtis, Canberra or the chi-squared), and to
retain the contribution of absolute abundances to the structure of reef fish assemblages
(Anderson et al. 2006). Non-affine transformations remove the collinearity in the data,
which is problematic as the effect of this is poorly understood with multivariate data,
and as such become problematic when it comes to interpretation of the results
(Anderson et al. 2006). To visualise the maximum difference between regions, a
canonical analysis of principle co-ordinates CAP (Anderson and Willis 2003) was used
on the same resemblance matrix. This method searches for the axis that represents the
greatest between group differences in multivariate space, in this case, to visualise the
differences between each Region group. The “leave-one-out” approach (Anderson and
Willis 2003) was used to assess the mis-classification error for each regional grouping.
Product moment correlation between the abundances of individual species and the first
two canonical axes was used to determine the species driving the patterns observed in
the CAP analysis.
Results
Species diversity, abundance and endemism
Univariate analyses indicated that the number of species and total fish abundance
significantly differed between regions (Table 2.2). South coast reefs had higher numbers
of species than those on the west coast and generally higher abundance than reefs on the
west coast, however, pairwise comparisons indicated that Albany reefs were the only
south coast reefs that were significantly greater in abundance than reefs within all west
coast regions (Fig. 2.2).
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Table 2.2. Univariate ANOVA on the number of species and abundance by each region and location
within region

Richness

Abundance

Factor
Region
Location (Region)
Error
Region
Location (Region)
Error

df
6
21
84
6
21
84

MS
610.6
45.8
19.1
3.3
0.53
0.2

F
13.33
2.40

P
0.002
0.002

6.28
2.29

0.001
0.001

Western Australian endemic species comprised 22 % of all the 96 species observed.
Approximately 29 % of the species observed only on the west coast were endemic,
while the species observed only on the south coast have ranges that extend across the
entire south coast of Australia. The latitudinal pattern of endemism decreases towards
the south coast with the highest number of endemic species within the assemblage
occurring at Jurien Bay and Perth (Fig. 2.2). Within the assemblage, the numerical
dominance of endemics was clear: the average proportion of endemic individuals per
reef ranged between 35 % to 64 %, across the study area (Fig. 2.2). Jurien Bay had the
highest numerical dominance of endemics.

14

25

25

20

20

15

15

10

10

5

5

0

0

3

80
60

2

40
1

20

0

0
G

JB

P

C

A

BB

E

Total number of endemic species

30

Percentage of endemic individuals reef -1

Number of species reef -1
Number individuals log 10 (x +1) reef -1

30

Figure 2.2. Mean values per reef by region (± s.e., n=4) of species (top) and abundance (bottom)
for each region for all species (□) and endemics () (G = Geraldton; JB = Jurien Bay; P = Perth;
C = Capes; A = Albany; BB = Bremer Bay; E = Esperance). Note. Shaded bars represent values
for endemic data associated with right hand Y-axis.

Latitudinal patterns in reef fish assemblages
Reef fish assemblage structure varied significantly at a regional scale (Table 2.3). With
the exception of Perth and Jurien Bay, all regions were significantly different from each
other (P < 0.05). Although a significant difference was found for the term Location, this
was only evident at two locations at both Perth and Jurien Bay. In both instances, the
difference occurred between the most northern and southern locations within the regions
(Table 2.3). The results of the CAP further supported this finding with the two canonical
axes separating the regions into relatively distinct groupings (Fig. 2.3). The extent of
these distinct groupings was highlighted by the leave-one-out allocation procedure,
indicating a success rate of > 81% for each region (Table 2.4). Twenty-two species
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contributed to the observed differences between regions, as determined by their
correlation values (i.e. > 0.3) with the first two canonical axes (Fig. 2.3).
Table 2.3. Results of PERMANOVA analysis of 96 fish species based on modified Gower (base 10)
dissimilarity measure. Underscores represent non-significant differences (P > 0.05) for between
Region (G=Geraldton; J= Jurien Bay; P= Perth; C= Capes; A= Albany; B= Bremer Bay; E=
Esperance). Numbers in parentheses represent significant differences between locations within
regions (refer to figure 2.1 for position of locations).

Factor
Region
Location(Region)
Residual
Total

df
6
21
84
111

SS
31.1
18.9
46.4
96.5

F
5.77
1.63
46.41

P
0.002
0.002

Pairwise
GJPCABE
J(1-4);P(1-4;2-4)

Table 2.4. Classification of each reef to each region using the leave-one-out procedure of canonical
analysis of principle coordinates. G = Geraldton; JB = Jurien Bay; P = Perth; C = Capes; A =
Albany; BB = Bremer Bay; E = Esperance.

Region
G
JB
P
C
A
BB
E

G
15
0
0
0
0
0
0

JB
0
13
0
0
0
0
0

P
1
2
14
0
0
1
0

C
0
1
1
14
2
1
0

A
0
0
1
2
14
0
0

BB
0
0
0
0
0
14
2

E
0
0
0
0
0
0
14

Total
16
16
16
16
16
16
16

Correct (%)
93.8
81.3
87.5
87.5
87.5
87.5
87.5

Of the 22 species that drove the distinct regional groups, six species (Parma
occidentalis, Choerodon rubescens, Coris auricularis, Halichoeres brownfieldi, Girella
tephraeops and Pseudolabrus biserialis,) are endemic to Western Australia and a further
three (Bodianus frenchii, Notolabrus parilus and Chelmonops curiosus) are endemic to
Western Australia and South Australia.
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Figure 2.3. Results of CAP analysis maximising difference between region groups (top), and biplot of species correlation with CAP axis 1 and 2 (bottom). The strength of the correlation for
each species is indicated by the length of the arrow.
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Discussion

The patterns in diversity and abundance observed in this study challenge our
understanding of marine biogeography. For reef fish, diversity characteristically
decreases towards higher latitudes (Harmelin-Vivien 2002; Briggs 2006). On Western
Australian temperate reefs, diversity increased with latitude.
It is important to note that the geographic range of the study does not cover a traditional
latitudinal gradient, and possesses numerous environmental characteristics that may also
influence the reef fish assemblages, aside from latitude. Firstly, the region is
characterised by a significant gradient in water temperature. Secondly, along this coast
substrate changes from limestone reefs along the west coast, to granite dominated reef
along the south coast. In concert with these substrate changes, algal assemblages also
shift from an Ecklonia radiata dominated canopy on the west coast to a canopy of
Fucalean algae (e.g. Sargassum sp and Scytothalia sp) on the south coast. However, the
discussion focuses on understanding the role of long term evolutionary processes in
establishing the reef fish assemblage patterns that were observed.
Higher species diversity on the south coast was unexpected. Given the proximity of
Geraldton, and Jurien Bay to the higher diversity fish fauna of the tropics, typical
latitudinal trends in species diversity (i.e. a decrease in diversity toward the poles)
would be expected. Numerous fish groups such as the Labridae, Cheilodactylidae,
Monocanthidae, Odacidae and Aplodactylidae are highly speciose along the south
temperate region of Australia (Hutchins 1994; Hutchins 2001a; Hutchins 2001b). The
numbers of labrids in similar habitats and latitudes elsewhere are low: seven at 20°S in
the Atlantic (Floeter and Gasparini 2000), one observed in kelp dominated habitats
between 21°S and 30°05’S off Chile (Parez-Matus et al. 2007). This contrasts strongly
to the 33 labrid species occurring below 31°S in Western Australia (Hutchins 2001a),
14 of which were observed in this study. This high diversity within this family suggests
as increase in diversification within this family at high latitudes. Furthermore, 20
species and 11 genera of the approximately 100 species and 30-35 genera of
monocanthids worldwide are confined mainly to southern Australia (Wilson and Allen
1987). Recent molecular phylogenetic analyses of the odacids (Odacidae) (Clements et
al. 2004) and aricanids (Ostraciidae) (Alfaro et al. 2007) strongly supports the
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hypothesis that unusually high rates of temperate reef fish diversification occurred in
southern Australia during the late Eocene to Miocene.
The timing of this increased diversification coincides with the generation of the
Leeuwin Current. The Leeuwin Current is believed to have originated around the late
middle Eocene when the gap between Australia and Antarctica widened. Effectively, at
this time the formation of the West Wind Drift between Australia and Antarctica drew
warm, low-salinity water south from the Indonesian throughflow (McGowran et al.
1997). On the Leeuwin Current, warm water species were transported into cooler climes
and diversification occurred following isolation of these populations (McGowran et al.
1997; Phillips 2001). Isolation occurred as a result of the fluctuations in strength of the
current in combination with the rise and fall of sea level at times ranging between 100200 m leading to populations being restricted to refugia. This pattern of events
corresponds with the speciation among southern Australian macro-algae species of
tropical heritage (Phillips 2001) and is likely to repeat in other taxa including fishes
(Hutchins 2001a).
For temperate groups such as cheilodactylids and odacids, diversification within these
families is likely to be promoted by the lack of mass extinction events. In her review,
Phillips (2001) pointed out that since the Eocene, many of the mass extinction events
such as glaciation and ice sheets associated with other temperate regions have not
occurred in southern Australia, and suggested that this was a major factor in the
generation of high temperate species diversity of macro-algae. The duration of this
stable period coincides with the timing of the odacine divergence in the middle Eocene
(Clements et al. 2004), the divergence of southern Australian cheilodactylids around
12.7 – 18.3 mya (Burridge and White 2000) and has likely promoted that of other
families.
The influence of these biogeographic patterns is evident in the endemic signature of the
region. Endemism was highest at Jurien bay and Perth. Here sub-tropical Western
Australian endemics dominate including C. auricularis, C. rubescens and H.
brownfieldi. These groups have strong tropical affinities, and have likely diverged by

isolation following periodic cessation of ancestral recruits. For example, H. brownfieldi
originated 12.1 mya (Barber and Bellwood 2004), a time that corresponds to the end of
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the “Miocene oscillation” when sea levels were falling. At the beginning of this period
(early Miocene) a putative peak in sea-level occurred (McGowran et al. 1997) as did
high sea surface temperature, estimated as 5-7°C warmer than today (Phillips 2001).
This period would have allowed the colonisation of a tropical ancestral lineage of H.
brownfieldi in southern regions. During the fall in sea levels, the lowest occurring

around 11 mya (McGowran et al. 1997), populations would likely have become isolated
due to the rapid cooling of SST preventing recolonisation, and also from marine
regression as sea levels fell, effectively restricting the range of these populations and
essentially corresponding to the time when H. brownfieldi originated. This example
gives supportive evidence to the first observations by Hutchins (2001) suggesting the
‘ebb and flow’ of the Leeuwin current plays a significant role in generating endemism
among sub-tropical taxa of Western Australian reef fish assemblages.
The few endemic species within each region drove the strong and significant differences
between regions along the coast. The high proportion of endemic individuals on reefs
suggests that there is relatively low connectivity between regions. Dispersal of fish
larvae across these distances relies on the influence of large scale currents and the
duration of their pelagic larval stage (Cowen 2002).The Leeuwin current, although
extending on occasion through to eastern Australia, is ephemeral in its strength and
duration (Pearce 1991). Furthermore the direction of this current would most likely
prevent or limit the dispersal of larvae northward from south coast regions. Therefore,
populations of southern temperate species at higher latitudes may receive little to no
larval supply from south coast populations and likely persist through self recruitment.
Populations of warmer species in colder climes on the south coast rely on the supply of
recruits from the Leeuwin current (Hutchins 2001a).
Conclusion
This quantitative study of reef fish assemblages along the south west corner of Australia
has allowed for an assessment of spatially important trends in diversity, abundance and
species distribution that build upon the seminal work of Hutchins (1994, 2001a). These
results of high species diversity on the south coast and high endemism, in both species
and abundance confirm two major characteristics of the coast. Firstly, the biogeographic
history of the region from the southwest corner extending through the southern coast of
Australia to New Zealand has yielded a temperate fish diversity hot spot (Poore 2001).
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Secondly, the Leeuwin current transport of tropical and sub-tropical larvae south along
the west coast and to a lesser extent to the southern coast has a significant effect on
diversity and spatial patterns in assemblage structure at both ecological and
evolutionary time scales (Hutchins 1994). Specifically, it was found that species
diversity and number of individuals was greatest at higher latitudes, which is
counterintuitive and is an unexpected result given the proximity to and supply of larvae
from the highly diverse tropical regions at lower latitudes. Like for other marine taxa
this pattern is due to the unique suite of biogeographic processes that are act upon the
marine ecosystems of southern Australia. Therefore, this region provides an opportunity
to examine latitudinal gradients in other fish assemblage properties such as functional
guilds or the effects of fishing pressure, that are unlike other temperate regions
confounded by a decrease in species diversity.

21

22

Chapter Three - Latitudinal patterns in sub-tidal reef fish trophic
structure
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Introduction

Trophic status has been shown to influence the distribution and abundance patterns of
reef fish (Hobson 1991; Harmelin-Vivien 2002; Floeter et al. 2004) and can be linked to
biological, physical, anthropogenic and evolutionary processes at a range of spatial
scales, including within reefs (Arias-Gonzalez et al. 2006), between reefs (Jennings et
al. 1995), or across broad geographic regions (Ferreira et al. 2004; Floeter et al. 2004;
Floeter et al. 2005a). Several studies have found consistent trends in the trophic
structure of reef fish assemblages with latitude. These trends include a decrease in the
abundance of herbivores towards higher latitudes (Meekan and Choat 1997; Ferreira et
al. 2004; Floeter et al. 2004; Floeter et al. 2005a) as well as an increase in the
abundances of omnivores towards higher latitudes (Ferreira et al. 2004; Floeter et al.
2004). Neither abundance nor biomass of carnivores have shown any trends with
latitude (Ferreira et al. 2004; Floeter et al. 2004).
Patterns of latitudinal trends in trophic structure can be modified by both long-term
(evolutionary history) and short-term (fishing impacts) influences (Jennings et al. 1995;
Friedlander and DeMartini 2002; Ferreira et al. 2004; Floeter et al. 2004; Floeter et al.
2005a; Floeter et al. 2005b). For example, long-term stability and high water
temperature in tropical regions has lead to the high diversity of consumers that feed on
low caloric food items such as algae and sessile invertebrates, whereas the often chaotic
long-term history of cooler temperate regions has resulted in the diversification of fewer
species able to utilise these resources (Harmelin-Vivien 2002). Fishing can significantly
influence the distribution of large-bodied carnivores (Russ 1991; Friedlander and
DeMartini 2002; Shears and Babcock 2002; Dulvy et al. 2004a; DeMartini and
Friedlander 2006), and their life history characteristics such as late maturity, slow
growth, and increased longevity make them susceptible to over exploitation (Jennings et
al. 1998; Cheung and Pitcher 2008). Abundance and biomass of carnivorous fishes
generally decrease along gradients between low and high fishing activity (Jennings and
Polunin 1996; Friedlander and DeMartini 2002; Mora and Robertson 2005; Campbell
and Pardede 2006; Stevenson et al. 2007).
The coastal reef fish faunas of temperate Western Australia are highly diverse (Hutchins
1994; Hutchins 2001a; Hutchins 2001b, Chapter 2) with an increase in diversity towards
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higher latitudes. These patterns are unique in comparison to other regions of similar
latitude such as the West Atlantic (Floeter and Gasparini 2000) and as such allow the
exploration of questions relating to the influence of long-term evolutionary processes
and shorter term anthropogenic impacts such as fishing on assemblage structure.
Here the primary goal is to examine the patterns of trophic structure along a latitudinal
gradient of temperate Western Australia. Specifically the relationship between latitude
and the biomass and abundance patterns of trophic groups is examined. Furthermore an
investigation of the influence of fishing on the biomass and abundance of carnivores is
also examined.These patterns uncovered will provide insights into the processes
influencing the broad scale structure of reef fish assemblages along the temperate
Western Australian coast.
Methods

Study Area
This study was carried out along the temperate Western Australian coast, between
Geraldton in the north (28°46’ S, 114°34’ E) and Esperance in the south east (33°54’ S,
121°57’ E). During the austral summer of 2005 to 2006, 28 locations were sampled
across seven degrees of latitude and seven degrees of longitude covering approximately
1500 km of coastline (Fig. 3.1). At each location four reefs separated by 100’s to 1000’s
m were randomly surveyed along 12 replicate stereo-video transects. Reefs were
selected randomly from nautical charts or by randomly searching from survey vessel. A
total of 1344 transects designed to estimate the abundance, biomass, and size structure
of reef fishes were surveyed during the study.
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Figure 3.1. Map of temperate Western Australia, indicating the approximate centre of each
sampling location (open triangles).

