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ABSTRACT
A major goal of ecology is to understand the processes governing the assembly of ecological
communities and drivers of heterospecific co-occurrences. Detecting the importance of
various community assembly processes enhances our understanding of ecosystem functioning
and ability to predict responses of communities to perturbations. Contemporary studies in
this field have largely focussed on terrestrial systems, but our comprehension of these
processes in the marine realm is comparatively deficient.
This thesis has four data chapters with a brief introduction and conclusion. My goal
was to identify processes involved in the assembly of Western Australian marine fish
communities, and to investigate changes in these processes over a latitudinal gradient. Fish
abundances were estimated using baited remote underwater video systems along the Western
Australian coast, spanning temperate to tropical regions. I describe the structure of Western
Australian marine fish communities and how structure relates to spatial scale and
environmental variables. Beta diversity and species abundance distributions were used to
assess the relative importance of the processes involved in assembly of fish communities. I
used a functional trait approach to identify the deterministic processes involved in fish
community assembly. The potential role of interspecific interactions in structuring the
communities was evaluated through joint species distribution modelling.
Beta diversity (β), the change in species composition among communities, can
elucidate the processes involved in community assembly. β diversity associated with
environmental gradients suggests deterministic processes, while changes in community
composition along geographical gradients implies dispersal limitation. Variation in β
diversity not explained by either environmental or geographical variables can be attributed to
stochasticity or unmeasured environmental variables. Partitioning of β diversity indicated
that within regional species pools, assembly mechanisms operate strongest at the local scale.
Neutral processes dominated in structuring fish communities, with a poleward gradient of
increasing environmental filtering and decreasing dispersal limitation mediating this
neutrality. Species abundance distributions confirmed the domination of stochasticity in
assembly mechanisms.
Functional diversity can also provide insights into community assembly processes.
The role of deterministic abiotic and biotic interactions in structuring communities can be
identified by the functional diversity of a community being less or greater than that expected
v

by chance respectively. Partitioning of functional diversity supported the results of
taxonomic beta diversity, with neutral processes prevalent. Within the fish communities,
traits associated with habitat use often demonstrated convergence and thus indicated abiotic
environmental filtering, while divergence of traits related to trophic resource acquisition
implied the effect of limiting similarity. The result of these two processes acting
concurrently may explain the large degree of stochasticity observed at both taxonomic and
functional levels of community organisation.
Joint species distribution modelling (JSDM) can estimate interspecific co-occurrences
beyond shared environmental preferences. High stochasticity was demonstrated by JSDM,
with the majority of heterospecific co-occurrences not departing from that expected by
chance. JDSM demonstrated increased ecological specialisation and greater co-occurrence
strengths among the temperate endemic species. Greater network modularity of tropical
communities suggests greater resilience of these communities to perturbations. Endemic
species were found to typically possess more central positions in co-occurrence networks,
which may be due to these species having coevolved in a region which has been relatively
stable over geological time.
Western Australian marine fish communities consist of two broad species pools: a
tropical Indo-Pacific fauna, and a largely endemic south and south-west coastal fauna.
Stochasticity was identified as a major process involved in the assembly of fish communities,
at both the taxonomic and functional levels of community organisation. Dispersal limitation
and environmental filtering are superimposed over this stochasticity in a latitudinal gradient
of dispersal limitation acting more strongly in the tropics, with environmental filtering
stronger in temperate communities. The latitudinal gradient in non-stochastic processes may
be a result of the differing evolutionary histories of the communities. This study has
established some general features of Western Australian marine fishes, further studies using
molecular approaches and/or temporal replication are required to elucidate the extent of the
role of co-evolution and priority effects in structuring contemporary communities.
Chapters 2, 3, and 5 of this thesis have been published or accepted in the peer reviewed literature
(Marine Ecology Progress Series 574: 157–166 and Marine Biology 165: 94, Global Ecology
and Biogeography 28: 1310-1324. My contribution was 90%, 95%, and 95% to these articles
respectively, with co-authors contributing 5% each. Chapter 4 is currently under review in
Oecologia.
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Chapter 1:
Introduction/Overview

“To do science is to search for repeated patterns, not simply to accumulate facts.”
– Robert MacArthur
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A major goal of ecology is to understand the rules that govern the assembly of ecological
communities, to elucidate the mechanisms which regulate heterospecific co-occurrence - the
determinants of community structure. Insights into the relative importance of various
community assembly processes enhance our understanding of ecosystem functioning and
improve our ability to predict responses of communities to disturbances, and thus augment
conservation and management efforts. Contemporary analyses in this field have been dominated
by studies focussing on flora in terrestrial systems. Our comprehension of how these processes
operate in the marine realm is comparatively deficient.
In a general sense, community assembly rules are the processes which form and maintain
local communities. Community assembly can be thought of as a series of ‘filters’ removing
species from a regional species pool generating a particular suite of species at a location. The
regional species pool is the suite of species with the potential to colonise a particular site
(Cornell & Harrison, 2014), and the species richness of the regional species pool is known as
gamma (γ) diversity (Kraft et al., 2011). While the ‘filters’ do not necessarily operate
sequentially, those generally thought to operate in assembling communities are dispersal, abiotic
filtering and biotic filtering (Figure 1.1). Dispersal limitation operates when community
composition is restricted to the subset of colonists of the species pool able to reach the site.
Dispersal limitation may be the result of a species’ innate dispersal abilities and/or
environmental barriers restricting movements (Heino et al., 2015). Abiotic filtering, or
environmental filtering, refers to the abiotic environment effectively filtering out species or
individuals which do not possess the required phenotypic attributes to persist at the site of
interest (Kraft et al., 2015). Biotic filtering includes interspecific interactions, such as limiting
similarity, where partitioning of resources results in ecological divergence of co-occurring
species (MacArthur & Levins, 1967). Thus, local communities are potentially the result of
several processes, often not operating in isolation (Figure 1.1).
These assembly processes can be broadly defined as either niche, or, neutral processes.
Both niche and neutral processes are involved and interact in the assembly of communities,
identifying the relative importance of each process is the focus of many contemporary studies
(Vellend et al., 2014). Niche processes are deterministic in nature and include environmental
filtering and limiting similarity. Neutral processes include dispersal limitation and ecological
drift. The unified neutral theory of biodiversity and biogeography (UNTB) (Hubbell, 2001),
proposes that under species equivalence, changes in community composition are the result of
demographic stochasticity, dispersal, and speciation, rather than differences in species
2

competitive abilities or phenotypic attributes. Similarly, the lottery hypothesis of Sale (1977,
1978), postulated that tropical reef fish communities were the result of species’ removal from
and colonisation into a community being stochastic with respect to species identity. Under
Sale’s model, while species are not considered ecologically equivalent, the existence of priority
effects, where the order of species arrival to a patch defines the community composition
(Fukami, 2015), allows for the persistence of species once established in a patch. Recent
theoretical studies, however, have described the potential for neutral patterns to result from niche
based processes (i.e. Falster et al., 2017).

Figure 1.1. Conceptual diagram of the filter concept of community assembly, where a local
community is the result of individuals passing through a series of ‘filters’.
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Beta diversity (β), the change in species composition among communities, is the link
between local (alpha, α) and regional (gamma, γ) diversities (Anderson et al., 2011) (Figure 1.2),
and has been proposed as a metric to elucidate the relative importance of assembly processes
(Myers et al., 2013). Partitioning of beta diversity, or species turnover, according to
environmental and spatial variables can distinguish between deterministic processes and
dispersal limitation. Deterministic processes will be reflected by β diversity being associated
with environmental gradients, while β diversity aligning with geographical gradients suggest
dispersal limitation (Myers et al., 2013) (Figure 1.2). Variation in β diversity not explained by
either environmental or geographical variables can be attributed to stochasticity or unmeasured
environmental variables (Vellend et al., 2014). This approach however cannot differentiate
between abiotic and biotic deterministic processes.