Data collection and video analysis
Data collection and video analysis methods to obtain species abundance, biomass and
fish length data were obtained using the technique described in Chapter 2.
Water Temperature
Water temperature was estimated based on the mean annual sea surface temperature
(SST) over a five year period (2002 - 2006). Estimates of annual SST were obtained for
two 9 km2 blocks associated with each sampling location
(http://oceancolor.gsfc.nasa.gov/). A mean annual SST for each location was obtained
from the two blocks; this mean was then averaged across the five years. This measure of
water temperature appeared to adequately represent both the trend in water temperature,
and a linear representation of latitude and geographic position of locations (Fig. 3.2).
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Figure 3.2. Mean annual SST (± s.e.) from 2000 - 2005 at each region

Fishing Data
An estimate of fishing activity was derived from ten (1996-2005) years of commercial
fishing data from the Western Australia Fisheries Department, Research Division Catch
and Effort Statistics System. Commercial fishers are required under license to record
total weight of each species (subject to a species list defined by the Department of
Fisheries), gear type used, and days fished with specific gear type and the location of
the catch. These data are pooled into 60 nm blocks throughout the State’s jurisdictional
waters.
Total days fished in each block was used as an estimate of fishing pressure. Total
number of days fished is the average days fished weighted by the proportion of the total
catch of a species caught by a particular fishing gear. This proportion was calculated for
each species by dividing the kg of catch by each gear type by the total catch for each
species (Hilborn and Walters 1992). As this relationship varies across species and some
gear types will be more efficient than others, the proportion was averaged across the
major target reef species that are reported. No allowance was made for the effect of
increases in gear efficiency on catch rates. Furthermore, although recreational fishing
effort was not quantified it is assumed to have a similar distribution to commercial
effort based on surveys which show that it is centralised around the major metropolitan
region of Perth and tapers off both towards the north and south (Sumner and Williamson
1999). Furthermore, it is important to note that the recreational catch has been suggested
to be equivalent to the commercial catch for numerous species along the west coast
(Sumner and Williamson 1999; St. John and King 2006; Wise et al. 2007).
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Abundance and Length estimates
Where possible, lengths were obtained for each fish viewed in the stereo-video footage.
In order to obtain accurate length estimates the margins of the snout and tail must be in
view and the angle of the fish must be less than 50° perpendicular to the cameras
(Harvey and Shortis 1996). A total of 12,416 length estimates were obtained for a subset
of the 44,107 individual fish observed. A majority of the individuals that were not
measured were small schooling species such as Pempheris spp, Trachinops spp,
Chromis spp and the larger Kyphosid spp. The schooling behaviour of these species

reduced the ability to identify the edge of the tail or snout of individuals beyond those
individuals on the outside edges of the school.
Biomass estimates
Estimates of length were converted to biomass using allometric length-weight
conversion: W = aLb, where parameters a and b are constants, L is fish length in cm and
W is weight in grams. Constants a and b were sourced from published length weight

relationships available from Fishbase (Froese et al. 2007). For species where length
weight relationships were not available, the relationship of a congener of similar body
size and shape was used. For those individuals where a length estimate was not
obtained, their biomass was estimated by using an average length for the species. This
average length was taken from length estimates of all of the individuals of a species at
each location. For some locations, there were to few individuals of a species to provide
an accurate estimate of the average length; as such length data were then pooled from
the four adjacent locations (Fig. 3.1).
Data Analysis
Each species was assigned a trophic group based on information derived from peerreviewed surveys of stomach content, local literature and Fishbase (Froese et al. 2007)
(Appendix 2). Three trophic groups were used: carnivores (C); omnivores (O);
herbivores (H). Pelagic carnivores that aggregate in schools were removed from the
carnivore group due to their infrequent sightings.
Biomass and abundance estimates for each location were averaged across reefs (n = 4)
for each location and converted to m2 by dividing the average by 1500 m2 (the total area
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surveyed at each reef). Linear regression was used to test for relationships between the
mean biomass and abundance of trophic groups and SST. The influence of outliers was
assessed and removed where appropriate. Plots of residuals and tests for normality were
used to ensure that the assumptions of homogeneity of variance and normality were not
violated. Details describing the removal of outliers and transformations are provided in
the appropriate Figure and Table captions.
Prior to examining the effect of fishing on the biomass of carnivores, tests for
collinearity between the independent variables of SST and fishing pressure were tested.
Tests yielded a positive relationship (P < 0.05, r2 = 0.65). Such collinearity inflates the
rate of type II errors in normal multiple regression models (Zar 1999). Consequently,
carnivores were split into target and non-target carnivores. The latter provide a control
group independent of fishing pressure against which the relationships of latitude and
fishing pressure on carnivore biomass could be evaluated. This approach has two
advantages. Firstly, it allows an independent test of the effect of latitude on carnivore
biomass without the bias of fishing pressure. Secondly, by assuming both target and
non-target carnivores are equal in their response to latitude, the expected biomass of
target carnivores can be established.
A linear relationship between non-target carnivore biomass and SST was established to
examine the influence of fishing on the biomass of target carnivores. In the absence of
the removal of target biomass from fishing, both non-target and target carnivores should
not differ in the slopes of their relationship with SST. This assumption allowed a
“deficit” between the expected relationship of target biomass and the actual biomass to
be assessed. The expected model for target biomass was obtained by estimating the
intercept of the model based on the difference between mean biomass between nontarget and target carnivore biomass on the south coast. This difference was then added
to the intercept coefficient for the non-target biomass equation. The effect of fishing
was then examined on the difference between observed and expected biomass using
simple linear regression.
This correction for the influence of fishing was not applied to Herbivores or Omnivores.
In reviewing the commercial fishing data, the extent of removal of species from these
groups is relatively minor. Furthermore, the recorded catch of species within these
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groups is not consistent from year to year, or between locations, and as such indicates
that they are not heavily targeted throughout the coast.
Results

Carnivores
Linear regression identified a significant negative relationship for all carnivore biomass
and abundance with SST (Fig. 3.3). The relationship between biomass and SST was
stronger than that between abundance and SST (Table 3.1). Non-target carnivore
biomass also declined with SST however, the slope was only 20 % the of the slope of
the model for all carnivore biomass (Table 3.1). Non-target abundance also yielded a
negative relationship with SST, although this relationship was not significant (Table
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Figure 3.3. Relationship between SST and all carnivore biomass (top) and abundance (square
root transform) (bottom) (open symbol represents an outlier from Jurien Bay (refer to Fig 3.1)
not included in the calculation of the regression model). Solid lines indicate significant
relationships at P < 0.05.
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Table 3.1. Statistics associated with the regression models relating biomass and abundance of trophic groups with SST. Estimates of slope and intercept include standard
errors in parentheses Model standard error (MSE) is included as an estimate of goodness of fit

All Carnivores

Non-target Carnivores

Omnivore

Biomass

Abundance

Biomass

Abundance

Biomass

Abundance

2

0.55

0.15

0.17

0.12

0.62

0.27

F

31.3

4.40

5.26

3.36

40.01

9.39

df

1. 26

1. 25

1. 26

1. 25

1. 25

1. 25

P

< 0.05

< 0.05

< 0.05

0.07

< 0.05

< 0.05

Slope

-4.14 (± 0.7)

-0.034 (± 0.01)

-1.06 (± 0.45)

-0.03 (± 0.01)

-1.51 (± 0.23)

-0.002 (± 0.0008)

Intercept

90.1 (± 14.4)

0.87 (± 0.31)

24.9 (± 8.94)

0.79 (± 0.31)

32.1 (± 4.6)

0.05 (± 0.02)

MSE

4.9

0.1

3.04

0.1

1.51

0.01

n

28

27

27

27

27

27

r
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There was a clear deficit in terms of target carnivore biomass with respect to SST when
compared to the biomass of non target carnivores (Fig. 3.4). This deficit was strongly
and negatively related with fishing pressure (Fig 3.4). Fishing pressure increased from
the south coast through the west coast. The target carnivore biomass was observed to
decrease along that gradient and this relationship was significantly related to this
gradient in fishing pressure (Fig. 3.4). Average biomass of target carnivores on the
south coast was 9.84 g m-2 compared to 1.33 g m-2 on the west coast.
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Figure 3.4. Carnivores. Relationship between non-target biomass () (solid line) and SST, and
expected target biomass () relationship with SST (dashed line), (top). Expected target biomass:
y = -1.06(SST) + 29.19. Solid line indicates a significant relationship at P < 0.05. Relationship
between the “deficit” (the difference between observed and expected biomass) of target
carnivores as a percentage of the observed biomass based on (observed - expected) (P < 0.05, r2 =
0.31) (bottom).
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Herbivores
Herbivore biomass and abundance were not related to SST although there was a trend of
greater herbivore biomass and abundance at lower latitudes. This trend was driven by
the presence of numerous large schools of kyphosids, both K. cornelli and K.
syndneyanus, at Perth and Geraldton (Fig. 3.5)
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Figure 3.5. Relationship between SST and the biomass (top) and abundance (bottom) of
herbivores.
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Omnivores
The biomass and abundance of omnivores was negatively related to SST with the
greatest biomass and abundance occurring at the coldest, most southern location (Fig.
3.6). Biomass was better predicted by SST than was abundance (Table 1). Both
relationships were influenced by an outlier at the most northern location (Fig. 3.6)
where large schools of a tropical siganid were present. The removal of this outlier
improved the relationship between biomass and SST from r2 = 0.16 to r2 = 0.62 and for
abundance r2 = 0.02 to r2 = 0.27.
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Figure 3.6. Relationship between SST and the biomass (top) and abundance (bottom) of
omnivores. Note, the open symbol represent an outlier at Geraldton and was not included in the
calculation of the regression model. Solid line indicates a significant relationship at P < 0.05.

Discussion

There was a clear effect of latitude (as measured by the surrogate SST) and fishing
pressure on the trophic structure of reef fish assemblages across the temperate coasts of
Western Australia. Atypical trends in the biomass and abundance of carnivores with
latitude contrast with observations made in other regions of the world. In contrast to the
empirical evidence presented by other authors (Ferreira et al. 2004; Floeter et al. 2004;
Floeter et al. 2005a; Mora 2007), there was also no detectable relationship between
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herbivore biomass or abundance and temperature. Omnivores had a negative
relationship with SST and hence a positive relationship with latitude, which is
consistent with observations elsewhere, particularly the Atlantic (Ferreira et al. 2004;
Floeter et al. 2004).
Carnivores
A decline in non-target carnivore biomass towards lower latitudes suggests that there
might be a greater abundance of prey items on the south coast as predator abundance is
a function of prey abundance (May and Mclean 2007). Small (< 13 cm) fish species
(such as Chromis klunzingeri and Trachinops spp) were increasingly abundant on the
south coast (data not shown) and are potential prey for non-target and target carnivores.
As a result, it is likely that this abundant resource is generating a greater standing
biomass of non-target and target carnivores on the south coast.
The data highlight that there is a substantial impact of fishing on target carnivores along
the Western Australian coastline. The gradient in carnivore biomass observed in this
study was clearly related to an increase in fishing pressure on the west coast. These
results are consistent with other studies in Hawaii (Friedlander and DeMartini 2002,
DeMartini et al. 2008), in the Line Islands (Stevenson et al. 2007), and the Caribbean
(Newman et al. 2006) which show that carnivore biomass across broad spatial scales is
negatively related to increasing fishing pressure.
In Western Australia, the reduction in target carnivore biomass with increased fishing
pressure is likely due to the heavy exploitation of key target species such as
Glaucosoma herbraicum, Achoerodus gouldii, Bodianus frenchii, Epinephelides
armatus, Nemadactylus valenciennesi and Choerodon rubescens, and is consistent with

other reports (Sumner and Williamson 1999; Wise et al. 2007). Commercial records on
catch data since 1975 reveal a reduction in catch rates of G. herbraicum and C.
rubescens along the west coast between the Capes and Geraldton (Wise et al. 2007), an

area of the states highest human population density. Similarly, recreational catch of
numerous key target species surveyed in 1996-97 and 2004-2005 was equivalent to the
commercial catch within the same region, specifically adjacent to the Perth metropolitan
area (Sumner and Williamson 1999; St. John and King 2006; Wise et al. 2007).
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Herbivores
Herbivores did not show significant trends in their distribution along the temperate coast
of Western Australia despite a 5°C temperature gradient and a temperature range
between a minimum of 15°C along the south coast to maximum of 26°C at lower
latitudes (Pearce et al. in prep). Neither mean biomass nor abundance displayed a
relationship with water temperature. This result contrasts with previous work where a
strong negative relationship was found between herbivores and latitude (Meekan and
Choat 1997; Ferreira et al. 2004; Floeter et al. 2004) and water temperature (Floeter et
al. 2005a; Mora 2007). A recent study by Floeter et al (2005a) reviewed and assessed
five hypotheses that may generate a decrease in herbivores with increased latitude. Of
these, they concluded that temperature-related feeding and digestive processes
determines the relationship between herbivores and latitude. The results of this study do
not support this conclusion, but do not strongly indicate other alternative either.
The atypical latitudinal trend in herbivory across the Western Australian temperate
coast is likely due to the utilisation by herbivores of large macroalgae as a food source
as opposed to temperature driven processes. Algae such as Ecklonia radiatia, and other
Fucalean algae (e.g. Sargassum sp and Scytothalia sp) dominate sub-tidal rocky reef
throughout Australia and New Zealand (Phillips 2001), and similar species characterise
other regions of the world. On the rocky temperate reefs of South Africa, North and
South America brown macroalgae is not consumed by herbivorous fish as they are only
able to consume a diet of the more easily digestible red and green algae (Horn 1989).
However, numerous mechanisms in both jaw and gut morphology and the utilisation of
intestinal fermentation have evolved in herbivores across southern Australia and New
Zealand that allow species to consume this abundant brown macroalgae (Clements and
Choat 1997; Clements et al. 2004).
To what degree the latitudinal trends in herbivore abundance found in previous studies
elsewhere are related to water temperature or are a product of long-term evolutionary
processes remains unclear. While individual species distributions will be largely defined
by their physiological adaptation to temperature ranges (Briggs 1975; Vermeij 1978;
Floeter et al. 2005a), across the entire herbivore group the observations in this study
suggests it is possible for these physiological boundaries to be pushed given
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evolutionary opportunities, in particular relating to food processing. It is these
opportunities over evolutionary time scales that appear to be the key factor for the
latitudinal distribution of herbivores along the temperate Western Australian coast.
Evolutionary studies suggest that reef fish diversification was greater in the temperate
waters of the southern hemisphere than the northern during the late Eocene to Miocene
(Clements et al. 2004; Alfaro et al. 2007). Therefore, in areas subject to recent
evolutionary disturbances, herbivores are less likely to have diversified due to a
shortening of the evolutionary time period (Mead 1970; Horn 1989). However,
conclusive evidence for this argument will only arise from a thorough molecular
phylogenetic investigation among herbivores across oceanic basins (Horn 1989)

Omnivores
The increase in biomass and abundance of omnivores with decreasing SST reflects the
high diversity in the Monocanthidae in cold temperate waters of southern Australia. The
monocanthids surveyed generally extend from Geraldton to Esperance (Hutchins 1994).
Yet the increase in their abundance towards the colder water suggests that these species
are truly temperate species with immigrations towards sub-tropical climes. Hutchins
(1994) noted that the range of 11 species of monocanthids in Western Australia was
constrained to the colder water of the temperate coast.
There is no evidence thus far to suggest that these temperate monocanthids have
evolved specific feeding strategies or morphological adaptations to exploit highly
abundant plant resources of temperate reefs. Only three published accounts of
monocanthid stomach content could be found with only two simultaneously recording
both plant and animal contents (Burchmore et al. 1984; Edgar and Shaw 1995). These
studies both examined Meuschenia freycineti and the estimated proportion of algae
between the two studies ranged from 20-60 % of total stomach content biomass. As
both of these studies examined fish from sea grass meadows, the extent of macroalgae
in the monocanthid diet on rocky sub-tidal reefs remains equivocal. Regardless, this
family highlights how the reef fish assemblages of the south west corner of Australia are
structured by their rich biogeographic history.
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Conclusion
Quantitative relationships between trophic groups and SST highlight that latitude has a
significant effect on trophic structure of temperate Western Australian reef fish
assemblages. In this highly diverse reef fish assemblage, increased numbers of
herbivores in colder water and their evolutionary adaptations have helped increase
diversity along the south coast of Australia. A concern for this region is the impact of
fishing. The results of this study have shown a drastic reduction in target carnivore
biomass along the west coast as a result of high levels of fishing pressure.
Consequences of overfishing have been well reported and range from the most
immediate effect of a reduction in target fish biomass, but may also flow onto other
aspects of the fish assemblages and reef community. Evidence of trophic cascades
(Steneck 1998; Shears and Babcock 2002; Dulvy et al. 2004a) and an increase in nontarget species (Dulvy et al. 2004b) have begun to emerge as further consequences of
overfishing. A priority for this region now is to fully elucidate the effect of fishing in
light of strong latitudinal trends.
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Chapter Four - Spatial and temporal patterns in abundance of
targeted species: the impact of fishing
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Introduction

Globally, nearshore fish populations are heavily exploited by commercial and
recreational fishing, leading to over-exploitation, depletion and, in some cases,
extirpation of populations (Jackson et al. 2001; Dulvy et al. 2003; Myers and Worm
2003). Temperate Western Australia appears to be no exception. A recent study
concluded that a number of key targeted demersal species show significant declines in
commercial catch rates over recent decades along the west coast (Wise et al. 2007),
indicating reduction in abundance of these species. With respect to recreational fishing,
sufficient conservation concern exists such that temporal closures have been
recommended over a region spanning approximately eight degrees of latitude to
mitigate further declines (Ford 2008). Furthermore, fish biomass adjacent to major
metropolitan areas with high fishing effort has been largely reduced compared to areas
with low fishing effort (Chapter 3).
The overall vulnerability of these species depends on their life history characteristics
and the area that is fished (Reynolds et al. 2001). Both commercial and recreational
fishers target large-bodied carnivores on easily accessible sub-tidal reefs throughout
temperate Western Australia. These species are typically characterised by vulnerable
life history traits such as slow growth, long lived and late maturity, making them
susceptible to exploitation (Jennings et al. 1998; Cheung and Pitcher 2008).
Understanding both the spatial and temporal dynamics of populations is crucial in
evaluating the current status of target stocks (Walters and Martell 2004). In multispecies
fisheries, such as the demersal fishery off Western Australia, species are targeted
throughout their geographic range. As population size will change along environmental
gradients (e.g. latitude), exploitation rates will vary accordingly (Walters and Martell
2004), with a greater threat of over-exploitation near the edges of a species range
distribution. That many of the targeted species throughout Western Australia are also
endemics underpins the importance of examining the impact of fishing across large
spatial scales.
In examining spatial and temporal patterns of target populations, catch per unit effort
(CPUE) data is frequently used as an index of abundance as these are the only data
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available (Hilborn and Walters 1992; Maunder and Punt 2004) despite significant
concerns with respect to the degree that CPUE is proportional to abundance (Hilborn
and Walters 1992; Harley et al. 2001). Problems arise in the use of CPUE data from the
spatial variation in fishing behaviour. Fishers can move from previously depleted stocks
to those experiencing either low or no exploitation, and thus maintain catch rates despite
population abundance declining (a phenomenon known as “hyperstablity” (Hilborn and
Walters 1992)). To overcome the issue of hyperstablity, an understanding of the spatial
distribution of CPUE must be obtained (Hilborn and Walters 1992; Punt et al. 2000).
Furthermore effort creep, where new technologies increase the efficiency of fishing
techniques, enables fishers to catch more fish per unit effort than in the past (Hilborn
and Walters 1992).Effort creep can be overcome however, by making statistical
allowances for increasing efficiency or gaining an estimate of increased efficiency
directly from fishers (e.g. Wise et al. (2007)). Furthermore, comparing CPUE with
fishery-independent observations of abundance provides validation of the suitability of
CPUE as an index of abundance.
The goal of this study was to examine temporal and spatial trends in abundance of key
target species using historical catch and effort data reported by commercial fishers since
1975 and managed by the Department of Fisheries, Western Australia. The issues
related to the proportional relationship between CPUE and abundance were assessed by
examining CPUE at the smallest spatial scale possible, 60 Nm blocks to minimise the
problem of hyperstablity, an allowance for effort creep was made using reported
corrections (Wise et al. 2007) and CPUE data were compared against abundance
estimates made by non destructive, fishery-independent surveys of the target species.
The specific objectives of this study were to examine 1) whether the CPUE of six
commercially targeted species, has decreased over the last three decades on sub-tidal
reefs of temperate Western Australia, 2) how CPUE trends vary spatially throughout the
temperate coast and 3) if current CPUE trends relate to fisheries independent surveys of
abundance.
Methods

Catch and Effort
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Since 1975, commercial fishers throughout Western Australia have been required to
submit catch and effort data for each month spent fishing. For each month, commercial
fishers record the number of days fished, hours per day fished, gear types used, species
and weight of the catch for each species and the location of the catch. Location is
reported using a grid of 1 degree by 1 degree blocks (Fig. 4.1; Department of Fisheries
unpublished 2007). Fishing blocks chosen for the analysis were those that corresponded
to the locations of fisheries independent stereo-video surveys (Table 4.1).

2813
2914
3014
3115
3215
3315
3419

3415
3517 3518

3321 3322

3418

Figure 4.1. Map of temperate Western Australia, with 1 degree × 1 degree latitude and longitude
fishing block superimposed.

Data for six species or taxonomic groups were selected based on their commercial and
recreational importance, their presence on sub-tidal reefs and the degree to which they
were well represented in the video surveys and historically within the catch and effort
data (Table 4.2). Line and set nets are the dominant types of gears used throughout the
west and south coast fisheries (Wise et al. 2007) and as such the commercial records for
three separate gears, handline, setline and set net, were the focus of this study.

42

Table 4.1. Summary of the fishing blocks and the number of sites and date surveyed with video
transects

Location (Fishing Block
Reference)
Geraldton (2813)
Jurien Bay (2914)
Jurien Bay (3014)
Perth (3115)
Perth (3215)
Capes (3315)
Capes (3415)
Albany (3517)
Albany (3518)
Albany (3418)
Bremer Bay (3419)
Esperance (3321)
Esperance (3322)

Number of sites
sampled with stereovideo
16
8
8
8
8
8
8
8
4
4
16
8
8

Date of video sampling
April 2006
March 2006
January 2006
February 2006- May 2006
February 2006
February 2006
February 2006
April 2006
April 2006
April 2006
April 2006
April 2006
April 2006
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Table 4.2. List of six target taxa recorded in fisheries data and the corresponding species used as
reference from video surveys.

Fisheries classification
Cod1
Baldchin Groper
Dhufish
Groper/ Wrasse2
Redfish3
Queen snapper
1

Species used from video surveys
Epinephelides armatus
Choerodon rubescens
Glaucosoma herbraicum
Achoerodus gouldii
Centroberyx lineatus
Nemadactylus valenciennesi

Cod is assumed to be Epinephelides armatus. The Department of Fisheries, Western

Australia added this to the catch records separately in 2000; however, these data were
excluded from the analysis
2

Groper /Wrasse is primarily a combination of two taxa groups in the catch data;

groper/ wrasse and western blue groper (Achoerodus gouldii).Western blue groper was
separated from groper/ wrasse around 1986-87 across the entire region. Following this
the groper/ wrasse catch dropped to zero for most fishing blocks. Analysis (data not
presented) of the percentage of catch following 1986 of A. gouldii catch of the total of
groper/ wrasse plus A. gouldii combined catch showed that A. gouldii was consistently
greater than 95 % of the catch. This was therefore assumed to be the case prior to 1986.
3

Redfish is assumed to represent Centroberyx lineatus. There are two species

commonly targeted with similar common names. Redfish also known as swallowtail (C.
lineatus), and Bight Redfish (C. gerrardi). C. gerrardi is recorded separately in the

catch data under its common name. However, there is likely to be erroneous reporting of
C. gerrardi as C. lineatus and vice-versa from fishers due to the use of common names

in the reporting log books.
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Catch per unit effort was calculated using catch in kilograms per year for each species
for a specific gear type divided by the number of days fished per year for each gear
type. Better technologies such as global positioning systems, faster and more efficient
vessels, colour sounders and hydraulic reels can increase efficiency such that CPUE
increases despite a reduction in abundance of a given species (Hilborn and Walters
1992). Effective effort in Western Australian fisheries was thus estimated based on
empirical equations provided in Wise et al. (2007) conducted on the demersal scalefish
fisheries of temperate Western Australia. Empirical models and data used to convert
nominal effort into effective effort are provided in Appendix 3. Hereinafter, the term
effort will refer to “effective effort”.
Interpolation of CPUE: the plague of zeros
Zeros represent significant challenges in assessing trends in CPUE and relating these
trends to abundance. Prior to direct targeting and/or reporting, and during active fishing,
zeros in CPUE data do not typically reflect zero abundance of the species in question.
Rather they can reflect reporting error such as false reporting of catch (i.e. misidentified species) or failure to record catch, an absence of a species from the reporting
requirements until later years and shifts to other species or management changes.
Assuming that the expected level of CPUE can be reflected from the records from the
previous and proceeding years, CPUE in blocks without record was predicted by linear
interpolation between the last catch record and the next (Punt et al. 2000; Walters 2003;
Cheung and Pitcher 2008). Where a species was not introduced into the reporting
requirements until after 1975, its abundance prior to recording was assumed to be
unfished. Thus, the first year catch rate was assumed to represent the expected catch rate
from the unfished population. In some cases however, the first year catch was
insignificant relative to following years perhaps due to factors such as unsuitable gear,
inexperienced fishers or reporting error instead of stock size, therefore the highest
CPUE recorded within the first three years was used.
Standardisation of CPUE data
Besides stock abundance, fishing gears and locations are important factors affecting the
level of CPUE. Thus, it is necessary to standardise the CPUE data to make them
comparable across gears, space and time (Hilborn and Walters 1992). The most
common method of CPUE standardisation is through the use of generalised linear
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models (GLM). Here, GLM are used to standardise CPUE data across fishing blocks,
time and gear type. Catch data based on weight is considered to have a log-normal
distribution (Hilborn and Walters 1992). Moreover, zero CPUE is assumed to follow a
binomial distribution – resulting in a delta distribution (Punt et al. 2000; Maunder and
Punt 2004; Cheung and Pitcher 2008). The resulting structure of the GLM is:

g (Vi , j )   i   j   k   i j   binomial





logU i , j   log U 111   ' i   ' j  ' k  ' i j  gaussian where U > 0

where g is a logit link function with binomial distribution error (ε binomial ), V i, j is the
probability of non-zero catch, U i, j is the observed non-zero CPUE for fishing block i,
and by year j. α or α’, β or β’ and λ or λ’ are the effects due to differences in CPUE
between blocks, change in CPUE over time, and the effect of different gears,
respectively. γ or γ’ is a block × year interaction that is required due to the different rate
of change in CPUE over time between fishing blocks; and ε gaussian is the normally
distributed observation error.
To return an index of abundance (I) for each statistical cell i, j, the following is applied:
 i , j ,k

I i , j  Vi , j , k e

where the probability of non-zero catch (V) was calculated from:
Vi , j

e      
, (Punt et al. 2000).

1  e      

The adequacy of the models were determined by examining the distribution of the
residuals for normality (Punt et al. 2000; Cheung and Pitcher 2008).
Assessing spatial and temporal trends in CPUE
The distribution of fishing effort (i.e. effective number of days fished) throughout the
regions was first examined. For each block by year cell, the total number of effective
days fished across all gear types was calculated and these were then ranked between
blocks for each year. A similarity matrix based on Euclidean distance was then
constructed. Hierarchical agglomerative clustering of this matrix using group averages
to generate each node was used to classify fishing blocks into similar levels of fishing
effort (Clarke and Warwick 2001).
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To examine whether standardised CPUE and hence the index of abundance of the six
species decreased over time, and whether this varied spatially, an ordination technique
called non-metric multidimensional scaling was used (MDS; Clarke 1993). The
underlying triangular similarity matrices were used to examine temporal trends between
fishing blocks over time. For each fishing block (i.e., species by year), a similarity
matrix based on the Bray-Curtis measure was constructed using square-root transformed
data. Data were square-root transformed to balance the influence of dominant and rare
species within the multivariate ordination (Clarke and Warwick 2001). An MDS for
each resultant triangular matrix was then produced. As each point in the MDS
represents a year it is possible to join these points in order to visualise the presence of a
linear trend or seriation (Clarke and Warwick 2001). Complete seriation occurs where
year 1975 is similar in species composition and abundance to year 1976, years 1975 and
1977 are less similar, year 1975 and 1978 less similar still up to 1975 and 2005 having
the greatest dissimilarity (Clarke et al. 1993) and this is referred to as the “null” model.
Such a model operates as a null because it assumes a directional trend across time as
opposed to no directional trend. If the null is not rejected, a directional trend in fisheries
CPUE exists. This null model can then be compared to the observed seriation within
each fishing block. A Spearman rank correlation coefficient (ρ s ) is then computed
between two triangular matrices, representing an index of multivariate seriation (IMS;
Clarke et al. 1993). Therefore, a fishing block with a correlation value with the null
seriation model approaching 1 will display a greater degree of seriation than a block
with a value nearer 0.
Second stage MDS was used to assess the IMS between each fishing block and the null
seriation model. Second stage MDS involves, firstly, calculating the Spearman rank
correlation between each similarity matrix pair resulting in a new correlation matrix
containing all the pairwise correlations (Clarke and Warwick 2001) and secondly,
producing an MDS plot from the correlation matrix where the distances between points
are directly interpretable as their similarity in multivariate space. A simple linear
regression was then used to examine the relationship between fishing effort and the IMS
value within each fishing block.
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The mean indices of abundance for each species across three time periods (1975-1980,
1985-1990 and 2000-2005) were compared across each level of fishing effort (i.e. high,
medium and low, generated from the cluster analysis) in order to interpret the changes
in CPUE that drove the IMS. A one-way ANOVA was used to compare each fishing
effort group separately for significant differences in CPUE between time periods. The
assumptions of ANOVA of equality of variance and normality were tested using
Levene’s test and Shapiro-wilks test, respectively (Zar 1999).
Fishery-independent surveys
Data collection and video analysis methods to obtain species richness and abundance
data were obtained using the technique described in Chapter 2. Information on the
number of sites surveyed within each fishing block using 12 stereo-video transect is
provided in Table 4.1.
Integrating CPUE data and video surveys
The final objective was to examine if standardised CPUE is an effective estimate of
abundance for targeted species. Therefore, abundance estimates from the video surveys
were regressed against CPUE averaged over the time period 2000-2005.
Results

Spatio-temporal trends in CPUE
Hierarchical clustering of similarities between fishing blocks of the annual number of
effective days fished between 1975 and 2005 partitioned blocks into three groups (Fig.
4.2). These groups (characterised as high, medium, and low) were significantly different
in the mean annual number of days fished between them (Fig. 4.3; F 1, 90 = 146.8, P <
0.01). Spatially, high fishing effort blocks were located along the west coast, with
medium effort blocks associated along the south-west corner between the Capes and
Albany and Bremer bay, while the blocks with the lowest fishing effort occurred at
Esperance and the most eastern of the Albany locations (3418) (refer to fig. 4.1).
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Figure 4.2. Classification of fishing blocks using hierarchical cluster analysis based on Euclidean
distance of the number of days fished annually between 1975 and 2005. Dashed line represents an
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Figure 4.3. Average number of days fished annually (± s.e.) among blocks at each level of fishing
effort based on hierarchical cluster analysis.

The three groupings of fishing effort appear to be associated with the independently
assessed level of seriation within each fishing block (Fig. 4.4). Fishing blocks under
high fishing effort and situated along the west coast north of the Capes generally
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displayed the highest degree of seriation, with correlations with the true seriation model
between 0.47 and 0.84 (except for Jurien Bay (2914), ρ s = 0.31) (Fig. 4.4). Intermediate
and low fishing effort fishing blocks were located at the Capes and along the south coast
(Fig. 4.4). Fishing blocks having the least days fished annually generally displayed the
least amount of temporal seriation (ρ s < 0.29). A strong positive relationship was found
between number of days fished and the degree of seriation within each fishing block
(Fig. 4.5)
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Figure 4.4. (a). MDS plot of the null seriation model that progresses stepwise from 1975 to 2005
based on an assumed unit increase, showing directional progression from 1975 to 2005. (b). 2nd
stage MDS overlaying the seriation in the null model with the seriation of standardised CPUE for
the six taxa in each of the fishing blocks. Blocks (black triangles) closest to the null model show
greatest seriation i.e. directional trend in fisheries whilst blocks furthest from the null model (open
and shaded triangles) show only random temporal variation in CPUE or less seriation. G =
Geraldton; JB = Jurien Bay; P = Perth; C = Capes; A = Albany; BB = Bremer Bay; E = Esperance.

51

Spearman rank coefficient (ρ s ) IMS

1
2813
3014
0.5

3215

3517

3321 3418 3419
3518
3322

3115

2914
3315
2

r = 0.42

3415

0
0

1000

2000

3000

4000

Days fished
Figure 4.5. Relationship between fishing effort (average number of days fished per year) and the
degree of temporal seriation within each fishing block. Symbols represent levels of fishing effort as
in Figure 4.4.