Figure 1.2. Conceptual diagram of beta (β) diversity. Regional (γ) diversity is the size of the
species pool, and alpha (α) is the species richness of the local communities, β diversity is the
change in species composition among local communities.
4

Functional diversity, the number and/or range of phenotypic and/or ecological traits in a
community (Tilman, 2001), can also provide insights into ecosystem functioning, community
assembly processes, and resilience to perturbations (Mouillot et al., 2007; Mason et al., 2013;
Teichert et al., 2017). Within a community structured through environmental filtering,
functional diversity is expected to be less than that expected by chance. Conversely, functional
diversity is expected to be greater than that expected by chance when limiting similarity is a
prominent process in structuring communities (Mouillot et al., 2007) (Figure 1.3). Functional
redundancy describes the occurrence of multiple species possessing similar traits, thus
establishing redundancy of ecological attributes, which can also be likened to the ecological
equivalence proposed by the UNTB (Hubbell, 2001). The reduced functional diversity resulting
from environmental filtering will confer greater functional redundancy in a community, while
conversely the increased functional diversity resulting from limiting similarity will result in
reduced functional redundancy (Mouillot et al., 2007) (Figure 1.3). Furthermore, functional
redundancy is expected to enhance ecosystem functioning resilience to perturbations, as multiple
species are able to perform the same, or similar, roles in the functioning of the ecosystem
(Teichert et al., 2017).
Ecological studies have typically focussed on negative heterospecific interactions, such
as predator-prey or competitive interactions, however, the prevalence of positive or facilitative
heterospecific interactions is becoming increasingly apparent (Michalet & Pugnaire, 2016),
although see McGill (2010) for a rationale behind average interactions in a community being
weak. Traditional interspecific co-occurrence metrics have suffered from being confounded with
environmental preferences of the species being considered, with positive or negative cooccurrences potentially being the result of similar or dissimilar environmental associations
respectively, as opposed to biotic interactions (Warton et al., 2015; Hui, 2016).

5

Figure 1.3. Conceptual diagram demonstrating the differences in communities structured
through environmental filtering or limiting similarity. The greater ecological similarity of
communities assembled through environmental filtering results in lower functional diversity,
and greater functional redundancy.

Joint species distribution modelling (JSDM) is an approach by which similarities or dissimilarities of environmental preferences among species are first identified, and residual
correlations, being interspecific co-occurrences beyond that expected from the (dis) similarity in
environmental preferences, are then calculated. Joint species distribution modelling thus reveals
heterospecific associations beyond that of abiotic filters. Another approach recently
incorporated by community ecologists is network analysis or graph theory, which provides a
representation of the co-occurrences between multiple species (Figure 1.4). This method allows
estimation of a communities’ resilience to disturbances, and identifies key species in community
structure (Kaiser-Bunbury & Blüthgen, 2015; Lau et al., 2017). At the network or community
level, the ‘modularity’ of a network refers to the extent to which species co-occurrences create
modules of species which interact with others in their module, and little with species outside the
6

module (Borthagaray et al., 2014). Increased modularity is thought to confer resilience to
perturbations through increased redundancy of interactions. At the species level, key species can
be identified through indices such as centrality, which measures a species importance in the
network through aspects such as number of connections to other species, the strength of these
connections, and the importance of the species to which it is connected (Jordán et al., 2008).
Further features, such as phylogenetic relationships or functional traits, can then be incorporated
to further explore or explain network features (Pellissier et al., 2018).

Pairwise
correlations of
Species
environmental
preferences

Species
x
sample
matrix

JSDM
Environment
x
sample
matrix

Network indices
- network modularity
- species’ centrality

Species pairwise
co-occurrences
beyond
environmental
(dis)similarities

Network

Figure 1.4. Flow diagram describing the application of joint species distribution modelling
and network analyses to identify ‘modules’ of co-occurring species, and key species in the
ecological network.

The purpose of this thesis was to identify the relative importance of the processes
involved in the assembly of Western Australian marine fish communities, and to contrast these
results between temperate and tropical environments. This is presented as four data chapters,
7

with the results of each compiled in an overall discussion, with implications considered. As this
thesis is largely based on a single dataset, and three chapters have been published, there is some
repetition in the introductions and methodologies among the chapters. The data available for this
study does possess some limitations. Collection of biological data over the geographical extent
considered in this study presents logistical challenges and thus there is temporal variability in
sampling activities among sampling locations. In addition, the use of bait may have influenced
the observed assemblages. The influence of sampling method on the functional characteristics of
the assemblages is investigated in Chapter four.

Chapter 2: Species pools and habitat complexity define Western Australian marine
fish community composition
Chapter two describes the structure of Western Australian marine fish communities over
a ≈15° latitudinal gradient, from tropical to warm temperate ecosystems. Results are consistent
with previous studies; however, this study builds upon our knowledge of this region by
incorporating fish abundances and habitat features into the analyses and considering the
influence of environmental and geographic variables at two spatial scales.

Chapter 3: Latitudinal gradients of dispersal and niche processes mediating neutral
assembly of marine fish communities
Chapter three reports investigations into the processes assembling the marine fish
communities, in particular considering the relevance of the UNTB (Hubbell, 2001) and the
lottery hypothesis (Sale, 1977, 1978). The importance of environmental and spatial gradients in
driving changes in community composition (β diversity), was compared between temperate and
tropical locations. Turnover along environmental gradients represents deterministic processes
(i.e. habitat filtering, biotic interactions), while turnover along geographic gradients suggests
dispersal limitation. Species abundance distributions and the degree of species’ niche
specialisation were analysed to assess the importance of neutral processes and ecological
equivalence of species in structuring communities.

8

Chapter 4: Environmental filtering and limiting similarity of trophic resources
concurrently act upon separate functional traits in the assembly of marine fish
communities
Chapter four used functional traits to evaluate the potential for priority effects and further
investigate the relative importance of stochastic and deterministic processes in shaping the
marine fish communities. If niche processes are operating, but smothered by priority effects at
the taxonomic level, these niche processes may be evident at the functional level. The extent to
which environmental filtering and limiting similarity act upon functional traits was examined to
partition the deterministic processes involved in community assembly and assess the degree of
functional redundancy in the marine fish communities.