Comparisons of responses to the three levels of fishing over time by each taxa showed
that all except for queen snapper and red fish were generally higher in abundance in the
time period 1975 - 1980 compared to 2000 - 2005 (Fig. 4.6). This trend varied for each
species under different levels of fishing effort. For example, cod showed significant
reductions in abundance at both high and low levels of fishing between time periods
1975-1980 and 2000-2005, though not at the medium level of fishing effort.
Alternatively, dhufish and baldchin groper only displayed significant reduction in
CPUE at the highest level of fishing effort (Fig. 4.6). Redfish increased in CPUE
during1985 - 90, then decreased in 2000 - 2005(Fig. 4.6).
Number of days fished in both high and medium fishing effort groups was not
consistent across time (Fig. 4.6). The number of days fished significantly increased for
1985-1990 within the high fishing effort groups whereas effort significantly decreased
in 2000-2005 for blocks subject to medium levels of fishing effort. At low fishing levels
there was no significant difference in effort over time.
Comparisons of the interaction between CPUE and effort suggest that declines in CPUE
occur irrespective of changes in effort. For cod, baldchin groper, and dhufish, CPUE
decreased with an increase in days fished between 1975-80 and 1985-90, yet CPUE did
not then increase in the next time period despite a reduction in effort (Fig. 4.6).
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Similarly, number of days fished was a significant variable for all three time periods of
medium effort. However, across all taxa CPUE did not vary accordingly. In fact CPUE
increased for redfish and queen snapper in medium effort blocks (Fig. 4.6).
Furthermore, for redfish there was a significant decline in CPUE during 2000-2005
while no change in the number of days fished occurred (Fig. 4.6).
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Figure 4.6. Average index of abundance (± s.e.) derived from standardised CPUE) for each of the
six species (top six figures) for each time period (1975-80 (dark grey), 1985-90 (grey) and 2000-05
(white) at each level of fishing effort. Bottom, Average effort (days fished, ± s.e.) for each time
period at each level of fishing effort. Bars indicate no significant difference between time periods.
To satisfy the assumptions of ANOVA, statistical tests were conducted on log 10 (x+1) transformed
data. Note y-scale not the same for each species.
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CPUE as a measure of abundance
Significant and positive relationships between estimates of abundance from underwater
video census and CPUE were detected for four out of the six species/ groups (Fig. 4.7).
Two of the species/ groups could not be evaluated. Both baldchin groper and dhufish
were not compared against CPUE as there were insufficient individuals observed across
sites to adequately test for a relationship. The groper/ wrasse relationship, while
significant, was largely driven by the abundance at Esperance (3322).
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Figure 4.7. Relationship between abundance from video surveys and standardised CPUE. Solid line
indicates a significant relationship at P < 0.05. Note, no relationship for dhufish (Glaucosoma
herbraicum) was tested as only five individuals were observed. Similarly for baldchin groper
(Choerodon rubescens), only 18 individuals were observed across three fishing blocks.
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Adequacy of the models
Distribution of the residuals for each species was normal or near normal (Appendix 3).
Therefore the models satisfied the assumption of a log–normal distribution (Punt et al.
2000; Cheung and Pitcher 2008), and the GLM adequately described the data.
Discussion

In this study, the combination of the IMS and standardised CPUE showed that although
that rate of decline varies spatially, target species have been generally reduced in
abundance throughout the temperate region of Western Australia. Significant spatial
variation in the rate of decline in abundance among all targeted species across varying
levels of fishing effort was detected. In general, locations expressing the greatest level
of seriation had experienced the greatest reduction in targeted species CPUE, a trend
directly attributable to the high level of fishing effort. Nevertheless, the combination of
high vulnerability and fishing at range margins of endemic target species meant that at
low levels of fishing effort a significant reduction in the CPUE of some targeted species
still occurred.
Spatial comparisons of standardised CPUE indicated that the geographic range of a
species is an important factor in its response to levels of fishing effort. Among the
species analysed in this study, there are a mix of sub-tropical (C. rubescens, G.
herbraicum and E. armatus) and temperate (N. valenciennesi and A. gouldii) Western
Australian endemics, and the temperate, Australia wide Centroberyx spp. (Hutchins
1994; Hutchins 2001a; Hutchins and Swainston 2003). The greatest reduction in
abundance attributable to fishing occurred for the three sub-tropical endemics. The
geographic distribution of these endemics is centralised near the highest levels of
fishing effort. No less susceptible, however, are populations of the other species along
the west coast where low catch rates and low abundance were observed among these
locations. For all of these endemic species, there is little refuge from fishing induced
mortality in this region. While in this respect Centroberyx spp. may be less vulnerable
to fishing given their wider geographic range, even at low levels of fishing effort, a
decline in CPUE was evident.
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The evidence presented here of an historical decline in abundance of key targeted
species as a result of fishing corroborates the conclusion made by studies investigating
the response of target species inside no take marine reserves. At Rottnest Island adjacent
to Perth, G. herbraicum was higher in abundance and biomass inside the reserve, while
E. armatus had higher biomass owing to larger body size individuals (Kleczkowski et
al. 2008). Farther north at the Abrolhos islands adjacent to Geraldton G. herbraicum
was higher in abundance inside reserves compared to fished reference sites (Watson et
al. 2007).
The application of CPUE as an index of abundance
The accuracy of CPUE as an index of abundance is frequently questioned (Hilborn and
Walters 1992; Harley et al. 2001), yet CPUE is often the only information available at
large spatial scales and across time. The estimates of standardised CPUE used in this
study were in general strongly and positively related to video surveys, suggesting that
standardised CPUE is a reasonable index of abundance for these species across space.
Furthermore given the strength of the relationship it is likely that these CPUE data
tracks abundance patterns over time.
Fishers’ behaviour and spatial patterns in the distribution of effort will have an effect on
the probability of an individual being caught. As such, an increase in CPUE can also be
directly related to an equivalent decrease in effort (Hilborn and Walters 1992). In this
study, however, there was significant decoupling between changes in effort and CPUE
at each level of fishing effort, which suggest that changes in effort are not solely
responsible for the rate of change in CPUE.
A further caveat relates to the spatial variability in abundance and patterns of effort
within each fishing block. Since fishers are highly mobile, they can move from a
heavily depleted stocks to less depleted stocks within fishing blocks each of which is 60
× 60 Nm. In such a case CPUE will decline at a rate slower than actual abundance, a
scenario termed “hyperstability” (Hilborn and Walters 1992). This will most likely lead
to more accessible (e.g. near shore) stocks being depleted first and fishers moving
farther offshore for their catch. Certainly along the west coast both commercial and
recreational fishers have reported that they now fish farther offshore to obtain
comparable catches to those obtained near shore (Sumner and Williamson 1999; Hesp et
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al. 2001). To accommodate the change in depth and habitat, fishers may also shift to
alternate gears, therefore, by combining CPUE from each gear type in this study,
changes in CPUE will be relatively conservative and declines may be masked. Future
investigations will benefit from increased spatial resolution of the catch and effort data
being trialled and provide better estimates of smaller scale declines in abundance (Wise
et al. 2007).
This study suggests that CPUE can be an approximate index of abundance for the six
targeted species in the Western Australia region and highlights the importance of
gaining fisheries independent data in determining the effects of fishing. It shows that the
long-term depletion of near shore reef fish resources follows the worldwide trend, and
of critical concern is the impact on this region’s endemic target species. This prompts
the importance of considering the geographic range in species distributions (Hawkins et
al. 2000; Reynolds et al. 2001) as endemic species can decline in abundance despite the
level of fishing effort.
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Chapter Five - Evidence for changes in demographic rates in nontarget reef fish across a gradient of fishing pressure
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Introduction

Predation plays a significant role in the structure of reef fish populations (Hixon 1991;
Hixon and Beets 1993; Hixon and Carr 1997; Shears and Babcock 2002), and as such,
the removal of predators through fishing can influence the abundance of prey (Russ
1991; Dulvy et al. 2004b; DeMartini and Friedlander 2006, Newman et al. 2006,
DeMartini et al. 2008, Stallings 2008). High mortality of reef fish occurs soon after
settlement due to high predation on new recruits (Russ 1991; Webster 2002), thus the
removal of predators’ increases survivorship of prey. In studies comparing assemblage
structure between high and low fishing levels of fishing, an increase in survivorship has
presumably led to the increase in density of prey species, (Graham et al. 2003; Dulvy et
al. 2004b; Watson et al. 2007). Following increases in density, the demographic rates
within populations may also change as density bears significant influence on the
demographic rates of reef fish (Jones and McCormick 2002; Hixon and Jones 2005). In
particular, increased density is likely to lead to a reduction in growth rate and overall
body size (Tupper and Boutilier 1995; Keeley 2001; Gust et al. 2002; White and Warner
2007).
On Western Australian temperate reefs, there is a significant gradient of fishing pressure
(Chapter 4), with the removal of large-bodied carnivores greatest around the Perth
metropolitan region (Chapter 3, Chapter 4). As such, the populations of non-target
species in areas of high fishing pressure will most likely increase in abundance leading
to an effect of density on demographic rates. However, between low and high levels of
fishing pressure a significant gradient in water temperature also occurs (Chapter 3).
Therefore, demographic rates in reef fish between high and low levels of fishing
pressure may be confounded by the natural influence of water temperature. In general,
body size and longevity tend to increase with latitude and hence towards colder water
and rates of mortality decrease (Robertson et al. 2005). Metabolic theory predicts that
growth rates should decrease towards higher latitudes due to the increased cost of
homeostasis in colder water (Peters 1983). However, examples of direct and inversely
related patterns of growth rates with latitude among reef fish exist (Conover 1990;
Robertson et al. 2005).
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In this study, the demographic rates of non-target species were examined across a
gradient of fishing pressure to investigate whether or not fishing has increased the
density of non-target populations and led to density related changes in demography in
populations in areas of high fishing pressure. Rates of demography were examined in
three co-occurring wrasse species of contrasting distributions and biogeographic
patterns. The sub-tropical Western Australian endemic wrasse Coris auricularis has a
largely sub-tropical range with limited extensions towards colder climes. Two southern
Australian cold water endemics, Opthalmolepis lineolatus and Notolabrus parilus, were
also included, with the latter extending into sub-tropical waters (Hutchins 2001a).
The prediction of this study is that the removal of larger carnivores in relatively heavily
fished areas will be associated with changes in the abundance and demography of nontarget reef fish species, and that this will be detected above the natural influence of
water temperature on rates of demography. By examining three common labrids that
vary in their distributions and ranges, this study also assesses the generality of natural
and density related changes in rates of demography.
Methods

Study locations
The temperate coast of Western Australia offers a significant gradient in both water
temperature and fishing pressure along approximately 1500 km of coastline.
Temperatures range between approximately a minimum of 15°C along the south coast
and a maximum of 26°C at lower latitudes. Fishing pressure is primarily focussed along
the west coast with effort decreasing along the south coast (Chapter 3, Chapter 4).
Biological samples and estimates of density using underwater video of the three wrasse
species were obtained at nine locations along the temperate coast of Western Australia
from Geraldton (28°46’ S, 114°34’ E) to Esperance (33°54’ S, 121°57’ E) during the
austral summer of 2005-2006 (Fig. 5.1). Annual mean SST (obtained via
oeancolourweb.gov.noaa) and the date of sampling for each locality is shown in Table
5.1.
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Figure 5.1. Map of temperate Western Australia showing video and fish collection locations.
Table 5.1. Geographic co-ordinates, mean annual sea surface temperature (SST) and date of data
collection for each location.

Location

Geographical Co-ordinates

SST °C

Date of sampling

Geraldton

28°46’ S; 114°34’ E

21.2

April 2006

Jurien Bay

30°17’ S; 115°01’ S

20.7

March 2006

Marmion

31°50’ S; 115°42’ E

19.9

January 2006

Rottnest Island

32°00’ S; 115°30’ E

20.5

May 2006

Carnac Island

32°10’ S; 115°40’ E

20.4

February 2006

Capes

34°00’ S; 115° 10’ E

19.5

February 2006

Albany

35°00’ S; 115°00’ E

18.4

April 2006

Bremer Bay

34°30’ S; 119°24’ E

18.3

April 2006

Esperance

33°54’ S; 121°57’ E

17.8

April 2006

Sample collection and age determination
At each location C. auricularis, N. parilus and O. lineolatus were collected (n ~ 30-40)
using hand spear at multiple reefs. A representative sample of size classes, including
juveniles were collected, for each species with specific effort made to obtaining the
largest individual that was encountered. Specimens were stored in ice-water slurry for
transport to shore, where they were subsequently frozen for later processing. Each
specimen was thawed and weighed (total wet weight) to the nearest gram (g), and
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measured (total length, TL, mm). Sagittae were removed, cleaned in 100 % ethanol, and
stored dry. One sagitta from each pair was weighed to the nearest 0.1 mg.
Otolith increments were counted from whole otoliths and these results were compared
with a random sample of sectioned otoliths for accuracy (Williams et al. 2003). Each
whole right-side otolith was placed in a black watch-glass dish filled with immersion oil
and examined using a stereo dissecting microscope under reflected light. Counts of
opaque increments were made from the convex side of the whole otolith. Whole otoliths
were read twice in random order for each species. Where two counts did not concur, a
third count was performed. If no two counts for an otolith matched, then the otolith was
excluded from the analysis.
Otoliths to be sectioned were randomly selected from the entire sample for each species
using a random number generator. These samples were checked to ensure that a
representative sample of the entire age range was obtained using otolith weight as a
proxy for age. This cross check was performed as it was expected that there would be
greater error between whole and sectioned counts for older fish. Each otolith was
mounted on the edge of a glass slide using Crystalbond thermoplastic glue and ground
to the nucleus using 800- and then 1200-grade wet and dry sandpaper. Following this
the otolith was placed nucleus side down on the face of a glass slide and again ground
until a thin section through the nucleus was obtained. Sectioned otoliths were examined
under a compound microscope using either transmitted or reflected light. Counts were
made along a consistent axis following Choat and Axe (1996). Each otolith was read
twice for opaque increments. Again a third count was made where discrepancies
between counts occurred.
In both whole and sectioned otoliths alternating bands of opaque and translucent zones
were clearly visible (Fig. 5.2). The difference in age estimates between whole and
sectioned otoliths were compared using a paired t-test for each species. The difference
in bias between sectioned and whole otoliths was examined by plotting the difference
between the two readings against sectioned age. Comparisons between whole and
sectioned counts of annuli for each species showed no significant difference (C.
auricularis, t 0.05, 2, 4 0 = 1.74, P = 0.08; N. parilus, t 0.05, 2, 3 9 = 0.49, P = 0.62; O.
lineolatus, t 0.05, 2, 3 7 = 0.37, P = 0.71) from a mean expected difference of zero (Fig.
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5.2). Therefore, age estimates based on whole otolith reading were suitable for all age
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based analyses.
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Figure 5.2. Mean difference (± s.e.) in age estimates between whole and sectioned otoliths (for all
species combined) plotted against annuli counts from sectioned otoliths (top). Pictures of whole and
corresponding sectioned otoliths in order from left to right: Coris auricularis (Capes, 315 m (TL), 6
+ years), Notolabrus parilus (Carnac Island, 280 mm (TL), 5 + years) and Opthalmolepis lineolatus
(Carnac Island, 124 mm (TL), 4 + years) (bottom).

Annuli counts were assumed to represent yearly increments based on the significant and
strongly positive linear regressions between otolith weight on presumed annuli counts
(Appendix 4), indicating that the rate of otolith growth is constant throughout the life of
each species.
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Estimates of density and fish length
At each location prior to fish collections, stereo-video transects were performed to
obtain estimates of density and length of the three wrasse species. Data collection and
video analysis methods to obtain species and abundance data and fish lengths were
obtained using the technique described in Chapter 2.
Demographic Data
Growth curves on length at age data for each population were constructed using
standard non-linear regression of the von Bertalanffy growth functions (VBGF):





Lt  L 1  exp  k t  t 0 



where L t is the estimated standard length at age t, L ∞ is the mean asymptotic standard
length, k is a curvature parameter and t 0 is the age at which fish have a theoretical
length of 0. No prior information for size at settlement is available for these species so
t 0 was forced through 0. Growth parameters were compared by plotting 95 %
confidence regions of the parameters k and L ∞ for each population.
Growth Rates
Estimates of growth rates for each species at each region was done by estimating the
instantaneous rate of growth at particular ages following the methods of Ackerman,
(2004). At each location size-age data pairs were randomly chosen n times, where n is
actual sample size for that location. The von Bertalanffy growth model was calculated
on each randomly chosen data set with t 0 = 0. Growth rate (mm yr-1) for each
population of each species was calculated using the formula:
dLt
 k L  Lt 
dt
(Porch et al. 2002),

where parameters k and L∞ are described in the VBGF and L t is now the expected size
at age t. For three ages (0.5, 1 and 2 yr) a mean instantaneous growth rate was obtained
by repeating the process 1000 time for each population. Bias-adjusted growth rates were
used, where the bias is calculated as the mean of the iterated value subtracted from the
actual growth rates. Actual growth rates are calculated from the VBGF estimated for
each population on the actual data based on the same formula. This bias is then
subtracted from the actual growth rates (Manly 1997).
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Longevity
Estimates of longevity based on maximum age can be influenced by single individuals
where sample sizes are small. Given the generally small sample size for each species at
each location (< 50), an estimate of longevity for each population was estimated as the
mean age of the oldest 20 % of individuals (Gust et al. 2002).
Survivorship/ Mortality
Total mortality was estimated from age-based catch curves of each species and each
population (Appendix 4) to gain an estimate of survivorship. Age estimates from annuli
counts were combined with converted length-age estimates from video using the
derived VBGF. Length data for each population was converted to age by using the von
Bertalanffy equation parameters for each population. The age estimates from length data
were constrained to the oldest age observed from the annuli estimates at each region.
Log-linear regressions of age-frequency data were used to gain an estimate of mortality
rate. Regressions excluded data to the left of the modal point following standard
fisheries methods. The slope of the regressions represent the estimated rate of mortality
(M) these were then converted to survivorship using the equation S=e-M.
Data analysis
Data analysis focussed on whether spatial trends in demographic rates were related to
density, and if so, whether this could be detected over and above the variation driven by
a latitudinal gradient as characterised by water temperature. Distance based redundancy
analysis (dbRDA; McArdle and Anderson 2001) was used to partition the spatial
variation in demography between populations in relation to the two predictor variables
SST and density. As a form of multivariate multiple regression, dbRDA quantifies the
variation in population demography explained by each predictor variable and tests for
significance, with P-values obtained using permutation procedures (McArdle and
Anderson 2001). If significant, the variation explained by each predictor was associated
with the RDA axis with which it had the highest correlation. In order to determine how
much spatial variability there was in each of four demographic variables (growth rate at
0.5 yr, body size, longevity and mortality) was driven by either SST or density, the
correlations between each demographic variable and significant RDA axes were
examined. Those correlations greater than an arbitrary cut off of 0.5 were chosen for
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further analyses. Simple linear regression was then used to examine each demographic
variable against the appropriate predictor variable, either SST or density.
Results

There was considerable variability in the four demographic variables (growth rate, body
size, longevity and mortality) between locations for each species (Table 5.2, 5.3 and
5.4). Redundancy analysis successfully partitioned out this variability in regards to the
two main factors, SST and density (Table 5.5). For C. auricularis and N. parilus, the
majority of the spatial variability in demographic rates was significantly explained by
SST and associated with the first RDA axis. Further variability in C. auricularis
populations was significantly explained by density on the second RDA axis. Neither
SST nor density explained any significant variability in demography of O. lineolatus
populations.
Abundance patterns
Each species showed highly distinctive trends in abundance with location (Fig. 5.3). C.
auricularis was clearly partitioned into four northern high density locations (Jurien Bay,

Marmion, Rottnest Island and Carnac Island) and four southern locations (Capes,
Albany, Bremer Bay and Esperance) with very low densities. These high density
locations are within an area previously identified to be under significant fishing pressure
(Sumner and Williamson 1999; Anon 2000; Wise et al. 2007; Department of Fisheries
unpublished 2007). N. parilus displays a highly variable geographic pattern with no
systematic trends in abundance. O. lineolatus achieved its highest density in southern
localities and was rare at Jurien Bay and Marmion, locations that supported high
densities of the other two species. Geraldton had consistently low densities of all
species.
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Table 5.2. Summary of demographic data for Coris auricularis. Estimates of density and average length were obtained from the video data.

Growth Rate
(mm·yr-1)

VBGF
Density
n
Location

n

(spear) (video)

-1

site

Longevity

Average
length (mm)

L∞

yrs

k
-1

(± s.e.)

(± s.e.)

(mm)

(yr )

r

Mortality*
-1

Survivorship

2

(± s.e.)

0.5

1

2

(yr )

(%·yr-1)

Geraldton

41

30

2.7 (1.4)

182.8 (11.2)

407.0

0.45

0.94

3.2 (0.4)

144.9

116.3

74.8

-0.86

42.4

Jurien Bay

39

541

48.6 (10.1)

141.8 (2.9)

403.5

0.31

0.95

4.1 (0.1)

104.9

91.3

68.9

-0.70

49.7

Marmion

40

91

20.7 (16.4)

152.8 (4.9)

313.0

0.51

0.92

3.1 (0.1)

121.5

96.0

59.7

-0.99

37.1

Rottnest Is.

46

156

52.2 (24.5)

133.1 (5.4)

311.5

0.54

0.79

4.0 (0.1)

114.2

87.8

51.5

-0.65

52.2

Carnac Is.

47

111

28.0 (12.8)

157.7 (5.7)

270.8

0.57

0.89

4.1 (0.3)

125.6

97.9

59.2

-0.63

53.3

Capes

38

28

1.6 (.6)

198.6 (18.9)

402.6

0.38

0.90

5.1 (0.2)

123.5

103.6

72.7

-0.35

70.3

Albany

40

75

5.5 (1.1)

271.6 (8.9)

311.0

0.66

0.81

6.0 (0.0)

143.7

105.5

56.5

-0.06

93.7

Bremer Bay

42

66

4.2 (1.6)

276.6 (6.4)

368.4

0.32

0.82

7.1 (0.3)

89.6

79.9

62.8

-0.64

52.9

Esperance

0

12

0.7 (0.36)

281.6 (11.1)

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

2

* Results of mortality curves including regression equation and r estimates of the relationship provided in Appendix 4.

Table 5.3. Summary of demographic data for Notolabrus parilus. Estimates of density and average length were obtained from the video data.

Growth Rate
(mm·yr-1)

VBGF
n
Location

n

(spear) (video)

Longevity

Density

Average

site-1

length (mm)

L∞

k

(± s.e.)

(± s.e.)

(mm)

(yr-1)

r2

(± s.e.)

0.5

1

yrs

Mortality*

Survivorship

2

(yr-1)

(%·yr-1)

Geraldton

45

23

1.9 (0.4)

220.9 (19.3)

406.9

0.45

0.82

4.3 (0.3)

130.4

95.8

49.2

-0.49

61.51

Jurien Bay

45

122

9.0 (1.2)

164.4 (4.9)

403.5

0.31

0.79

5.2 (0.3)

99.6

80.1

44.7

-0.45

64.02

Marmion

47

31

7.5 (4.3)

181.9 (11.9)

312.9

0.51

0.86

5.6 (0.2)

110.8

88.7

51.5

-0.57

56.15

Rottnest Is.

43

27

7.3 (2.5)

202.2 (14.6)

270.8

0.57

0.87

6.1 (0.6)

102.0

87.2

55.3

-0.37

68.82

Carnac Is.

46

62

16.0 (1.5)

176.3 (9.7)

311.5

0.54

0.82

5.6 (0.2)

111.5

87.2

46.5

-0.47

62.43

Capes

36

39

1.9 (0.6)

209.1 (12.6)

402.6

0.38

0.92

5.4 (0.5)

104.5

90.4

62.3

-0.44

64.03

Albany

49

73

4.9 (0.9)

237.5 (8.0)

310.9

0.66

0.81

5.9 (0.2)

133.0

97.0

46.8

-0.29

74.30

Bremer Bay

43

110

7.0 (1.7)

230.6 (6.9)

368.4

0.32

0.70

6.9 (0.4)

114.6

92.5

52.4

-0.27

76.27

Esperance

45

141

10.4 (2.6)

213.0 (5.8)

406.9

0.45

0.79

6.7 (0.4)

107.4

87.4

49.6

-0.26

77.30

* Results of mortality curves including regression equation and r2 estimates of the relationship provided in Appendix 4.
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Table 5.4. Summary of demographic data for Opthalmolepis lineolatus. Estimates of density and average length were obtained from the video data.

Growth Rate
(mm·yr-1)

VBGF
Density
n
Location

n

(spear) (video)

-1

site

Longevity

Average
length (mm)

L∞

yrs

k
-1

(± s.e.)

(± s.e.)

(mm)

(yr )

r

2

(± s.e.)

Mortality*
0.5

1

2

-1

Survivorship

(yr )

(%·yr-1)

n/a

n/a

Geraldton

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Jurien Bay

23

20

1.3 (0.4)

186.5 (20.0)

284.8

0.41

0.92

6.6 (0.2)

91.6

76.0

50.7

-0.17

84.37

Marmion

43

1

0.2

n/a

271.2

0.52

0.92

5.3 (0.5)

106.1

83.5

48.2

-0.32

72.69

Rottnest Is.

42

36

9.0 (3.8)

156.8 (10.9)

274.3

0.47

0.89

3.9 (0.1)

98.0

80.0

47.8

-0.74

47.58

Carnac Is.

35

13

3.2 (1.2)

129.7 (13.1)

265.8

0.57

0.94

7.0 (0.2)

111.5

85.1

47.4

-0.29

75.10

Capes

42

182

12.4 (3.7)

178.9 (6.0)

300.4

0.33

0.83

4.5 (0.2)

82.0

70.5

50.5

-0.98

37.39

Albany

48

147

11.9 (2.7)

178.4 (5.3)

246.8

0.64

0.83

4.2 (0.3)

112.6

84.0

41.3

-0.60

55.06

Bremer Bay

47

127

8.3 (1.9)

158.2 (5.5)

281.1

0.50

0.93

5.0 (0.3)

106.5

84.8

49.9

-0.47

62.70

Esperance

42

247

21.1 (5.1)

186.9 (3.8)

265.5

0.56

0.96

4.5 (0.2)

111.0

84.6

48.1

-0.52

59.42

2

* Results of mortality curves including regression equation and r estimates of the relationship provided in Appendix 4.

Table 5.5. Summary of dbRDA analyses. Bold represents significant P- values (< 0.05) and correlations with RDA axis greater than 0.5 associated with significant factors.

Species

Coris auricularis
Notolabrus parilus
Opthalmolepis lineolatus

dbRDA
Factors

F

P

% var

SST

8.42

0.011

58.4%

Density

4.18

0.047

SST

5.55

Density

RDA axis

Factor correlations

Dependant variable correlations

(% var)

with RDA axis.

with RDA axis

SST

Density

Growth

Size

Longevity

Mortality

1 (85.4)

0.94

0.75

0.01

-0.91

-0.80

-0.61

41.0%

2 (14.6)

-0.35

0.67

-0.68

0.03

0.39

0.17

0.027

44.2%

1 (90.4)

0.87

0.44

-0.28

-0.87

-0.56

-0.70

1.32

0.289

15.8%

2 (9.6)

-0.49

0.90

-0.26

-0.06

0.65

0.39

SST

0.26

0.709

4.2%

1 (4.1)

-0.27

0.84

-0.16

0.61

-0.55

-0.62

Density

2.67

0.168

30.8%

2 (30.8)

0.96

-0.55

-0.52

-0.11

0.36

0.20
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Figure 5.3. Estimates of mean abundance (± s.e.) for Coris auricularis (a), Notolabrus. parilus (b)
and Opthalmolepis lineolatus (c) at each sampling location obtained from stereo-video transects
(25 × 5 m ). (G = Geraldton; JB = Jurien Bay; M = Marmion; RI = Rottnest Island CI = Carnac
Island, C = Capes; A = Albany; BB = Bremer Bay; E = Esperance).

Growth and Body Size
The variability in demography for C. auricularis explained by the second RDA axis was
related to the influence of density on growth rates (Table 5.5). A simple linear
regression between growth rate at 0.5 and 1 year and density indicated a significant
inverse relationship (Fig. 5.4). This relationship was not significant with increasing age,
at 2 yr (Fig. 5.4). The significant effect of density only occurred following the removal
of the Bremer Bay population from the analysis. Bremer Bay was removed, as the slow
growth rate of 89. 6 mm·yr-1 is almost half that of the neighbouring population at
Albany, and as such would suggest temperature not density is the only driver of growth
rate in this population.
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Instantaneous Rate of growth mm·yr-1)

160
120

0.5 yr
1 yr

80

2 yr
40
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20
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Density·site-1

Figure 5.4. Coris auricularis. Relationship between instantaneous rates of growth at 0.5 yr (y = -0.56x
+ 138.2, r2 = 0.66, P < 0.05), 1 yr (y = -0.4x + 108.9, r2 = 0.78, P < 0.05) and 2 yr (P = 0.27) of age and
density at each location. The solid lines indicate significant relationship between growth rate and
density. Note population from Bremer Bay was excluded from the analysis. Confidence intervals
calculated using standard bootstrap methods using 1.96 × standard deviation (Manly 1997).

The redundancy analyses indicated that the latitudinal gradient in water temperature had
no significant effect on growth rates (Table 5.5). Furthermore, there was no indication
from VBGF curves that growth rates between populations could be attributable to
latitude (Fig. 5.5, 5.6 and 5.7). Each population for each species showed a period of
rapid growth up to approximately 2 years followed by a steady decline in rate of growth.
Furthermore, comparison of 95% confidence ellipses around growth parameters L ∞ in
relation to k also suggests that latitude is not significant in its effect on growth rates
(Fig. 5.8).
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Figure 5.5. Coris auricularis. Von Bertalanffy growth curves of size at age data for each population. In each case t 0 is constrained to zero.
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Figure 5.6. Notolabrus parilus. Von Bertalanffy growth curves of size at age data for each population. In each case t 0 is constrained to zero.
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Figure 5.7. Opthalmolepis lineolatus. Von Bertalanffy growth curves of size at age data for each population. In each case t 0 is constrained to zero.
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Figure 5.8. Comparison of VBGF parameters for each population of C. auricularis (a), N. parilus
(b) and O. lineolatus (c) showing 95 % confidence regions around least squares estimates of k and
L∞.

Although growth was not related to temperature, redundancy analysis indicated that
SST was important in driving spatial patterns in mean body size for C. auricularis and
for N. parilus but not for O. lineolatus (Table 5.5). As a result significant relationships
between SST and body size were found for the former two species but not the latter
(Fig. 5.9).
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For C. auricularis inspection of the scatter plot between body size and SST showed the
four high density populations at Jurien Bay, Marmion, Rottnest Island and Carnac
Island as having smaller body size than those at Geraldton and Capes (Fig. 5.9). To
investigate if body size at these locations was smaller presumably due to density, these
populations were removed from the linear relationship with SST. A one-way ANOVA
was used to test if the variability from the expected body size at temperature
relationship was different between two groups, low density (Geraldton, Capes, Albany,
Bremer Bay and Esperance) and high density (Jurien Bay, Marmion, Rottnest Island and
Carnac Island) populations. This yielded a significant difference (ANOVA, F 1, 8 =
38.67, P < 0.01). The same procedure for N. parilus was performed as a cross-check for
the effect of local scale environmental condition (e.g. Gust 2004) and no significant
difference was found (ANOVA, F 1, 8 = 3.16, P = 0.1).
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Figure 5.9. Relationships between mean body size (± s.e.) and SST for C. auricularis (a), N. parilus
(b) and O. lineolatus (c). Solid line indicates a significant relationship at P < 0.05. Open triangles
for C. auricularis (a) indicate populations of the four locations of higher density, Jurien Bay,
Marmion, Rottnest Island and Carnac Island that are not included in the regression estimate.
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Longevity
The redundancy analysis indicated that, for both C. auricularis and N. parilus, longevity
should be negatively correlated with SST (Table 5.5). The corresponding regression
analyses confirmed this with strong and negative trends in longevity occurring for both
species (Fig. 5.10). Unlike body size there was no indication that longevity for C.
auricularis at high density populations was significantly lower than what would be

expected from water temperature (Fig. 5.10).
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Figure 5.10. Mean longevity (± s.e.) based upon the oldest 20 % of individuals from the sampled
population of Coris auricularis (a), Notolabrus parilus (b) and Opthalmolepis lineolatus (c) at each
location. Solid line indicates a significant relationship at P < 0.05.

Mortality/ Survivorship
Similar to longevity, rates of survivorship for both C. auricularis and N. parilus were
inversely related to SST based on the strong negative correlation with the first RDA axis
(Table 5.5). Simple linear regression showed that this relationship was significant for N.
parilus (Fig. 5.11). For C. auricularis this relationship was non-significant (P = 0.096).

However, a higher rate of mortality at Bremer Bay resembling those found at lower
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latitudes compared to those found at Albany and the Capes (i.e. high latitude locations)
appears to confound the relationship. A regression excluding Bremer Bay yielded a
significant relationship with SST of P = 0.015 (Fig. 5.11).
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Figure 5.11. Relationship between survivorship and SST for Coris auricularis (a) and Notolabrus
parilus (b). Open symbols indicate the four locations of higher density, Jurien Bay, Marmion,
Rottnest Island and Carnac Island. Solid line indicates a significant relationship at P < 0.05.