Chapter 5: Evolutionary histories impart structure into marine fish heterospecific cooccurrence networks
Chapter five used network analysis and heterospecific co-occurrence patterns to further
assess the structure of the communities, and to relate the network topologies to the vulnerability
of these communities to perturbations. In addition, potential keystone species were identified
within the communities. Keystone status was then assessed with reference to a species’ degree
of endemism and vulnerability to fishing activities.
The final chapter discusses the relevance of this study to the major themes outlined
above. I give an overview of processes defining local fish assemblages and the implications for
both marine conservation/management and theoretical community ecology.
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Chapter 2:
Species pools and habitat complexity define Western
Australian marine fish community composition
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Abstract
Previous studies describing Western Australian marine fish fauna have been either (1) broadscale biogeographical descriptions or (2) considered smaller spatial extents and assessed the
influence of local habitat variation on fish assemblage structure. This study simultaneously
considered the relative effects of geographical distance and environment in structuring the
Western Australian ichthyofaunal assemblages across spatial scales. Abundances of 440 species
were estimated from baited underwater video sampling. Kruskal-Wallis tests were used to test
for changes in species richness among locations. Changes in community composition relating to
environmental and spatial gradients were analysed using multivariate regression trees. Species
richness displayed a non-monotonic decrease along the expected north−south geographical
gradient. At the broadest scale, 2 distinct assemblages were detected, the Indo-Pacific tropical
ichthyofauna and a temperate assemblage with varying degrees of local endemism. Space was
the greatest influence on the structure of fish assemblages in tropical localities, but local habitat
properties were more important in temperate locations. At the biogeographic scale, in Western
Australia, the elsewhere widespread Indo-Pacific ichthyofauna has a restricted distribution, while
temperate species have greater geographical ranges. This difference may be attributed to the
greater environmental heterogeneity seen among tropical locations in this study, creating less
continuous suitable habitat for species. Within locations, habitat was found to be the greatest
driver of assemblage structure, suggesting the importance of habitat filtering as a process
structuring ichthyofaunal assemblages at smaller spatial scales.
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Introduction
Ecological communities often demonstrate structural changes along environmental and
geographic gradients (Gaston 2000) and understanding the cause of these changes is one of
community ecology’s central goals. One of the strongest patterns found in ecological and
biogeographical studies is a decrease in species richness from low to high latitudes (Rohde 1992,
Gray 2001). In agreement with this global pattern, Western Australia’s marine ichthyofauna
displays an overall poleward decrease in species richness (Hutchins 2001, Last et al. 2011), but
this decrease is not monotonic, with Fox & Beckley (2005) noting increased richness in the
Abrolhos Islands, in the Perth region, and around Rottnest Island. Endemism is richest in the
south and decreases northward (Hutchins 2001, Fox & Beckley 2005), with similar patterns
recorded for fishes, corals, molluscs, and algae (Hutchins 2001, Phillips 2001, Fox & Beckley
2005, Last et al. 2011, Wernberg et al. 2011), likely reflecting a common marine influence.
The major oceanographic feature in this region is the Leeuwin Current, an anomalous,
non-reversing poleward current on the eastern boundary of an ocean (Waite et al. 2007). This
current suppresses any significant upwelling, creating an oligotrophic marine environment
(Pearce 1991). The low productivity is further augmented by the lack of significant terrigenous
nutrient input due to typically low rainfall and few large river systems (Caputi et al. 1996). The
Leeuwin Current also promotes movement of tropical fish faunas south, mixing the typically
widespread tropical Indo-Pacific fish species with endemic southern Australian forms, which in
part accounts for high species richness in the Abrolhos Islands and at Rottnest Island.
Diversity in southwestern Australian endemic marine fish communities reflects a long
period of continental isolation since the breakup of Gondwanaland and subsequent tectonic
stability in southwestern Australia. The southern Australian endemic species evolved in a region
consisting of a relatively homogeneous environment which experienced little or no tectonic
activity or glaciation during the Cenozoic and Pleistocene periods, resulting in a coevolved
endemic ichthyofauna with similar environmental niches. The high levels of diversity and
endemism are thought to have originated as a result of the pulsing nature of the Leeuwin Current
since the Eocene; fluctuations in sea level, creating new habitats or splitting ranges; and larval
supply from two distinct ichthyofaunas (Poore 1995, McGowran et al. 1997, Phillips 2001): (i)
globally distributed Indo-Pacific fish faunas found in tropical north-western Australia and (ii)
southern endemic faunas.
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Sharp faunal breaks in the fish communities occur as a result of abrupt changes in
environmental attributes along Western Australia’s tropical and sub tropical coastlines. These
steep gradients are super imposed over the expected north to south declines in temperature and
changes in broad climate types (Barry & Dayton 1991). This is in contrast to patterns observed
in the Great Barrier Reef on the eastern coast of Australia, where Cappo et al. (2007) reported
slight latitudinal changes in marine vertebrate communities over 14 degrees of latitude. Along
the Western Australian coast, Dampier and Barrow Island are characterised by a turbid
macrotidal environment, receiving little wave energy (Jones & Syms 1998). Ningaloo Reef,
with its northern tip ~160 km southwest of Barrow Island, is characterised by clear waters, high
wave energy, and a mesotidal regime (Cassata & Collins 2008). Shark Bay possesses a distinct
environment; water within the bay is often hypersaline with a microtidal regime (<1 m), and
much of the bay is not subject to swell (Walker et al. 1988). The Abrolhos Islands, located ~60
km offshore from the coast at the continental shelf break, are strongly influenced by the Leeuwin
Current and contain the Indian Ocean’s most southern true coral reefs (Watson et al. 2009,
Watson & Harvey 2009). This feature results in the Abrolhos having a flora and fauna very
different from mainland coastal sites at comparable latitudes, though the Abrolhos also support
some temperate macroalgae, e.g. Ecklonia radiata (Johannes et al. 1983). In contrast, the
Western Australian marine environment from Jurien Bay to Esperance is relatively
homogeneous, with rocky reefs dominated by E. radiata. These reefs are composed of limestone
on the western coast and limestone and granite along the southern coast (Kendrick 1999,
Wernberg et al. 2003).
While past studies of the Western Australian ichthyofauna have established broad
biogeographic trends in marine fish community structure, the effects of habitat complexity and
abundances of species were not used to explain the trends observed (e.g. Hutchins 2001, Fox &
Beckley 2005, Last et al. 2011). When environmental features were taken into account, the
spatial extent of these studies was relatively restricted (e.g. Fitzpatrick et al. 2012, Harvey et al.
2013, McLean et al. 2016), habitat was coarsely defined (e.g. Travers et al. 2010, Smith et al.
2014), or only a single family of fishes was considered (e.g. Tuya et al. 2009). Patterns of
diversity in marine fishes have been demonstrated to be related to changes in the physical
complexity of the associated substrate (e.g. Pérez-Matus et al. 2007, Hackradt et al. 2011), with
richness generally increasing with habitat complexity and assemblage composition changing
with both structural complexity of the substrate and the species composition of the benthos
(Gratwicke & Speight 2005, Friedlander et al. 2007). The incorporation of species abundances,
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as opposed to presence/ absence measures or species richness, into explanations of changes in
diversity with gradients in habitat complexity provides greater detail of the habitat preferences of
the observed species, helping define the preferred habitat of each species (Morris 1988, Brown et
al. 1995, Fulton et al. 2016).
This study was performed to test the predictions that, as a result of the differing
evolutionary histories of the temperate and tropical Western Australian ichthyofauna, the
patterns of habitat association and spatial distribution of the faunas within Western Australian
waters will differ; specifically, (i) habitat complexity will be a strong driver of community
composition in both temperate and tropical faunas; (ii) the relative homogeneity of the temperate
marine environment will result in greater spatial ranges of temperate endemic fish species, with
overlapping habitat affinities among these species; and (iii) tropical ichthyofauna will
demonstrate greater spatial structuring due to rapid changes in local environmental conditions,
with the effect of habitat complexity superimposed on this feature within locations.

Materials and methods
Sampling
Fish abundances were estimated from 12 locations spanning tropical to temperate marine
environments along the Western Australian coastline (Esperance [34.02°S, 123.34°E] to
Dampier [20.46°S, 116.72°E]) from April 2006 to March 2010 (Figure 2.1, Table 2.1).
Abundances of fishes were estimated from 2336 samples taken using stereo baited remote
underwater video systems (stereo BRUVS). While species selectivity differs among sampling
methods, Cappo et al. (2004) identified that changes in the structure of fish communities were
comparable between trawl and BRUVS methods, with BRUVS sampling a greater size spectrum
of families. Video cameras were deployed at least 250m apart on the seafloor and collected after
1hour. Bait was ~800 g of crushed pilchards Sardinops sagax, placed in a bait bag in front of
each unit. Using EventMeasure (SeaGIS) to analyse the footage, fish were identified to species
level where possible, and the maximum number of individuals within a given footage frame
(MaxN) was calculated for each species to avoid recounting the same individual (Cappo et al.
2004). Details of stereo BRUVS and footage analyses procedures are outlined in other studies
(e.g. Harvey & Shortis 1996, 1998, Langlois et al. 2012, McLean et al. 2016).

17

Figure 2.1. Locations sampled along tropical to temperate marine environments of Western
Australia. Regions follow Last et al. (2011).
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Table 2.1. Summary of sampling design and study location attributes.
Location
Dampier
Barrow Island
Ningaloo
Shark Bay
Abrolhos Islands
Jurien
Rottnest Island
Cape Naturaliste
Broke Inlet
Albany
Bremer Bay
Esperance

# Samples
393
172
222
287
166
144
168
138
139
164
180
164

Dates Sampled
Aug-08
Mar-10
04,05&07/2006
Sep-09
May-07
05&08/2007
Sep-07
02&03/2007
Feb-08
Nov-07
Nov-07
Nov-07
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Latitude Range
20.35° S - 20.58° S
20.65° S - 20.94° S
21.89° S - 22.64° S
26.00° S - 26.18° S
28.65° S - 28.87° S
30.19° S - 30.36° S
31.97° S - 32.06° S
33.48° S - 33.72° S
34.96° S - 35.10° S
34.92° S - 35.07° S
34.14° S - 34.31° S
33.95° S - 34.12° S

Longitude Range
116.83° E - 116.54° E
115.60° E - 115.37° E
113.97° E - 113.57° E
113.29° E - 113.16° E
114.05° E - 113.87° E
114.97° E - 114.64° E
115.54° E - 115.32° E
115.03° E - 114.91° E
116.43° E - 116.25° E
118.30° E - 118.10° E
119.75° E - 119.56° E
123.42° E - 123.23° E

Depth and position of each sample were recorded using an on-board depth sounder and
GPS. Sample depths ranged from 0.5 to 109 m (Figure S1.1 - Figure S1.12). Samples in
southern regions were generally deeper than those in northern regions, with the exception of
samples collected at Ningaloo (Figure S1.1 - Figure S1.12). Habitat characteristics were
categorised in the laboratory from BRUVS imagery. Relief was categorised as either highprofile reef (HPR), medium-profile reef (MPR), low-profile reef (LPR), sand-inundated reef
(SIR), or flat (FLAT). Benthos was categorised as either canopy-forming algal assemblages
(CA), coral (CO), foliose algal assemblages (FO), sand (SA), seagrass (SG), or sessile
invertebrates (SI).