Discussion

This study partially confirmed the hypothesis that the removal of larger carnivores in
areas of high fishing pressure is associated with changes in the abundance and
demography of non-target reef fish species. The analyses showed that much of the
variability in demographic rates between populations is explained by water temperature
and that the indirect effects of fishing on demography are species specific. This indirect
effect generated an increase in abundance of C. auricularis and lead to a reduction in
the rate of growth and body size of populations in locations of high fishing pressure.
Growth Rate
Recently it was shown that C. auricularis was in higher abundance in areas open to
fishing than closed areas (Shedrawi 2007; Watson et al. 2007) suggesting populations of
this species are controlled by predator density. While there is no direct evidence that the
abundance of C. auricularis is due to the effects of fishing (this study), it happened that
the highest densities of this species occurred in locations (Jurien Bay, Marmion,
82

Rottnest Island, and Carnac Island) known to represent the greatest level of fishing in
temperate western Australia (Chapter 3, Chapter 4). As a result of this increase in
density, the observed decrease in growth rates at high density locations may be a result
of increased competition for resources (Jones and McCormick 2002).
Density-dependent growth rates are generated by competition for food and habitat
resources (Jones and McCormick 2002). At higher densities, the amount of food
required for maintenance, storage and growth becomes limited, as such more energy is
spent on foraging than being allocated to growth (White and Warner 2007). This is
especially the case at early life history stages when individuals are growing most rapidly
(Valiela 1995). This pattern was evident in the growth rates expressed at 0.5 and 1 year
by C. auricularis with the effect of density on growth rates unrelated after 2 years of
age (Fig. 5.8). The critical level where density-dependent growth occurs for some
species however, may not occur under normal conditions (Barrett 1999; Ackerman
2004; White and Warner 2007), and these results suggest it may take the removal of
predators through overfishing to promote higher densities. This may partially explain
why both N. parilus and O. lineolatus did not have density-dependent growth rates.
Neither of these species approached density levels in areas of high fishing pressure that
were higher than those occurring in those areas under low levels of fishing pressure and
as any variation in growth rates is likely to be generated by other factors. For
Notolabrus fucicola and N. tetricus, two wrasses of similar life history characteristics to

those examined here, there was no evidence that food availability affects growth rates,
suggesting that environmental conditions at different locations may influence growth
rather than variation in resource availability (Barrett 1999).
The impact of density on growth rates was further evident in the reduced mean size of
individuals at the higher density locations for C. auricularis. Size at high density
locations of C. auricularis showed significant deviation from the predicted trend with
water temperature. Unlike results from other studies (Gust 2004; Kingsford and Hughes
2005) differences in local environmental conditions do not explain this reduction in
body size as a similar response in N. parilus populations did not occur. Similar to the
trends shown in C. auricularis, populations of Thalassoma lunare in both the Indian and
Pacific oceans returned smaller body sizes among populations of higher densities
(Ackerman 2004).
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The absence of a latitudinal trend in growth rate presented in this study could be due to
local environmental conditions. Similar and overlapping confidence intervals
surrounding the VBGF parameters suggest that growth is not statistically related to
latitude and there was no evidence that instantaneous rate of growth for each species
were related to temperature. Studies on tropical reef fish species have shown that
temperature was not the major causal factor driving differences in demographic patterns
at large spatial scales (Meekan et al. 2001; Williams et al. 2003). Exposure, turbidity
and differences in habitat structure can generate equal to or greater variability in growth
than across latitudinal or temperature climes (Kritzer 1992; Robertson et al. 2005).
Among the locations in this study, significant changes in habitat only occur between the
west and south coast. These include a change from limestone along the west coast to
granite reefs along the south, greater exposure to the prevailing swell on the south coast,
and differences in macro algal community structure. These contrasts in environmental
conditions are likely to yield two distinct groupings of growth rates specific to each
coast. Instead, both high and low growth rates were found in populations of each species
on each coast.
A potential source of variation in latitudinal trends in growth is the length of the
growing season and its impact at higher latitudes. The length of the growing season is
greatly reduced at higher latitudes due to the increased seasonality and the reduced
water temperature (Conover 1992). An important component of the seasonality in water
temperature in this region, along both the west and south coasts, is the annual variability
of the southward flowing warm water Leeuwin current. This current flows at its peak
during autumn and winter and its effect on coastal waters varies with latitude and with
proximity to the coast (Pearce 1991). As a consequence, this current generates a high
degree of spatial and temporal variability in mean, minimum and maximum
temperatures at both local and regional scales (Pearce 1991). This type of variation may
explain why for example, instantaneous growth rate at 0.5 years for populations at
Albany for each species were always higher than those recorded for populations at
Bremer Bay and for the Capes. Therefore, it may be that it is not latitudinal variation in
water temperature but variation in the duration of minimum water temperatures and the
overall temperature range between locations that drive variation in growth rates along
this coast
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The contrasting distribution and latitudinal ranges between species may partly explain
why SST failed to describe demography rates, especially growth. For example, cold
water species such as N. parilus and O. lineolatus, will likely have a wide ranging
temperature tolerance for cold water, and might not display temperature related growth
until reaching the warmer climes of their range. Conversely, C. auricularis is a subtropical endemic (Hutchins 2001a) for which temperature tolerances are likely to be
narrow and is therefore much more likely to display temperature related growth. There
is, despite a lack of a statistical relationship, evidence to suggest that temperature is
playing a role in growth rates for C. auricularis. For example, an almost doubling of
growth rate, 89.6 to 144.9 mm·yr-1 at age 6 months between the coldest (Bremer Bay)
and warmest (Geraldton) locations occurred (Table 5.2). Therefore, a species latitudinal
distribution presents an important aspect of the response of population demography to
temperature.
Longevity
Longevity in reef fish has been shown to increase towards higher latitudes (Meekan et
al. 2001; Ackerman 2004; Robertson et al. 2005) as was also shown here for C
auricularis and N. parilus. For reef fish this is likely due to the reduced mortality costs

of reproduction owing to the shorter reproductive seasons at higher latitudes (Robertson
et al. 2005). Also since age of maturity at higher latitudes is generally later (Ackerman
2004) individuals are older before the risk of reproductive mortality becomes apparent.
Evidence from O. lineolatus represents an exception to the rule. Neither density nor
SST described the broad scale pattern in longevity. A possible explanation for these
results could be due to the effect of differential recruitment variability between
locations. Recruitment variability is generally regarded as defining longevity within a
population (Secor 2007). Therefore, for example, if a strong recruitment year is
followed by extended periods of low recruitment, longevity estimates utilised in this
study will record higher values based on few older individuals. Here the oldest estimates
of longevity occurred at locations approaching the edge of the species range where
recruitment variability would be expected to be at its greatest. Therefore while generally
it has been shown that latitude describes longevity this study has shown that it is not
always the case.
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Mortality
Latitudinal trends in rate of mortality for C. auricularis and N. parilus followed patterns
found in other studies (Ackerman 2004; Robertson et al. 2005). Akin to reduced
longevity (above), mortality rates will increase with an increase in reproductive output
in warmer water. However, Ackerman (2004), did not find that latitude predicted rates
of mortality for T. lunare populations in either the Pacific or Indian oceans. He cited
either density of conspecifics or predators as playing a major role in contrasting rates of
mortality. In this study however, there was no evidence to suggest that density affected
rates of mortality more than what would be expected from the influence of water
temperature.
Conclusions
This study suggests that density-dependent growth in reef fish can occur as a result of
increased competition due to an increase in population density via the removal of larger
predators from fishing. This effect was significant enough to generate a signal of density
dependence across a large gradient of variability with SST, effectively leading to
smaller body size among individuals in high density populations. The contrasting
abundance between species and the lack of density dependence in N. parilus and O.
lineolatus suggests that competition based density dependence may only occur above a

certain density threshold.
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Chapter Six - General Discussion

87

Overview

The goal of this thesis was to examine the influence of long-term (evolutionary) and
short-term (fishing) processes on the latitudinal patterns in reef fish assemblage
structure across temperate Western Australia. This is a unique biogeographic region that
extends from subtropical to temperate environments and across 1500 km of coast that is
characterised by a significant temperature gradient across seven degrees of latitude and
seven degrees of longitude. Analysis of the diversity, abundance, size structure, and
demography of reef fishes identified a number of unique biological features. In most
coastal ecosystems spanning a similar gradient diversity is highest at low latitudes, a
reflection of the species richness characteristic of tropical reefs. However, the south
west coast of Australia represents a dynamic area of high temperate reef fish diversity
characterised by a number of endemic species. This combination of high latitude
temperate water endemism and small geographic range results in a distribution of fish
diversity that does not conform to the expected pattern of latitudinal diversity gradients.
As many of the targeted species are also endemic large-bodied carnivores, incorporating
an investigation of the influence of the short-term and recent influence of fishing on the
latitudinal patterns in reef fish assemblages is essential.
The outcomes of the thesis are discussed in the following sequence;
i)

An analysis of the general latitudinal patterns

ii)

The significance of high levels of endemism

iii)

The impacts of fishing

iv)

Management implications.

Recommendations on future research are made in the context of the implications of this
study.
General latitudinal patterns

There are two broadly accepted latitudinal generalisations for reef fish faunas: 1) that
diversity decreases with increasing latitude (Briggs 2006) and (2) that herbivory and
other use of low caloric food items decreases towards high latitudes (Harmelin-Vivien
2002; Floeter et al. 2004; Floeter et al. 2005a). These two patterns are not mutually
exclusive as much of the diversity generated at low latitudes is amongst herbivorous
guilds (Harmelin-Vivien 2002). These trends have been largely associated with the
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decline in water temperature at higher latitudes (Harmelin-Vivien 2002; Briggs 2006).
Temperature generates barriers to survival of poleward migrating warm water species
and all but isolates temperate regions from tropical faunas (Briggs 2006). The digestion
of plant material in colder water is limited due to the reduction in metabolic rate
(Harmelin-Vivien 2002). In support of this argument, and specifically in regards to
herbivores, authors have been quick to point out these trends at local scales within
similar latitudes where significant changes in herbivore abundance and diversity have
been associated across short gradients in water temperature (Floeter et al. 2005a).
Two of the major findings of this thesis contradict these generalisations. A significant
gradient in water temperature exists with latitude and longitude, effectively creating a
thermal gradient exceeding that of the latitudinal gradient. Despite this temperature
gradient, species diversity increased towards higher latitudes (Chapter 2), while there
was no evidence for a decrease in herbivore biomass and abundance along this gradient
for sub-tidal reef fish (Chapter 3).
Generating these patterns is the unique biogeographic history that this region has
experienced since approximately the Eocene, and the origin and maintenance of the
Leeuwin current (McGowran et al. 1997; Phillips 2001). This current keeps lower
latitude regions connected to the rich fauna of the Indo-pacific, enabling warm water
species to establish and eventually lead to speciation at higher latitudes (Wilson and
Allen 1987; McGowran et al. 1997; Hutchins 2001a; Phillips 2001). This is evident in
the high species diversity in families that evolved in the tropics such as Pomacentridae
and Labridae (Hutchins 2001a). Speciation appears to be further promoted in southern
Australia due to the region remaining free of major extinction events (namely,
glaciations and ice sheets) that have occurred at other temperate locations worldwide
(Phillips 2001).
The lack of major extinction events has likely promoted evolution of unique modes of
herbivory in southern Australia. The divergence of odacines and the specialist temperate
Australian herbivore Odax cyanomelas occurred around the mid to late Eocene about 38
mya (Clements et al. 2004). This shows that the evolution of herbivory can take place in
cooler climes; however, the time taken to evolve specific mechanisms is lengthy and as
such, many other temperate regions may have continually lost herbivore mechanisms
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through extinction events (Mead 1970; Horn 1989). Consequently, the evolutionary
integrity of southern Australian marine ecosystems has removed the latitudinal gradient
in herbivore biomass and abundance characteristic of other region of the world.
The significance of high levels of endemism

Endemic species of temperate Western Australia are an integral component of the reef
fish assemblages in terms of diversity and numerical abundance (Chapter 2). The
narrow geographic range of these endemic species results in each region having distinct
fish faunas (Chapter 2). Similar results have been shown among studies incorporating a
greater range of species. Hutchins (2001) examined the diversity patterns of rocky reef
assemblages but included inhabitants of sea-grass and sandy zones. Fox and Beckley
(2005) investigated patterns for endemism and biogeographic zoning in neritic fish
fauna throughout Western Australia. The empirical work in this study strengthens the
overall conclusion that endemic species generate a high degree of spatial heterogeneity
at large spatial scales, which has important implications for management (Fox and
Beckley 2005).
The high level of endemism situated within the bounds of the temperate region of
Western Australia is of significant importance on a global scale. There are only two
other broad-scale studies of comparable methods (i.e. underwater diver based surveys)
and geographic range that allow a contrast to be made. Nevertheless, nearly 30 % of the
species found along the west coast in this study are endemic to Western Australia
(Chapter 2), which is greater than that of the iconic Northwestern Hawaiian Islands
(NWHI) which had around 22 % endemism on the basis of diver surveys (DeMartini
and Friedlander 2004). Moreover, the endemic fish fauna of the southwestern Atlantic is
19 % (Floeter et al. 2005b). Endemic species accounted for 35 to 64 % of the numerical
abundance of fish on Western Australian temperate reefs which is comparable to the
20.5 to 61.7% recorded in the NWHI (DeMartini and Friedlander 2004). These
comparisons highlight the importance of the Western Australian reef fish fauna in a
global context.
The impact of fishing

The removal of large-bodied carnivorous fish, and specifically those species endemic to
Western Australia by fishing at the west and south coast study sites is significant which
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is consistent with the global trend of a general decline in carnivore biomass (Pauly et al.
1998; Jackson et al. 2001; Dulvy et al. 2003; Myers and Worm 2003). Along the west
coast and adjacent to the major human populations of the Perth metropolitan area key
targeted species such as Glaucosoma herbraicum, Choerodon rubescens, Achoerodus
gouldii, Epinephelides armatus and Nemadactylus valenciennesi were rarely observed

in the video surveys. Comparisons with biomass and abundance of these species in areas
of low fishing pressure along the south coast indicated that fishing pressure was the
likely cause of the observed low abundance along the west coast (Chapter 3). Further
investigation of historical catch and effort data indicated that a decline of the majority of
the key targeted species had occurred along the west coast between 1975 and 2005
(Chapter 4). This decline was a result of the high levels of fishing pressure sustained
along the west coast during this period and correlates well with the observed
relationship between CPUE and abundance (Chapter 4).
The overwhelming concern is the impact of fishing on endemic species and the
significant reduction in their abundance at all levels of fishing pressure (Chapter 4).
Three species G. herbraicum, C. rubescens, and E. armatus have geographic
distributions centred on the west coast which is subject to the highest levels of
exploitation. Towards the south coast, fishing pressure declines, but so too do the
abundance of these species, therefore fishers are exploiting populations that are at a
lower standing biomass than those on the west coast. While it is clear that these species
cannot sustain the levels of exploitation experienced on the west coast, it is highly likely
that they are equally susceptible on the south coast at low levels of fishing effort.
The high level of fishing around Perth and Jurien Bay, and the subsequent removal of
large-bodied target carnivores has potentially led to an indirect increase in the
abundance of the non-targeted species Coris auricularis . It would appear that these
localised increases in abundance elicited density-dependent growth rates. Growth rate
was slower and the overall body sizes were smaller in populations of C. auricularis at
locations where fishing pressure is greatest and the abundances of predatory species was
lowest (Chapter 5). Given the demonstrated increase in abundance of this species to the
absence of predators (Shedrawi 2007; Watson et al. 2007) density-dependent growth has
occurred due to a likely increase in intra-specific competition. A comparison between
the demographic rates of populations of C. auricularis in no-take reserves and those in
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areas open to fishing will be required to fully elucidate this response. The results from
Chapter 5 highlight a novel way (namely, the examination of growth rates among nontarget species within areas of high fishing effort compared to low fishing effort) to
examine the indirect effects of fishing where no-take reserves are absent.
Implications for management

The results of this thesis highlight numerous areas where fisheries management policy
and conservation efforts need to be focussed. It is clear from this study and others (e.g.
(Watson et al. 2007; Wise et al. 2007; Kleczkowski et al. 2008) that there is a
significant influence of fishing on target individuals on the west coast and south coast
(Chapter 4). Recent management changes are implementing an annual seasonal closure
of west coast recreational fishing of five key target species G. herbraicum, C.
rubescens, N. valencienessi, Centroberyx gerrardi and E. armatus. Such changes may

not prove successful in mitigating further declines in abundance of these species based
on the results of Chapter 4 which suggest that the stocks of E. armatus, G. herbraicum,
and Centroberyx sp, have declined even at low levels of fishing effort along the south
coast.
The high vulnerability among the target species examined in this study is due to life
history and geographic range characteristics and is a concern regardless of the
geographic region being fished (Chapter 4). While much of the focus of management
restrictions occur along the west coast adjacent to the major human population, declines
in abundance still occur on the south coast. In order to avoid further declines in
abundance of key target species such as N. valenciennesi and A. gouldii, management
authorities should turn their attention to the south coast.
The influence of the latitudinal gradient on demographic rates of the three smaller
wrasses raises an obvious question about the role that the latitudinal gradient has on the
demography of target species. Numerous management plans specifically in regards to
recreational fishing are based around size limits that are enforced to allow individuals to
attain spawning size and therefore potentially contribute to the population. If these sizelimits are based on single populations, especially at lower latitudes, they may not be
achieving the same goal for populations at higher latitudes. While not examined here,
size at maturity tends to increase with latitude and this is reflected in larger maximum
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body size (Ackerman 2004) which was shown to occur for both C. auricularis and
Notolabrus parilus with increasing latitude.
Future directions

This study has begun to disentangle the unique biogeography, ecology and latitudinal
gradients of the reef fish assemblages of temperate Western Australia as well as the
influence of the short-term, recent impacts of fishing. Of immediate interest is the
timing of diversification of the endemic species of Western Australia. In understanding
the timing of speciation, a greater understanding of the influence of the historical flow
of the Leeuwin current and the influence of sea-level rise and fall on the isolation of
populations can be gained. Such an investigation may benefit by examining the timing
of diversification among the temperate monocanthids. Little is known of their
phylogeny on the south coast of Australia, yet they represent a unique aspect of the reef
fish assemblage in terms of endemism and as such will likely provide invaluable insight
into the role of the biogepgraphic events shaping the region’s fauna.
More work is needed to understand the processes generating the differences in
assemblage structure found across relatively short distances between regions < 200 km
(Chapter 2). It may be that connectivity between reef fish assemblages is low, and that
dispersal may occur in one direction in line with the southerly flow of the Leeuwin
Current. Such knowledge will be important in further understanding the effects of
fishing on the assemblages and more specifically on the target species.
Finer scale spatial data on both commercial and recreational fishing along both the west
and south coast will further enhance our understanding of the effects of fishing in this
region. Such data will also reduce the effect of hyperstablity on the relationship between
CPUE and abundance. Furthermore, in terms of managing and mitigating the decline in
abundance of vulnerable target species, investigation of the distribution of these species
is needed. Studies incorporating a range of depths and intra-annual surveys are required
to further assess the influence of fishing.
Further work assessing demographic rates of non-target species across gradients of
fishing pressure will enhance our understanding of the role of density and predation on
the demography of reef fish. The use of non-take marine reserves and comparing
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demographic rates inside and outside these reserves may provide a useful baseline
indicator from which the influence of fishing on the assemblage can be assessed in areas
where no-take marine reserves do not exist.

94

REFERENCES

Ackerman JL (2004) Geographic variation in size at age of the coral reef fish,
Thalassoma lunare (Family: Labridae): A contribution to life history theory.

PhD Thesis. School of Marine Biology and Aquaculture, James Cook
University, Townsville, Australia
Alfaro ME, Santini F, Brock CD (2007) Do reefs drive diversification in marine
teleosts? Evidence from the Pufferfish and their allies (Order
Tetraodontiformes). Evolution 61: 2104-2126
Anderson MJ (2001) A new method for non-parametric multivariate analysis of
variance. Austral Ecology: 32-46
Anderson MJ, Ellingsen KE, McArdle BH (2006) Multivariate dispersion as a measure
of beta diversity. Ecology Letters 9: 683-693
Anderson MJ, Willis TJ (2003) Canonical analysis of principal coordinates: a useful
method of constrained ordination for ecology. Ecology 84: 511-525
Anon (2000) Protecting and sharing Western Australia's coastal fish resources: The path
to integrated management. Fisheries Management Paper. Fisheries Department
of Western Australia: 1-7
Arias-Gonzalez JE, Done TJ, Page CA, Cheal A, Kininmonth S, Garza-Perez JR (2006)
Towards a reefscape ecology: relating biomass and trophic structure of fish
assemblages to habitat at Davies Reef, Australia. Marine Ecology Progress
Series 320: 29-41
Barber PH, Bellwood DR (2004) Biodiversity hotspots: evolutionary origins of
biodiversity in wrasses (Halichoeres: Labridae) in the Indo-Pacific and new
world tropics. Molecular Phylogenetics and Evolution 35: 235-253
Barrett NS (1999) Food availability is not a limiting factor in the growth of three
Australian temperate reef fishes. Environmental Biology of Fishes 56: 419-428

95

Bellwood DR, Wainwright PC, Fulton CJ, Hoey A (2002) Assembly rules and
functional groups at global biogeographical scales. Functional Ecology 16: 557562
Briggs JC (1975) Marine Zoogeography. McGraw-Hill, New York. 475pp
Briggs JC (2006) Proximate sources of marine biodiversity. Journal of Biogeography
33: 1-10
Burchmore JJ, Pollard DA, Bell JD (1984) Community structure and trophic
relationships of the fish fauna of an estuarine Posidonia australis seagrass
habitat in port hacking, new South Wales Aquatic Botany 18: 71-87
Burridge CP, White RWG (2000) Molecular phylogeny of the antitropical subgenus
Goniistius (Perciformes: Cheilodactylidae: Cheilodactylus ): evidence for
multiple transequatorial divergences and non-monophyly. Biological Journal of
the Linnean Society 70: 435-458
Campbell SJ, Pardede ST (2006) Reef fish structure and cascading effects in response to
artisanal fishing pressure. Fisheries Research (Amsterdam) 79: 75-83
Cheung WWL, Pitcher TJ (2008) Evaluating the status of exploited taxa in the northern
South China Sea using intrinsic vulnerability and spatially explicit catch-perunit-effort data. Fisheries Research 92: 28-40
Choat JH, Axe LM (1996) Growth and longevity in acanthurid fishes; an analysis of
otolith increments. Marine Ecology Progress Series 134: 15-26
Clarke KR (1993) Non-parametric multivariate analyses of changes in community
structure. Australian journal of ecology 18: 117-143
Clarke KR, Warwick RM, Brown BE (1993) An index showing breakdown of seriation,
related to disturbance, in a coral-reef assemblage. Marine Ecology Progress
Series 102: 153-160
Clarke KR, Warwick RN (2001) Changes in marine communities: an approach to
statistical analysis and interpretation (2nd Edition). PRIMER-E Ltd, Plymoth,
United Kingdom.
96

Clements KD, Alfaro ME, Fessler JL, Westneat MW (2004) Relationships of the
temperate Australasian labrid fish tribe Odacini (Perciformes; Teleostei)
Molecular Phylogenetics and Evolution 32: 575-587
Clements KD, Choat JH (1997) Comparison of herbivory in the closely-related marine
fish genera Girella and Kyphosus. Marine Biology 127: 579-586
Conover DO (1990) The relation between capacity for growth and length of growing
season: evidence for and implications of countergradient variation. Transactions
of the American Fisheries Society 119: 416-430
Conover DO (1992) Seasonality and the scheduling of life history at different latitudes.
Journal of Fish Biology 41(Supp. B): 161-178
Cowen RK (2002) Larval dispersal and retention and consequences for population
connectivity. In: Sale PF (ed) Coral Reef Fishes: Dynamics and Diversity in a
Complex Ecosystem. Academic Press, San Diego, California, pp 149-170
Cracraft J (1985) Biological Diversification and Its Causes. Annals of the Missouri
Botanical Garden 72: 794-822
DeMartini E, E., Friedlander A, M. (2004) Spatial patterns of endemism in shallowwater reef fish populations of the Northwestern Hawaiian Islands. Marine
Ecology Progress Series 271: 281-296
DeMartini EE, Friedlander AM (2006) Predation, endemism, and related processes
structuring shallow-water reef fish assemblages of the NWHI. Atoll Research
Bulletin 543: 237-256
DeMartini EE, Friedlander AM, Sandin SA, Sala E (2008) Differences in fishassemblage structure between fished and unfished atolls in the northern Line
Islands, central Pacific. Marine Ecology Progress Series 365:199-215
Department of Fisheries WA (unpublished 2007) Catch and effort statistics system.
Western Australia Fisheries Department, Research Division
Dulvy NK, Freckleton RP, Polunin NV (2004a) Coral reef cascades and the indirect
effects of predator removal by exploitation. Ecology Letters 7: 410-416
97

Dulvy NK, Polunin NVC, Mill AC, Graham NAJ (2004b) Size structural change in
lightly exploited coral reef fish communities: evidence for weak indirect effects.
Canadian Journal of Fisheries and Aquatic Sciences 61: 466-475
Dulvy NK, Sadovy Y, Reynolds JD (2003) Extinction vulnerability in marine
populations. Fish and Fisheries 4: 25-64
Ebeling AW, Hixon MA (1991) Tropical and temperate reef fishes: comparison of
community structure. In: Sale PF (ed) The Ecology of Fishes on Coral Reefs.
Academic Press, San Diego, CA, pp 509-563
Edgar GJ, Shaw C (1995) The production and trophic ecology of shallow-water fish
assemblages in southern Australia. 2. Diets of fishes and trophic relationships
between fishes and benthos at Western Port, Victoria. Journal of Experimental
Marine Biology and Ecology 194: 83-106
Ferreira CE, Floeter SR, Gasparini JL, Ferreira BP, Joyeux JC (2004) Trophic structure
patterns of Brazilian reef fishes: a latitudinal comparison. Journal of
Biogeography 31: 1093-1106
Floeter SR, Behrens MD, Ferreira CEL, Paddack MJ, Horn MH (2005a) Geographical
gradients of marine herbivorous fishes: patterns and processes. Marine Biology
147: 1435-1447
Floeter SR, Ferreira CEL, Dominici-Arosemena A, Zalmon IR (2004) Latitudinal
gradients in Atlantic reef fish communities: trophic structure and spatial use
patterns. Journal of Fish Biology 64: 1680-1699
Floeter SR, Gasparini JL (2000) The southwest Atlantic reef fish fauna: composition
and zoogeographic patterns. Journal of Fish Biology 56: 1099-1114
Floeter SR, Halpern BS, Ferreira CEL (2005b) Effects of fishing and protection on
Brazilian reef fishes Biological Conservation 128: 391-402
Ford J (2008) A Strategy for Managing the Recreational Catch of Demersal Scalefish in
the West Coast Bioregion: Decisions by the Minister for Fisheries. Fisheries
Management Paper No. 231. Department of Fisheries, Western Australia: 17pp
98

Fox NJ, Beckley LE (2005) Priority areas for conservation of Western Australian
coastal fishes: A comparison of hotspot, biogeographical and complementarity
approaches. Biological Conservation 125: 399-410
Friedlander AM, DeMartini EE (2002) Contrasts in density, size, and biomass of reef
fishes between the northwestern and the main Hawaiian Islands: the effects of
fishing down apex predators. Marine ecology progress series 230: 253-264
Froese R, Pauly D, Editors (2007) Fishbase World Wide Web electronic publication.
www.fishbase.org, version (12/2007)
Graham NAJ, Evans RD, Russ GR (2003) The effects of marine reserve protection on
the trophic relationships of reef fishes on the Great Barrier Reef. Environmental
Conservation 30: 200-208
Gust N (2004) Variation in the population biology of protogynous coral reef fishes over
tens of kilometres. Canadian Journal of Fisheries and Aquatic Sciences 61: 205218
Gust N, Choat JH, Ackermann JL (2002) Demographic plasticity in tropical reef fishes.
Marine biology 140: 1039-1051
Harley SJ, Myers RA, Dunn A (2001) Is catch-per-unit-effort proportional to
abundance? Canadian Journal of Fisheries and Aquatic Sciences 58: 1760-1772
Harman N, Harvey E, Kendrick G (2003) Differences in fish assemblages from different
reef habitats at Hamelin Bay, south-western Australia. Marine and Freshwater
Research 54: 177-184
Harmelin-Vivien ML (2002) Energetics and fish diversity on coral reefs. In: Sale PF
(ed) Coral Reef Fishes: Dynamics and Diversity in a Complex Ecosystem.
Academic Press, San Diego, California, pp 265-274
Harvey E, Fletcher D, Shortis M (2001) A comparison of the precision and accuracy of
estimates of reef-fish lengths determined visually be divers with estimates
produced by a stereo-video system. Fishery Bulletin 99: 63-71

99

Harvey E, Fletcher D, Shortis M (2002) Estimation of reef fish lengths by divers and by
stereo-video. A first comparison of the accuracy and precision in the field on
living fish under operational conditions. Fisheries Research 57: 255-265
Harvey E, Fletcher D, Shortis MR, Kendrick GA (2004) A comparison of underwater
visual distance estimates made by scuba divers and a stereo-video system:
implications for underwater visual census of reef fish abundances. Marine and
Freshwater Research 55: 573-580
Harvey ES, Shortis M (1996) A system for stereo-video measurement of subtidal
organisms. Marine Technology Society Journal 29: 10-22
Hawkins JP, Roberts CM, Clark V (2000) The threatened status of restricted-range coral
reef fish species. Animal Conservation 3: 81-88
Hesp SA, Potter IC, Hall NG (2001) Age and size composition, growth rate,
reproductive biology, and habitats of the West Australian dhufish (Glaucosoma
hebraicum) and their relevance to the management of this species. Fishery

Bulletin 100: 214-227
Hilborn R, Walters CJ (1992) Quantitative Fisheries Stock Assessment. Choice,
Dynamics and Uncertainty. Chapman and Hall, New York. 570pp
Hillebrand H (2004) Strength, slope and variability of marine latitudinal gradients.
Marine ecology progress series 273: 251-267
Hixon MA (1991) Predation as a process structuring coral reef fish communities. In:
Sale PF (ed) The ecology of coral reef fishes. Academic Press, San Diego,
California, pp 457-508
Hixon MA, Beets JP (1993) Predation, prey refuges, and the structure of coral-reef fish
assemblages. Ecological Monographs 63: 77-101
Hixon MA, Carr MH (1997) Synergistic predation, density dependence, and population
regulation in marine fish. Science 277: 946-949
Hixon MA, Jones GP (2005) Competition, predation, and density-dependent mortality
in demersal marine fishes. Ecology 86: 2847-2859
100

Hobson ES (1991) Trophic relationships of fishes specialized to feed on zooplankton
above coral reefs. In: Sale PF (ed) The ecology of fishes on coral reefs.
Academic Press, San Diego, California, pp 69-95
Horn MH (1989) Biology of marine herbivorous fishes. Oceanography and Marine
Biology: An Annual Review 27: 167-272
Hutchins B (1991) Dispersal of tropical fishes to temperate seas in the southern
hemisphere. Journal of the Royal Society of Western Australia 74: 79-84
Hutchins B (1994) A Survey of the nearshore reef fish fauna of Western Australia's
West and South Coasts - The Leeuwin Province. Records of the Western
Australian Museum Supplement No. 46
Hutchins B, Swainston R (2003) Sea Fishes of Southern Australia. Swainston
Publishing, Smithfield, NSW. 180pp
Hutchins JB (2001a) Biodiversity of shallow reef fish assemblages in Western Australia
using a rapid censusing technique. Records of the Western Australian Museum
20: 247-270
Hutchins JB (2001b) Checklist of the fishes of Western Australia. Records of the
Western Australian Museum: 9-50
Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ,
Bradbury RH, Cooke R, Erlandson J, Estes JA, Hughes TP, Kidwell S, Lange
CB, Warner RR, et al. (2001) Historical overfishing and the recent collapse of
coastal ecosystems. Science (Washington) 293: 629-638
Jennings S, Grandcourt EM, Polunin NVC (1995) The effects of fishing on the
diversity, biomass and trophic structure of Seychelles' reef fish communities.
Coral reefs. Heidelberg etc 14: 225-235
Jennings S, Polunin NVC (1996) Effects of fishing effort and catch rate upon the
structure and biomass of Fijian reef fish communities. Journal of Applied
Ecology 33: 400-412

101

Jennings S, Reynolds JD, Mills SC (1998) Life history correlates of responses to
fisheries exploitation. Proceedings of the Royal Society B: Biological Sciences
265: 333-339
Jones GP, McCormick MI (2002) Numerical and energetic processes in the ecology of
coral reef fishes. In: Sale PF (ed) Coral Reef Fishes: Dynamics and Diversity in
a Complex Ecosystem. Academic Press, San Diego, California, pp 221-238
Keeley ER (2001) Demographic responses to food and space competition by juvenile
steelhead trout. Ecology 82: 1247-1259
Kendrick G, Harvey E, McDonald J, Pattiaratchi C, Cappo M, Fromont J, Shortis M,
Grove S, Bickers AN, Baxter KJ, Goldberg N, Kletczkowski M, Butler J (2005)
Characterising the fish habitats of the Recherche Archipelago. Fisheries
Research and Development Corporation Report. Project No. 2001/060
Kingsford MJ, Hughes JM (2005) Patterns of growth, mortality, and size of the tropical
damselfish Acanthochromis polyacanthus across the continental shelf of the
Great Barrier Reef. Fishery Bulletin 103: 561-573
Kleczkowski M, Babcock RC, Clapin G (2008) Density and size of reef fishes in and
around a temperate marine reserve. Marine and Freshwater Research 59: 165176
Kritzer JP (1992) Variation in the population biology of stripey bass Lutjanus
carponotatus within and between two island groups on the Great Barrier Reef.