Statistical analyses
Species accumulation curves created using the vegan package in R version 2.13.1 (R
Development Core Team 2011) were calculated for each location and confirmed that sampling
had captured an adequate representation of fish assemblages present (Figure S1.13). To test for
differences in species richness among locations, Kruskal-Wallis tests were performed, followed
by false discovery rate corrected pairwise comparisons (Benjamini & Hochberg 1995) using the
coin package (Hothorn et al. 2008) and supplementary code provided by Mangiafico (2015).
Multivariate regression trees (MRTs) (De’ath & Fabricius 2000, De’ath 2002) were used
to assess the effect of spatial and environmental variables on fish assemblage structure. The
minimum cross-validated relative error (De’ath 2002) was used to determine the number of
terminal nodes. The resulting trees were then interactively pruned (Andersen et al. 2000). MRT
analysis was conducted using the mvpart package (Therneau & Atkinson. 2011). The relative
abundance data were Hellinger transformed (Legendre & Gallagher 2001) to decrease the
influence of abundant species and account for the large number of zeros in the data (Borcard et
al. 2011), which is appropriate for least squares methods such as regression trees (Legendre &
Gallagher 2001). The transformed data were then used to analyse the effect of space and
environment on the fish assemblage structure at two spatial scales. Location (categorical),
latitude, and longitude were included in these analyses to account for spatial effects on
assemblage structure. Environmental variables were relief and benthos as categorical variables,
while depth was a continuous variable. To investigate changes in ecological patterns with
changes in spatial scale of observation, subsequent MRT analyses were performed on Hellingertransformed abundance data at each location.
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Indicator species were identified using the IndVal index (Dufrene & Legendre 1997),
calculated via the labdsv package (Roberts 2010). This procedure identifies species associated
mostly with a particular group based on a species’ fidelity and specificity to the group (Borcard
et al. 2011), in this case, the groups were terminal nodes of the MRT. Permutation tests were
then used to test for significant differences (Borcard et al. 2011).
To compare the distribution (number of sampled locations a species was detected in) of
species observed among locations, a two-sample Cramer-von Mises test was performed using the
CvM2SL2Test package (Xiao & Cui 2010). All analyses were performed using R version 2.13.1
(R Development Core Team 2011).

Results
Overall description
In total, 115,972 individuals from 440 species and 75 families were used in the analyses.
Labridae was the family most often observed at most locations. At Broke Inlet, Albany, and
Esperance, Monocanthidae was the dominant family. Other common families in southern
locations were Carangidae, Kyphosidae, Pomacentridae, and Serranidae. Acanthuridae,
Carangidae, Chaetodontidae, Lethrinidae, Lutjanidae, Pomacentridae, Scaridae, and Serranidae
were common in the northern locations. Nelusetta ayraudi was the most abundant species, with
12,559 individuals observed, followed by Trachurus novaezelandiae (9068), Coris auricularis
(6101), and Pentapodus vitta (6033). Following this, total abundance counts rapidly decreased
due to the large geographical range of the study and the large number of rare species found in
Western Australian marine fish assemblages. The majority of species identified in samples were
rare, being observed in less than 100 samples (Figure S1.14).

Species richness
Species richness differed among locations (Figure 2.2; Kruskal-Wallis test, p < 0.001). Although
species richness declined along the geographical gradient sampled (e.g. mean of 11.094 at
Dampier significantly higher than mean of 4.390 at Esperance; Kruskal-Wallis test, H = 4.390,
adjusted p < 0.001), this decrease was not monotonic. A spike in richness was observed at
Rottnest Island (mean of 10.696) and Cape Naturaliste (mean of 11.072; Figure 2.2).
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Figure 2.2. Number of species observed in samples for each of the locations along a circa latitudinal gradient (from left to right) at the Western
Australian coast (see Figure 2.1). Letters above boxes correspond to locations not significantly different through pairwise tests. Solid lines
represent medians; boxes represent first and third quartiles; whiskers indicate minimum and maximum values; open points represent outliers. Da.:
Dampier; Ba. Is.: Barrow Island; Ni.: Ningaloo; Sh. B.: Shark Bay; Ab. Is.: Abrolhos Islands; Ju.: Jurien; Ro. Is.: Rottnest Island; C. Na.: Cape
Naturaliste; Br. I.: Broke Inlet; Al.: Albany; Br. B.: Bremer Bay; Es.: Esperance.
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Geographical patterns in assemblage structure
Regression tree analysis split the samples into two distinct groups associated with temperate and
tropical faunal boundaries (Figure 2.3). Samples from locations in the western coast overlap
zone (Abrolhos Islands and Shark Bay) (Fox & Beckley 2005) grouped with the tropical
samples. Samples falling within the temperate grouping were further divided into two distinct
subgroups based on topography (Figure 2.3). Within the subgroup defined by soft substrates, the
160 samples from Bremer Bay were distinct from the samples from all of the other temperate
locations. Within the subgroup defined by hard substrate, samples from Jurien Bay and Rottnest
Island were distinct from the other samples in this temperate subgroup. The tropical group was
divided into two subgroups based on geographical location (Figure 2.3), resulting in the
separation of Shark Bay and Abrolhos Islands samples from those taken at Dampier, Barrow
Island, and Ningaloo. Samples taken from Shark Bay were distinct from those collected from
the Abrolhos Is lands. Similarly, samples from Ningaloo were distinct from those from Barrow
Island and Dampier, confirming the importance of geographical location for explaining
variability in tropical species assemblages in Western Australia.

Geographical patterns in species distributions
My analysis identified 288 indicator species (Table S1.1) associated with 17 terminal nodes in
the MRT (Figure 2.3). A large proportion of the indicator species defining the terminal nodes in
the temperate grouping were endemic to Western Australia and/or southern Australia. The
proportion of endemic species at each location reflected the results obtained for the indicator
species (Figure 2.4). These endemics were generally widely distributed among the temperate
locations (Figure 2.5), with the highest number of Western Australian endemics found at Jurien
and the highest number of southern Australian endemic species found from Cape Naturaliste to
Esperance. For most of the southern locations, the greatest proportion of species was observed
in seven locations in total, while Rottnest Island’s greatest proportion of species was observed in
six locations (Figure 2.5). The distinctness of the assemblages among northern locations is
further demonstrated by Dampier, Barrow Island, Ningaloo, Shark Bay, and Abrolhos Islands
having their greatest proportion of species found in one (Ningaloo), two (Dampier and Barrow
Island), three (Abrolhos Islands), or four (Shark Bay) locations (Figure 2.5, Table S1.1).
Concerning the degree of similarity among locations with respect to the geographical distribution
of species observed at each location, all of the northern locations were found to be significantly
different in all pairwise comparisons, with the exception of the Abrolhos Islands (Table S1.2).
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The Abrolhos Islands were found to differ only from Broke Inlet, Bremer Bay, and Esperance,
while the southern locations differed from northern locations, but no differences were detected
among the southern locations (Table S1.2).

Microgeographical patterns in assemblage structure
At the microgeographical scale, assemblages were less predictable than the broad geographical
patterns observed in the coarse-scale MRT (Figure 2.3). This is demonstrated by the reduced
variability explained by the fine-scale MRTs (Table 2.2, Figure S1.15 - Figure S1. 26). However,
the first split of the fine scale trees often explained more variability than the first split at the
coarse scale. This result reflects the dominating effect of a particular environmental variable at
the microgeographical scale. Within locations, habitat complexity appears to be the major
determinant of the fish assemblages, manifesting itself through relief or benthos, but with depth
being the major determinant of the assemblages at three locations (Ningaloo, Abrolhos Islands,
and Broke Inlet) (Table 2.2).
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Figure 2.3. Coarse-scale multivariate regression tree displaying the effects of space and environment on the fish assemblages along the tropical and
temperate coast of Western Australia. Location abbreviations as in Figure 2.2. LOC.: location; REL.: relief; HPR: high-profile reef; MPR: mediumprofile reef; LPR: low-profile reef; SIR: sand-inundated reef; FLAT: flat substrate; DEP.: depth; LAT.: latitude; LON.: longitude.
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Figure 2.4. Percentage of species from each location (abbreviations as in Figure 2.2) classified as
either widely distributed or endemic to northwestern Australia, Western Australia, southern
Australia or Australia and New Zealand

Figure 2.5. Distribution of species observed at each location across all 12 locations sampled (see
Figure 2.1), expressed as the percentage of species from a particular location also occurring at 1
to 11 of the other locations.
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Table 2.2. Summary of fine-scale multivariate regression trees describing the variability in fish community composition at 12 locations along the
Western Australian coast.
Location
Dampier
Barrow Island
Ningaloo
Shark Bay
Abrolhos Islands
Jurien
Rottnest Island
Cape Naturaliste
Broke Inlet
Albany
Bremer Bay
Esperance

Total variability
explained
13.1
16.7
21.5
26
22.5
22.9
30.8
24.6
17.6
24.6
52.8
20.3

Variability explained by
primary split
6.08
9.06
10.27
8.9
12.12
12.24
8.95
12.37
10.33
11.45
16.13
11.07
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Total variability explained by
primary split (%)
46.41
54.25
47.77
34.23
53.87
53.45
29.06
50.28
58.69
46.54
30.55
54.53

Primary split
variable
Relief
Benthos
Depth
Relief
Depth
Relief
Relief
Relief
Depth
Relief
Relief
Benthos