Marine Ecology Progress Series 243: 191-2002
Manly BFJ (1997) Randomization, bootstrap and Monte Carlo methods in biology. 2nd
edition, Chapman & Hall, London, UK.
Maunder MN, Punt AE (2004) Standardizing catch and effort data: a review of recent
approaches. Fisheries Research 70: 141-159
May R, Mclean A (2007) Theoretical Ecology: Principles and Applications. Oxford
University Press, New York.

102

McArdle BH, Anderson MJ (2001) Fitting multivariate models to community data: a
comment on distance-based redundancy analysis. Ecology 82: 290-297
McAuley, R, Simpendorfer, C (2003) Catch composition of the Western Australian
temperate demersal gillnet and demersal longline fisheries, 1994 to 1999.
Fisheries Research Report No. 146. Department of Fisheries, Western Australia
McGowran B, Li Q, Cann J, Padley D, McKirdy DM, Shafik S (1997) Biogeographic
impact of the Leeuwin Current in southern Australia since the late middle
Eocene. Palaeogeography, Palaeoclimatology, Palaeoecology 136
Mead GW (1970) A history of South Pacific fishes. In: Wooster WS (ed) Scientific
explorations of the South Pacific. National Academy of Sciences, Washington,
pp 236-251
Meekan MG, Ackerman JL, Wellington GM (2001) Demography and age structure of
coral reef damsel fishes in the tropical eastern Pacific ocean. Marine Ecology
Progress Series 212: 223-232
Meekan MG, Choat JH (1997) Latitudinal variation in abundance of herbivorous fishes:
A comparison of temperate and tropical reefs. Marine Biology 128: 373-383
Mora C (2007) A clear human footprint in the coral reefs of the Caribbean Proceedings
of the Royal Society B: Biological Sciences. (doi:10.1098/rspb.2007.1472)
Mora C, Robertson DR (2005) Causes of latitudinal gradients in species richness: A test
with fishes of the Tropical Eastern Pacific. Ecology 86: 1771-1782
Myers RA, Worm B (2003) Rapid worldwide depletion of predatory fish communities.
Nature 423: 280-283
Newman MJH, Paredes G, Sala E, Jackson JBC (2006) Structure of Caribbean coral
reef communities across a large gradient of fish biomass. Ecology Letters 9:
1216-1227.

103

Parez-Matus A, Ferry-Graham LA, Cea A, Vasquez JA (2007) Community structure of
temperate reef fishes in kelp-dominated sub-tidal habitats of northern Chile.
Marine and Freshwater Research 58: 1069-1085
Pauly D, Christensen V, Dalsgaard J, Froese R, Francisco JT (1998) Fishing Down
Marine Food Webs Science 279: 860-863
Pearce AF (1991) Eastern boundary currents of the southern hemisphere. Proceedings of
the Royal Society of Western Australia 74: 35-46
Pearce AF, Griffiths RJ, Suber K, Griffiths B (in prep) Variability of coastal water
properties off Western Australia: the CSIRO coastal station network. CSIRO
Marine Laboratories Report in preparation
Peters RH (1983) The ecological implications of body size. Cambridge University
Press, Cambridge.
Phillips JA (2001) Marine macroalgal biodiversity hotspots: why is there high species
richness and endemism in southern Australian marine benthic flora?
Biodiversity and Conservation 10: 1555–1577
Poloczanska ES, Babcock RC, Butler A, Hobday AJ, Hoegh-Guldberg O, Kunz TJ,
Matear R, Milton DA, Okey TA, Richardson AJ (2007) Climate change and
Australian marine life. Oceanography and Marine Biology: An Annual Review
45: 407-478
Poore GCB (2001) Biogeography and diversity of Australia’s marine biota. In: Zann
LP, Kailola P (eds) The State of the Marine Environment Report for Australia
Technical Annex: 1. The Marine Environment. Great Barrier Reef Marine Park
Authority, Department of the Environment, Sport and Territories, Ocean Rescue
2000 Program. Townsville, Queensland, Australia, pp 75-84
Porch CE, Wilson CA, Nieland DL (2002) A new growth model for red drum
(Sciaenops ocellatus) that accommodates, seasonal and ontogenic changes in
growth rates. Fishery Bulletin 100: 149-152
Punt AE, Walker TI, Taylor BL, Pribac F (2000) Standardization of catch and effort
data in a spatially-structured shark fishery. Fisheries Research 45: 129-145
104

Reynolds JD, Mace GM, Redford KH, Robinson JG (2001) Conservation of Exploited
Species. Cambridge University Press, Cambridge.
Robertson DR, Ackerman JL, Choat JH, Posada JM, Pitt J (2005) Ocean surgeonfish
Acanthurus bahianus. I. The geography of demography. Marine Ecology

Progress Series 295: 229-244
Rosensweig ML (1995) Species Diversity in Space and Time. Cambridge University
Press, Cambridge, UK.
Ruddle K (1996) Geography and human ecology of reef fisheries. In: Polunin NVC,
Roberts CM (eds) Reef fisheries. Chapman & Hall, London, pp 137-160
Russ GR (1991) Corel reef Fisheries: effects and yields. In: Sale PF (ed) The ecology of
coral reef fishes. Academic Press, San Diego, pp 601-635
Secor DH (2007) The year-class phenomenon and the storage effect in marine fishes
Journal of Sea Research 57: 91-103
Shears NI, Babcock RI (2002) Marine reserves demonstrate top-down control of
community structure on temperate reefs. Oecologia 132: 131-142
Shedrawi G (2007) Fish assemblage structure inside and outside multiple Marine
Protected Areas at the Houtman Abrolhos Islands, Western Australia. Honours
Thesis. Faculty of Natural and Agricultural Sciences, School of Plant Biology,
University of Western Australia, Perth, Australia
Shortis MR, Robson S (2003) Vision metrology system
Stallings CD (2008) Indirect effects of an exploited predator on recruitment of coral reef
fishes. Ecology 89: 2090-2095

St. John J, King J (2006) West coast demersal scalefish stock status report. In: Fletcher
WJ, Head F (eds) State of the Fisheries report 2005/06. Department of Fisheries,
Western Australia. pp 55-63
Steneck RS (1998) Human influences on coastal ecosystems: does overfishing create
trophic cascades? Trends in Ecology and Evolution 13: 429-430
105

Stevenson C, Katz LS, Micheli1 F, Block B, Heiman KW, Perle C, Weng K, Dunbar R,
Witting J (2007) High apex predator biomass on remote Pacific islands. Coral
Reefs 26: 47-51
Sumner NR, Williamson PC (1999) A 12-month survey of coastal recreational boat
fishing between Augusta and Kalbarri on the west coast of Western Australia
during 1996-97: Fisheries Research Report No. 177. Department of Fisheries,
Western Australia
Sumner NR, Williamson PC, Blight SJ, Gaugh DJ (2008) A 12-month survey of coastal
recreational boat fishing between Augusta and Kalbarri on the west coast of
Western Australia during 1996-97. Fisheries Research Report No. 177.
Department of Fisheries, Western Australia
Tupper M, Boutilier RG (1995) Effects of conspecific density on settlement, growth and
post-settlement survival of a temperate reef fish. Journal of Experimental Marine
Biology and Ecology 191: 209-222
Valiela I (1995) Marine Ecological Processes. Springer, New York.
Vermeij GJ (1978) Biogeography and adaptation: Patterns of marine life. Harvard
University Press, Cambridge, Massachusetts.
Vermiej GJ (1993) Biogeography of Recently Extinct Marine Species: Implications for
Conservation. Conservation Biology 7: 391-397
Walters C (2003) Folly and fantasy in the analysis of spatial catch rate data. Canadian
Journal of Fisheries and Aquatic Sciences 60: 1433-1446
Walters CJ, Martell SJD (2004) Fisheries Ecology and Management. Princeton
University Press, Princeton.
Watson DL, Harvey E, Kendrick G, Nardi K, Anderson MJ (2007) Protection from
fishing alters the species composition of fish assemblages in a temperate-tropical
transition zone Marine Biology 152: 1197-1206
Webster MI (2002) Role of predators in the early post-settlement demography of coralreef fishes. Oecologia 131: 52-60
106

Wells FE (1980) The distribution of shallow-water marine prosobranch gastropods
molluscs along the coastline of Western Australia. Veliger 22: 232-247
White J, Warner R (2007) Behavioural and energetic costs of group membership in a
coral reef fish. Oecologia 154: 423-433
Williams AJ, Davies CR, Mapstone BD, Russ GR (2003) Scale of spatial variation in
demography of a large coral-reef fish- an exception to the typical model?
Fishery Bulletin 101: 673-683
Willig MR, Kaufman DM, Stevens RD (2003) Latitudinal gradients of biodiversity:
pattern, process, scale, and synthesis. Annual Review of Ecology and
Systematics 34: 273-309
Willis TJ, Badalamenti F, Milazzo M (2006) Diel variability in counts of reef fishes and
its implications for monitoring. Journal of Experimental Marine Biology and
Ecology 331: 108-120
Wilson BR, Allen GR (1987) Major components and distribution of marine fauna. In:
Dyne GR, Walton DW (eds) Fauna of Australia. Australian Government
Publishing Service, Canberra, pp 43-48
Wise BS, St. John J, Lenanton RC (2007) Spatial scale of exploitation among
populations of demersal scalefish: implications for management. Fisheries
Research Report No. 163. Department of Fisheries, Western Australia
Witman JD, Etter RJ, Smith F (2004) The relationship between regional and local
species diversity in marine benthic communities: A global perspective. PNAS
101: 15664–15669
Zar JH (1999) Biostatistical Analysis. Prentice-Hall, Inc, Upper Saddle River, NJ, USA.

107

108

APPENDIX

109

Appendix 1.

110

Supplementary Material, Chapter 2

Frequency
Standardised Residuals

Number of species

Predicted Value
Figure A 1. Distribution showing normal curve (top) and residual variance against predicted value
(bottom) plots of species data.
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Table A 1. List of species observed with stereo-video surveys including their trophic group
classification (C = Carnivore, H = Herbivore, O = Omnivore and Z = Zooplanktivore), source of
trophic information and fished status (T = target, N = non-target).

Species
Apogon victoriae
Arripis georgianus
Aulopus purpurissatus
Chelmonops curiosus
Cheilodactylus nigripes
Cheilodactylus rubrolabiatus
Nemadactylus valenciennesi
Diodon nicthemerus
Enoplosus armatus
Parequula melbournensis
Glaucosoma herbraicum
Plectorhinchus flavomaculatus
Diagramma labiosum
Achoerodus gouldii
Bodianus frenchii
Choerodon rubescens
Anampses geographicus
Austrolabrus maculatus
Coris auricularis
Dotolabrus aurantiacus
Halichoeres brownfieldi
Labroides dimidiatus
Notolabrus parilus
Ophthalmolepis lineolatus
Pictilabrus laticlavius
Pseudolabrus biserialis
Thalassoma septemfasciatum
Parupeneus chrysopleuron
Parupeneus spilurus
Upeneichthys vlamingii
Pentapodus vitta
Anoplocapros lenticularis
Anoplocapros robustus
Pempheris klunzingeri
Pempheris multiradiata
Pempheris sp.
Pentaceropsis recurvirostris
Labracinus lineatus
Neosebastes pandus
Neatypus obliquus
Tilodon sexfasciatum
Epinephelides armatus
Othos dentex

Trophic
Group
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Source
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Connell 2002
Froese et al. 2007
Froese et al. 2007 for N.
douglasii
Edgar and Shaw 1995
Ayvazian and Hyndes 1995
Froese et al. 2007
Pers. Obs.
Froese et al. 2007
Froese et al. 2007 for family
Froese et al. 2007
Froese et al. 2007 for family
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Pers. Obs.
Froese et al. 2007 for family
Ayvazian and Hyndes 1995
Froese et al. 2007
Ayvazian and Hyndes 1995
Froese et al. 2007
Froese et al. 2007 for family
Froese et al. 2007
Froese et al. 2007 for family
Froese et al. 2007
Froese et al. 2007
Allen 1985
Froese et al. 2007
Froese et al. 2007 for family
Froese et al. 2007 for family
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Allen 1985
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007 for family
Froese et al. 2007

Status
N
T
N
N
T
T
T
N
N
N
T
T
N
T
T
T
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
T
N
N
N
N
T
T
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Table A 1. (cont.)

Species
Plectropomus leopardus
Omegophora cyanopunctata
Torquigener pleurogramma
Chelidonichthys kumu
Paraplesiops meleagris
Aplodactylus westralis
Caesioscorpis theangenes
Girella tephraeops
Girella zebra
Kyphosus cornelii
Kyphosus sydneyanus
Odax cyanomelas
Parma bicolor
Parma mccullochi
Parma occidentalis
Parma victoriae
Pomacentrus milleri
Stegastes obreptus
Scarus schlegeli
Rhabdosargus sarba
Chaetodon assarius
Cheilodactylus gibbosus
Dactylophora nigricans

Trophic
Group
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
O
O
O
O

Acanthaluteres brownii

O

Meuschenia flavolineata
Meuschenia freycineti

O
O

Meuschenia galii

O

Meuschenia hippocrepis

O

Scobinichthys granulatus
Odax acroptilus
Siphonognathus beddomei
Chromis westaustralis
Microcanthus strigatus
Siganus sp.
Acanthaluteres vittiger
Trachurus novaezelandiae
Trachinops brauni
Trachinops noarlungae
Trachinops sp.
Chromis klunzingeri
Scorpis aequipinnis
Scorpis georgianus
Callanthias australis

O
O
O
O
O
O
O
Z
Z
Z
Z
Z
Z
Z
Z
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Source
Froese et al. 2007
Allen 1985
Potter et al. 1988
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Allen 1985
Kuiter 1993
Froese et al. 2007
Clements and Choat 1997
Froese et al. 2007
Jones 1992
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Edgar and Shaw 1995 for
M. freycineti
Edgar and Shaw 1995 for
M. freycineti
Edgar and Shaw 1995
Edgar and Shaw 1995 for
M. freycineti
Edgar and Shaw 1995 for
M. freycineti
Edgar and Shaw 1995 for
M. freycineti
Choat and Clements 1992
Ayvazian and Hyndes 1995
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Edgar and Shaw 1995
Froese et al. 2007
Kuiter 1993
Kuiter 1993
Kuiter 1993
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007
Froese et al. 2007

Status
T
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
T
T
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
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Empirical formulae to determine effective effort from nominal effort by incorporating increased
efficiency in gear (data and formulae taken from Wise et al. (2007)).

Effective effort (E’) for year i was calculated by accounting for increases in efficiency I
using,
E 'i  Ei  1  Pi  I  ,

where, P i is the proportion of fishers who adopt a technology in year i, and E i is the
nominal effort in year i,. I is efficiency increase. P i for each technology is calculated
with
Pi 



1 e

  t 1

, for GPS and colour sounders and,

Pi  e t 1   , for hydraulic reels,
where, ∆t is the difference between year i and initial year that the technology was
adopted, α is an estimated parameter describing the asymptotic maximum P i for the
survey period, β, δ are estimated parameters describing the logistic curvature, η is an
estimated parameter describing the magnitude of the exponential increase, ψ describes
the steepness if the exponential increase, Ф is P i at the initial year the technology was
adopted, I is the percent increase in effective effort due to adoption of that technology.
Table A 2. Estimated values for parameters in calculating efficiency increase for each gear type.

Variables
I
α
β
δ
η
ψ
Ф

Colour Sounder
0.22
0.918
-0.493
2.251

GPS
0.77
1
-0.531
3.821

Hydraulic reels
0.25

0.011
0.143
0.147
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Frequency

118
Standardised residuals
Figure A 2. Normal plots of residuals of the GLM for each species showing the expected normal distribution curve.
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Figure A 3. Coris auricularis. Relationship between sagittal weight (g) and age (years) for each population.
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Figure A 4. Notolabrus parilus. Relationship between sagittal weight (g) and age (years) for each population.
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Figure A 5. Opthalmolepis linelatus. Relationship between sagittal weight (g) and age (years) for each population.
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Figure A 6.. Coris auricularis. Estimates of mortality from catch curves at each location.
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Figure A 7.. Notolabrus parilus. Estimates of mortality from catch curves at each location.
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Figure A 8. Opthalmolepis lineolatus. Estimates of mortality from catch curves at each location.
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