Total # splits
5
8
7
10
4
4
9
6
4
6
7
4

Discussion
The Western Australian ichthyofaunal assemblages were separated into two main groups in the
coarse-scale MRTs (Figure 2.3), supporting the expected finding of two regional species pools
along this coastline (Hutchins 1994, 2001, Fox & Beckley 2005). The northern tropical locations
(Dampier, Barrow Island, Ningaloo, Shark Bay, and Abrolhos Islands) were generally populated
by Indo-Pacific ichthyofauna. The southern temperate fish assemblages, inhabiting the Jurien,
Rottnest Island, Cape Naturaliste, Broke Inlet, Albany, Bremer Bay, and Esperance locations,
were characterised by southern endemic species.
Comparable to studies from other regions, I found habitat complexity to influence the
structure of marine fish assemblages in both temperate and tropical regions (Pérez-Matus et al.
2007, Hackradt et al. 2011). Increased habitat complexity is thought to increase resources
including food, shelter, and suitable environments for larval settlement and nesting sites
(Holbrook et al. 1990, Garcia Charton & Perez Ruzafa 1998, Jones & Syms 1998, Steele 1999,
Angel & Ojeda 2001). As habitat complexity was an observational measure rather than a
manipulated variable in this study, the means by which it influenced the ichthyofaunal
assemblages and the relative importance of this influence can only be inferred (Hothorn et al.
2011).
The southern location ichthyofauna varied less among locations than tropical faunas and
possessed a greater proportion of endemic species than northern localities (Figure 2.3 & Figure
2.4). Southwestern Australia has been found to be a hotspot for both diversity and endemism in
the marine realm (Phillips 2001, Fox & Beckley 2005). The southern endemic species
coevolved in a region of relatively spatially homogeneous environments: they have greater
geographic ranges and more niche overlap than their tropical counterparts. The occurrence of
southern species was primarily defined by substrate relief, i.e. reef or not reef, throughout the
southern locations shown by the major branch within the temperate (left) side of the MRT
(Figure 2.3). Understanding exactly how these species have evolved requires the marriage of
these data on habitat use and specialisation with phylogenetic approaches that define both
relationships and the temporal history of diversification. Using molecular clock patterns of
diversification can be tied to historic climate shifts and topography but generally lack any
associated ecological resolution (e.g. Catullo & Keogh 2014). Fraser et al. (2009) made a
limited contribution in the marine realm analysing diversification in kelps between western and
eastern Tasmania. A prominent southward-flowing eastern coast tropical current and a western
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coast temperate current maintained isolation between populations initially separated by
Pleistocene sea level fluctuations, but considered only one kelp species and gave no clues to how
differences observed might be adaptively related to ecological and environmental differences.
The high location specificity of the Indo-Pacific ichthyofauna in tropical Western
Australia reflects rapid change in the marine environment of Western Australia’s northwestern
region over small geographical distances. The fish assemblages within the area identified as the
western coast overlap zone (Shark Bay and Abrolhos Islands) (Walker et al. 1988, Fox &
Beckley 2005) were included with the more northern locations in the first branch of the MRT
(Figure 2.3) yet were distinct enough to separate in the next branch. The species which
constitute the ichthyofauna in the tropical locations sampled are a subset of the diverse IndoPacific fauna which have evolved in other tropical regions and have colonised northern
Australia. The structure of the tropical communities differs from that of the temperate
assemblages in that the gradients in coarse environmental variables (i.e. turbidity, wave
exposure) result in distinct subsets of the tropical fauna at locations, likely reflecting the
environments they evolved in. Within these locations, habitat complexity then defines
assemblage composition.
Building on earlier studies (e.g. Hutchins 2001, Fox & Beckley 2005), this study has
improved our understanding of broad-scale ecological patterns of Western Australian marine fish
assemblages. In contrast to other biogeographical studies of Western Australian marine fish, this
study concurrently incorporated measures of abundance, multiple environmental characteristics,
and spatial scale. Incorporation of abundance and environmental data provided greater insight
into the habitat associations of species and the scale at which coarse or fine environmental
variables structure the communities. Integration of environmental characteristics and
abundances elucidated the coarse environment filtering seen in the tropical species, e.g. turbid
tidal waters at Dampier or clear oceanic waters at Ningaloo, with finer-scale habitat complexity
structuring communities within the locations. Conversely, the temperate assemblages are
primarily structured by the presence or absence of hard substrate, with less-defined changes in
the communities over broad spatial gradients. These results demonstrate that processes which
structure fish assemblages in Western Australia differ between temperate and tropical
environments, with the scale at which these processes act also differing.
Effective management of marine resources and their conservation values demands an
understanding of (1) how those resources are distributed and how the fish fauna use the
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environment, (2) the unique and general historical patterns they illustrate at both continental and
global scales, and (3) run-on unique ecological attributes which particular species or assemblages
possess. These results provide a useful contribution to the understanding of these issues in a
region where there are well-established fisheries, and serious attempts to develop good
management strategies across the whole region considered by this study (e.g. Fletcher et al.
2010, McClanahan et al. 2011).
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Chapter 3:
Latitudinal gradients of dispersal and niche processes
mediating neutral assembly of marine fish
communities
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Abstract
Elucidating the relative importance of niche and neutral processes in structuring ecological
communities is a major goal of ecology. I considered multiple components of community
structure (beta diversity, species abundance distributions, and niche specialisation) and spatial
scales to identify the processes structuring marine fish communities along a tropical to temperate
gradient. Beta diversity was explained by local scale environmental and spatial variables, with
geographic distance and environmental gradients being stronger drivers of species turnover in
tropical and temperate study areas, respectively. Species abundance distributions found a
significant component of community structure in all regions to not differ from that expected by
chance. Niche specialisation was more prevalent among the endemic, temperate fish species
than in tropical fishes. These results support a strong neutral component of marine fish
community assembly, regardless of bioregion. A change in importance from dispersal limitation
to niche filtering processes was found from tropical to temperate communities, superimposed
over neutrally assembled marine fish communities.
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Introduction
Understanding the processes by which communities are assembled and how these processes
differ over spatial, environmental, or temporal gradients is one of the fundamental pursuits of
community ecology (Hutchinson 1959). The contemporary belief is that niche and neutral
processes exist as opposing ends of a continuum that determine community assembly (Chase and
Myers 2011; Vellend et al. 2014). Both processes are involved and interact in the assembly of
ecological communities, the relative importance of each is the feature often differing among
ecosystems. Understanding the balance between these processes has been the motivation of
many recent studies (e.g. Chase and Myers 2011; Myers et al. 2013; van der Plas et al. 2015;
Viana et al. 2016). Niche processes are those such as environmental filtering and inter-specific
competition (Stegen et al. 2013), where species without suitable phenotypes or traits are not able
to establish or persist in a particular environment (Keddy 1992). Neutral processes are features
such as ecological drift (Vellend et al. 2014), or priority effects, where early colonising species
influence the success of subsequent colonisers (Fukami 2010).
Inspired by the theory of island biogeography (MacArthur and Wilson 1967), Hubbell’s
(2001) unified neutral theory of biodiversity and biogeography (UNTB), in which species are
deemed ecologically equivalent, is based in the neutral assembly of communities and provides a
null hypothesis to test observed patterns against (Hubbell 2006). In the UNTB, differences in
species composition among communities are a result of demographic stochasticity, dispersal, and
speciation, as opposed to species’ ecological competitive abilities, and thus represents dispersalbased (or recruitment limited) structuring of communities (Etienne 2005; Matthews and
Whittaker 2014). Hubbell’s neutral model is composed of two parameters, θ and m, the former
being the ‘fundamental biodiversity number’ or richness of the species pool, and the latter a
measure of dispersal limitation or immigration probability (Hubbell 2001). A further prediction
of the UNTB is that species coevolving in species rich communities structured through dispersal
limitation are likely to be functionally equivalent ecological generalists. This can occur as a
result of conspecific individuals often being associated with different assemblages of species,
and thus no consistent selection for niche differentiation, resulting in generalist species adapted
to long term average environmental conditions (Hubbell 2006).
Complementary to Hubbell’s (2001) neutral theory, the lottery hypothesis of Sale (1977,
1978) proposed that community assembly of tropical reef fishes was the result of stochastic
removal from and colonisation into the community by an individual. As with the UNTB, the
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lottery hypothesis has similarities to MacArthur and Wilson’s (1967) theory of island
biogeography. Although the competitive abilities of species may differ, the existence of strong
priority effects allows the persistence of an individual in a particular habitat once successfully
settled from the larval phase (Ebeling and Hixon 1991). While this hypothesis implies a strong
effect of stochastic processes in structuring communities, due to the random nature of vacant
habitat becoming available and successful settlement from the larval pool (Hixon 2011; Sale
1978), the effect of dispersal limitation is likely to be enhanced in communities adhering to this
assembly rule (Louette and De Meester 2007). Conversely, in temperate marine fish
communities, niche filtering (Levin 1993) has been found to structure the communities, through
either abiotic (Pérez-Matus and Shima 2010) or biotic effects (Johnson 2006).
Beta (β) diversity, the change in species composition along an environmental or spatial
gradient, is the link between local [alpha (α)] and regional [gamma (γ)] diversities (Anderson et
al. 2011). β diversity can be partitioned into turnover and nestedness components, the former
being changes in species composition, and the latter when species in one sample are a subset of
those observed in another (Baselga 2010). When combined with a null model approach, which
provides the extent to which observed results deviate from that expected by chance (Chase et al.
2011), and variation partitioning methods (Legendre et al. 2009), β diversity has been advocated
as a method to estimate the relative importance of neutral and niche processes in the assembly of
communities (Myers et al. 2013; Tucker et al. 2016). A null model approach is necessary to
compare patterns of β diversity among regions with varying γ diversity (size of species pools)
(Chase and Myers 2011). However, constraining γ and α diversities in null model approaches
has the potential to influence the β diversity results obtained from the null model (Ulrich et al.
2017).
Changes in β diversity associated with changes along environmental gradients have been
attributed to deterministic processes (often referred to as environmental filtering), caused by
differences in the relative fitness of species in different environments (Stegen et al. 2013;
Vellend 2010). Changes in β diversity over geographical distances are thought to be the result of
limited dispersal or spatially structured environmental variables (Hurtt and Pacala 1995; Myers
et al. 2013); the former is Hubbell’s (2001) “dispersal-assembly” model Variability in β
diversity, unexplained through variance partitioning, can be attributed to neutral processes such
as ecological drift, sampling effects due to different numbers of species with the potential to
colonise sites within a region (species pools), and unmeasured environmental variables (Kraft et
al. 2011; Myers et al. 2013; Vellend 2010; Vellend et al. 2014). Patterns in β diversity, however,
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cannot be directly used to infer process and should be used in conjunction with complementary
approaches (Myers and LaManna 2016; Tucker et al. 2016).
Scale often has a profound effect on the processes being observed in ecological studies
(Levin 1992; Trisos et al. 2014). As the spatial scale of the study increases, so does the time
frame of operation of the processes responsible for the patterns observed, with broad-scale
patterns resulting from speciation and extinction events, and finer-scale patterns the result of
more contemporary processes (Jenkins and Ricklefs 2011). Environmental variables can appear
more important than spatial variables at coarse scales, as the heterogeneity of the environment
being considered will often increase as the spatial extent considered increases (Gilbert and
Lechowicz 2004; Jones et al. 2006). This is observed when changes in communities corresponds
more to changes in environmental variables, than geographic distance. The effects of dispersal
limitation often become more apparent at finer scales due to a decrease in environmental
heterogeneity relative to coarser scales, increasing the apparent importance of spatial variables
(Arellano et al. 2016).
Chapter 2 found distinct marine fish assemblages among the tropical locations sampled,
and the temperate assemblages were defined by environmental variables, along a temperate–
tropical gradient associated with the Western Australian coastline. The broad-scale patterns
were thought to be a result of tropical species colonising suitable environments in a region of
high environmental heterogeneity, but the temperate species, many of which are endemic, have
co-evolved in a region of relative geological stability and habitat homogeneity.
Recent studies of community assembly have typically been (i) performed on terrestrial
plants and (ii) spatially restricted within a particular ‘climatic region’. Therefore, this study
extends knowledge by (i) being in the marine realm, (ii) having replicate ‘locations’ within three
bioregions across major climate regions—temperate to tropical, and (iii) by using an hierarchical
analysis to identify the spatial scale at which geographical distance and/or environmental
processes are relevant to the community assembly of marine fishes. This study was performed to
reveal the scale at which assembly processes operate most strongly, and the relative importance
of neutral, niche, and dispersal processes in determining the assembly of communities of marine
fishes along a latitudinal gradient encompassing three bioregions. I expected that (i) based on
the UNTB hypothesis of Hubbell (2001) and the lottery hypothesis of Sale (1977, 1978), neutral
processes would be a strong component in the assembly of fish communities, and (ii) considering
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the results of Chapter 2, I expected that dispersal limitation would display greater dominance in
tropical locations, while niche processes would be of greater importance in temperate locations.

Materials and methods
Sampling
Fish abundances
Fish abundances were estimated through multiple recordings made with baited remote
underwater video stereo systems (BRUVS) at 11 nearshore locations along the Western
Australian continental shelf. Study locations were allocated to one of three bioregions: “North”,
“Central”, or “South”, based on Spalding et al. (2007) and Last et al. (2011) (Figure 3.1).
BRUVS provide a non-extractive and consistent sampling method for demersal and
benthopelagic fishes (Murphy and Jenkins 2010). The study region and data used in this Chapter
have previously been described (Chapter 2), but the current study only incorporated samples
from hard substrate habitats and fishes which had been identified to the species level. The
analyses thus incorporated 746 samples comprising 42,637 individuals of 379 species of fishes
from 71 families (Table 3.1).

Environmental variables
Fine-scale environmental variables were recorded for each sample site when BRUVs were
deployed (depth), or derived from footage analysis (topography and benthos). Topography was
classified as either “high-profile reef” (HPR), “medium-profile reef” (MPR), or “low-profile
reef” (LPR). Benthos was determined as either “canopy-forming algae” (CA), “coral” (CO),
“foliose algae” (FO), “seagrass” (SG), or “sessile invertebrates” (SI). Further details on
topography and benthos classification are described in Chapter 2.
Eighteen coarse-scale environmental variables were estimated from the BioOracle
database (Tyberghein et al. 2012): sea surface temperature range (°C), mean sea surface
temperature (°C), maximum sea surface temperature (°C), minimum sea surface temperature
(°C), chlorophyll range (mg m−3), mean chlorophyll (mg m−3), maximum chlorophyll (mg m−3),
minimum chlorophyll (mg m−3), mean photosynthetically active radiation (Einstein m−2 day−1),
maximum photosynthetically active radiation (Einstein m−2 day−1), dissolved oxygen (ml L−1),
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mean diffuse attenuation (m−1), calcite (mol m−3), phosphate (µ mol L−1), silicate (µ mol L−1),
salinity (PSS), nitrate (µ mol L−1), and pH.

Figure 3.1. Sample locations along Western Australian coastline. Regions defined according to
Last et al. (2011).
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Table 3.1. Numbers of BRUVS samples and species from each region and location.
Region Location

Abbreviation

# samples Total species

North
Dampier
Ningaloo

Da.
Ni.

Shark Bay
Abrolhos Islands
Jurien
Rottnest Island

Sh. B.
Ab. Is.
Ju.
Ro. Is.

Cape Naturaliste
Broke Inlet
Albany
Bremer Bay
Esperance

C. Na.
Br. I.
Al.
Br. B.
Es.

216
133
83
261
66
23
80
92
269
84
84
41
20
40
746

Central

South

Full

Average species

richness

richness (± SE)

241
138
175
230
144
73
77
92
102
75
71
78
57
56
379

18.319 (0.601)
17.180 (0.409)
20.145 (0.613)
12.947 (0.371)
15.545 (0.755)
11.391(1.358)
10.012 (0.430)
14.022 (0.434)
11.941 (0.325)
13.536 (0.433)
9.964 (0.387)
16.049 (1.784)
12.100 (1.860)
8.450 (0.698)
14.139 (0.265)

Wave attributes were incorporated to represent typical magnitude of disturbances. I
included: wave energy maximum period (max TE), wave energy mean period (mean TE), wave
max height (max HS), and wave mean height (mean HS) created by CSIRO as part of their
‘National Marine Bioregionalisation’ project and sourced from http://www.marlin.csiro.au/. As
an additional source of disturbance, cyclone frequency was included with data sourced from the
International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp et al. 2010).
Kernel density estimation was used to convert the IBTrACS cyclone point data into grid format
in QGIS 2.14.0 (Quantum GIS Development Team 2016). To place all coarse-scale
environmental variables on an even spatial resolution, the layers were interpolated to ≈ 1 km2
resolution grids and values were extracted from these at the location of each sample.

Statistical analyses
I used several complementary methods to assess the relative importance of assembly processes,
and the scale at which these processes acted the strongest. Variance partitioning of beta diversity
was performed to assess the importance of environmental and spatial variables at regional and
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local scales. Species abundance distributions (SADs) and species’ ecological niche
specialisation were then analysed to validate and complement the results of the variance
partitioning.

Beta diversity
Following Myers et al. (2013), observed beta diversity (βobs) was calculated as the Bray–Curtis
pairwise dissimilarity among samples, as dissimilarity-based metrics of β diversity are robust to
changes in γ diversity and sampling intensity among regions (Anderson et al. 2011; Legendre
and Cáceres 2013). Greater Bray–Curtis dissimilarity represents a greater difference in
assemblage composition between samples. βobs was calculated between all sample pairs, Null
models were created using 1000 randomisations of the data with the ‘permatfull’ method in the
vegan package (Oksanen et al. 2017) in R V 3.2.0 (R Core Team 2017). To maintain ecological
realism of the null model, species relative abundances and sample richness were fixed (both
margins of the sample x species matrix were fixed), and randomisations were restricted to within
study regions. Bray–Curtis dissimilarity matrices were calculated for each of the null models,
the mean of the 1000 randomisations of each sample representing the expected beta diversity
(βexp) of random communities. Beta diversity deviation (βdev), the standardised deviation of
observed beta diversity (βobs) from that expected by chance (βexp), was calculated as
β dev =

(β obs) − mean(β exp)
SD(β exp)

with positive βdev indicating greater beta diversity than expected by chance and negative βdev
representing lower beta diversity than expected by chance. Comparisons of multivariate
homogeneity of group dispersions were used to test for differences in βobs and βdev at coarse
(among regions) and fine (among locations) scales. This test is analogous to Levene’s test for
homogeneity of variances, and compares the average distance of samples to their group centroid
among groups and can be applied to any distance/dissimilarity matrix (Anderson et al. 2006).
For this test, I used the ‘betadisper’ function from the vegan package, with distances being
calculated to the group centroid, and permutation tests using 9999 permutations to test for global
and pairwise differences of dispersion of samples in multivariate space. Homogeneity of
dispersion tests were performed first comparing regions, followed by location level comparisons.
Variation in βdev was partitioned among space, environmental variables, and the
combination of space and environment (i.e. spatially structured environmental variables) using
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partial distance-based redundancy analysis (dbRDA) (Legendre and Anderson 1999). To
incorporate the hierarchical nature of the data, the hierarchical partitioning of variance approach
suggested by Cushman and McGarigal (2002) was adopted. The ‘capscale’ function in vegan
was used to perform partial dbRDA with a Cailliez correction to account for negative
eigenvalues (Borcard et al. 2011).
To incorporate the effect of spatial variables on βdev, Moran’s eigenvector maps
(MEMs—previously called PCNM) (Dray et al. 2006) were created from the geographic coordinates of samples. MEMs were produced using the ‘PCNM’ algorithm in the PCNM package
(Legendre et al. 2013), at both the coarse (region) and fine (locations) scales. Prior to analyses, a
principal component analysis (PCA) was performed on the coarse-scale environmental variables
to account for collinearity, while categorical fine-scale variables were converted to dummy
binary variables.
Forward selection of explanatory variables was performed as proposed by Blanchet et al.
(2008), using the ‘ordiR2step’ function of the vegan package. Initially, for each region, dbRDA
was performed upon the full set of forward selected explanatory variables. Once significance of
the global model was determined through the ‘anova. cca’ function in the vegan package,
subsequent first-tier partial dbRDA analyses were performed on the data with fine-scale
variables being partialled out to identify the variance explained by coarse-scale variables.
Further partial dbRDA analysis was then performed with the coarse-scale variables being
partialled out to ascertain the variance explained by fine-scale variables. For both analyses, the
fine-scale variables were nested within locations. The proportion of the variance explained by
the global model not explained by the sum of variance explained by coarse- and fine-scale
variables was attributed to fine-scale variables being structured at the coarse scale (Borcard et al.
2011).
Second-tier partial dbRDA were then performed to partition the variance into that
explained by coarse and fine scale spatial and environmental variables. The second-tier partial
dbRDA were performed again by partialling out the variation due to subsets of the explanatory
variables. For example, to identify the variation explained by fine scale environmental variables,
the variability explained by fine-scale spatial, coarse-scale spatial, and coarse-scale
environmental variables was partialled out (Cushman and McGarigal 2002). Again, fine-scale
spatial and environmental variables were nested within locations and significance was tested
using the ‘anova.cca’ function.
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To ensure that the βdev created through the null model with restrained γ and α diversities
was not an artefact of these diversities, I compared the βdev variation partition results to those of
the turnover component of β diversity (βturn). βturn was calculated using the ‘bray.part’ function in
the betapart package (Baselga et al. 2013) in R. This procedure calculates the Bray–Curtis
dissimilarity among samples and then identifies the proportion of dissimilarity created by species
replacement (or turnover), with the remaining dissimilarity being attributed to nestedness
(Baselga 2010). Homogeneity of multivariate dispersion tests and variation partitioning of βturn
were performed as for βdev.

Species abundance distributions
Species abundance distributions (SADs) were investigated to complement the variance
partitioning analyses. Jabot and Chave (2011) proposed a non-neutral method which uses the
unified neutral theory of Hubbell (2001) as a framework to test for non-neutrality in SADs. This
method uses maximum-likelihood estimation of θ and m for each SAD, and then creates neutral
SADs with values of species richness, θ, and m matching that of the observed SAD. Shannon’s
evenness is then calculated for the observed SAD and that of the created neutral SADs, and the
evenness of the observed SAD is compared to the distribution of evenness values of the neutral
SADs. Deviation from neutrality is reported as δ, with values close to zero being neutral SADs.
Positive values of δ indicate positive density dependence (abundant species have lower mortality
rates), and negative values indicate negative density dependence (rare species have lower
mortality rates) (Jabot and Chave 2011). I used 100,000 simulations for the approximate
Bayesian computation in the Parthy software (Jabot and Chave 2011), with uniform prior
distributions of ln(θ), ln(I), and δ being [0,25], [0,10], and [− 1,1], respectively, where I
represents the estimated number of immigrants (Etienne 2005). Prior distributions were selected
based on Jabot and Chave (2011), although with broader values of ln(θ). The natural log of
priors was used, as opposed to log10, as this is the scale of θ and I at which richness and evenness
respond (Jabot and Chave 2011). Densities of the distributions of δ were compared among
regions using the ‘sm.density.compare’ function from the sm package (Bowman and Azzalini
2014), with holm adjustment for multiple comparisons. Jabot and Chave (2011) reported δ to
not be influenced by number of species in communities of high richness; however, my samples
contained fewer species than those of Jabot and Chave (2011). Within each region (log10)
sample richness was regressed against values of δ to identify any influence of richness on values
of δ.
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With the approach of Jabot and Chave (2011), it is possible to estimate SAD departure
from that expected under neutrality (δ), but θ and m cannot be estimated with this method (Jabot
and Chave 2011). I used the method described by Munoz et al. (2007) to estimate θ and I, where
θ is first calculated for a metacommunity (region in this case) through maximum-likelihood
estimation, and then I is then calculated for each sample using the sampling formula of Etienne
(2007). m can then be calculated as
4=

5
5+7−1

I and m were calculated using the untb package (Hankin 2007).

Niche specialisation
Species were placed on a continuum of niche specialisation to generalisation using the method
proposed by (Fridley et al. 2007), termed θ (to avoid confusion with the SAD θ, I refer to the
generalist–specialist θ as θgs). Species niche specialisation is scored as the average value of beta
diversity values of sites a species is observed in. Generalist species possess higher values of θgs
as they are consistently associated or observed with different species. Specialist species score
low values of θgs as they are found in communities which do not differ greatly among samples
(Fridley et al. 2007). I used the multiple-site Simpson index as a measure of beta diversity. This
measure is robust to changes in γ diversity (Zeleny 2008), species being found only in samples
with low richness (skewed richness distributions) (Manthey and Fridley 2009), and changes in
sample richness (Baselga et al. 2007). As the degree of a species’ ecological specialisation can
change across environments (Fajmonová et al. 2013), analyses were performed on each region
separately, using only species observed in at least ten samples. For each species, eight samples
were randomly selected from the samples in which the species was observed, and the Simpson
index calculated from these. This procedure was repeated 100 times to provide a measure of θgs
unbiased by number of samples. Analyses were performed using the R code provided in
Appendix 1 of Manthey and Fridley (2009). Differences in species’ m and θgs values were
compared among regions with Kruskal–Wallis tests with subsequent pairwise tests performed
using Dunn tests with Holm correction using the FSA package (Ogle 2017).
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Results
Beta diversity
βobs differed among locations (Figure 3.2a; homogeneity of multivariate dispersion test on
average distance to medians; F = 21.207, p < 0.001) and locations (Figure 3.2b; F = 43.514, p <
0.001). Pair wise comparisons revealed the northern locations to typically possess significantly
higher βobs than the central or southern locations (Figure 3.2a). This pattern is also reflected at
the regional level, with the greatest βobs observed in the North region and the lowest βobs in the
Central region (Figure 3.2b). Differences in βdev among locations were not great, although
significant (Figure 3.2c; F = 9.152, p < 0.001), and significant differences were found among
regions (Figure 3.2d; F = 19.383, p < 0.001). βdev values were mostly positive at all locations,
indicating some degree of non-random structure in the communities. Large, positive βdev outlier
values at Dampier and Ningaloo are due to large, anomalous abundances of a species in a single
sample, i.e. > 1200 individuals of the doubleline fusilier (Pterocaesio digramma) were recorded
in one sample from Dampier. βturn demonstrated similar patterns to that of βobs and to a lesser
extent βdev, indicating that species turnover is the dominant feature creating differences among
samples (Figure 3.2e and Figure 3.2f). βturn differed between locations (Figure 3.2e; F = 14.093,
p < 0.001), and locations (Figure 3.2f; F = 36.988, p < 0.001). A common pattern observed with
βobs, βdev, and βturn, with respect to among location patterns is greater β diversity in the North
region locations, followed by a slight decrease at Shark Bay and Abrolhos Islands, a further
decrease at Jurien, Rottnest Island, and Cape Naturaliste, then an increase in β diversity for the
remaining South region locations (Broke Inlet, Albany, Bremer Bay, and Esperance) (Figure
3.2). In addition, at the regional scale, the North region displays significantly greater βobs, βdev,
and βturn, than the Central and South regions, with the Central region having significantly greater
βdev than the South region. This implies greater β diversity among the northern locations, than
among the southern locations, regardless of the within location β diversity (Figure 3.2).
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Figure 3.2. Sample pairwise dissimilarities of (a, b) Observed β diversity, (c, d) β deviations, and (e, f) β turnover. Plots to the left (a, c, e) are values within locations, plots to
the right (b, d, f) are values within regions. Lowercase letters represent significance of comparisons among locations, with identical letters indicating no difference. Boxes
represent first to third quartiles, and solid line in box represents median. Abbreviations are explained in Table 3.1and Figure 3.1. The y axis has been reduced on plots (c and d)
for ease of interpretation, β deviation outliers at Dampier and Ningaloo extend to 73.88 and 43.42, respectively.
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Variance partitioning
Coarse-scale environmental attributes were characterised by PCA axes with the first two axes
explaining 59.27 and 13.56% of variability, respectively, in the North region, with 99.04%
explained by the first ten axes. The first two Central region PCA axes explained 56.75 and
19.04%, variability in coarse-scale environmental features, with 99.8% variability explained by
the first ten axes. For the South region, the first two PCA axes explained 35.96 and 28.80%
variability in coarse-scale environmental variables, respectively, with the first ten axes
explaining 99.70% of variability in the coarse-scale environmental attributes (Figure S2.1). The
βdev variability explained by the spatial and environmental variables was 16, 21, and 22% for the
North, Central, and South regions, respectively (Figure 3.3). The large unexplained variability
represents stochastic processes (i.e. ecological drift) and/or unmeasured environmental variables.
At all regions, fine-scale variables explained more variability in βdev than coarse-scale variables.
At the fine-scale in the North region, spatial variables were more significant and explained more
variability in βdev than environmental variables, while at the coarse-scale spatial variables
explained less variability than the (non-significant) environmental variables (Figure 3.3). The
Central region displayed the greatest overlap between fine and coarse scale variables and
between spatial and environmental variables, this is likely due to the Central region being in a
temperate-tropical overlap zone, creating stronger spatial structuring of environmental variables.
At the fine-scale in the Central region, the βdev variability explained by spatial variables was
greater than that explained by environmental variables, although the environmental variables
displayed greater significance. At the coarse-scale, environmental variables explained more
variability than spatial variables (Figure 3.3). In the South region at the fine-scale, environmental
variables explained more βdev variability than spatial variables, and displayed greater
significance. At the coarse scale in the South region, greater variability was explained by
environmental variables, although neither environmental nor spatial variables were found to be
significant (Figure 3.3). Hierarchical variation partitioning of βturn provided similar results to
that of βdev (Figure S2.2).
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Figure 3.3. Hierarchical partitioning of explainable variance of β diversity deviations attributed to space and environment at the coarse and fine
scales for each region. Non-labelled components represent variation explained by a combination of either fine and coarse or spatial and
environmental variables. ·p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.
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Species abundance distributions and ecological specialisation
Species richness had no effect on values of δ in any of the regions (Figure S2.3). The density
distributions of species abundance distributions (SADs) δ values differed among regions (P <
0.001), with all pairwise comparisons being significant (North–Central, P < 0.001; North–South,
P = 0.004; Central–South, P = 0.011, Figure 3.4a). In all regions, more than half of the samples
did not differ from the neutral expectation (North = 53.5%, Central = 52.8%, South = 60.2%).
Values of m differed among regions (Kruskal–Wallis χ2 = 334.27, df = 2, p value < 0.001), being
smallest in the North and greatest in the South regions (Figure 3.4b), implying lower migration
rates and thus stronger dispersal limitation in the North region. The values of θgs also differed
among regions (Kruskal–Wallis χ2 = 58.172, df = 2, p value < 0.001), with species’
specialisation lowest in the North and greatest in the South region, with specialisation of Central
species being intermediate (Figure 3.4c).

Figure 3.4. a) Density distributions of species abundance distributions (SADs) within each
region. Solid portion of lines represent non-neutral SADs, dashed portion of lines represent
neutral SADs., b) values of m, with lower values of m indicating lower migration rates and thus
stronger dispersal limitation, and c) extent of species specialisation within each region, higher
values of θgs indicate greater ecological generalisation.

Discussion
The results of several analytical methods—hierarchical variance partitioning of β diversity,
species abundance distributions (SADs) deviation from neutrality, estimation of degree of
immigration from the regional species pool, and extent of species ecological specialisation 53

displayed congruence in the processes structuring Western Australian marine fish communities.
As predicted, I detected (i) a large influence of neutral processes regardless of bioregion and (ii)
changes in the relative importance of dispersal limitation and niche filtering along a latitudinal
gradient mediating the neutral assembly of marine fish communities. Additional results included
(iii) scale dependent importance of variables in structuring marine fish communities, and (iv)
species’ ecological specialisation increased from fish associated with tropical regions to fish
found in temperate regions. Therefore, the results of this study indicate a combination of niche
and neutral processes operating in the assembly of Western Australian marine fish communities.
The processes involved in the assembly of Western Australian marine fish communities
appears to operate most at the local scale, where species interactions with their biotic and abiotic
environments occur. Neutral processes are a prominent process in the assembly of the marine
fish of all communities studied. The relatively small β deviation values in this study (compared
to values presented by Myers et al. (2013)) indicate that changes in community composition do
not differ greatly from that expected by chance. This is further supported by most SADs not
deviating from that expected by a neutral model, and the large degree of unexplainable
variability in the variation partitioning analyses. Unexplained variability may be due to
unmeasured variables, but in concert with small β deviation values, and the SADs neutrality, the
prevalence of ecological drift in structuring the fish communities is strongly suggested (Vellend
2010; Vellend et al. 2014). The nature of larval dispersal and settlement in the marine realm
supports the existence of strong stochastic forces in the assembly of many marine fish
communities (Cowen and Sponaugle 2009; Siegel et al. 2008). This effect is likely to be
compounded by the existence of priority effects (Geange et al. 2017) and the random creation of
available habitat through disturbances such as storms (Sousa 1984) or predation (Stier et al.
2014). While some of the unexplained variability in the variation partitioning analyses is likely
to be due to unmeasured variables (i.e. large-scale ocean current movement or habitat features at
a finer resolution than used here), the coarse-scale environment would be well represented by the
variables included in the variation partitioning, with any additional environmental variables
likely to be correlated with those incorporated. Furthermore, while the resolution of the finescale environmental variables may be too coarse to detect features such as species-specific
associations between fish and benthos, temperate algal assemblages have been shown to differ
along substrate topography and depth gradients (Kendrick et al. 2004), and coral communities
often demonstrate turnover along depth gradients (Harborne et al. 2006). Both substrate
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topography and depth were included as environmental variables, therefore, while not directly
measured, these species-specific associations were not completely unaccounted for.
Fine-scale variables explained greater variation in β diversity than coarse-scale variables
in all regions, implying that the non-stochastic component of Western Australian marine fish
community assembly is strongly due to niche processes (species interactions with their abiotic
and biotic environments) and dispersal limitation at a local scale. The importance of spatial
variables in the variance partitioning decreased from the tropical region to the temperate region,
with the importance of environmental variables demonstrating an opposing pattern. Similarly,
species immigration from the regional species pool (m) increased from the tropics to the
temperate zone. This implies a decrease in the importance of dispersal/recruitment limitation
and an increase in the effect of niche processes in the assembly of fish communities along the
latitudinal gradient (Myers et al. 2013). DiBattista et al. (2017) recently reported isolation by
distance (IBD) among populations of stripey snapper (Lutjanus carponotatus) throughout
Northwestern Australia, implying restricted dispersal of larvae within the region. Chust et al.
(2016) compared the distance decay between community level (β diversity) and genetic levels
(FST and IBD) of diversity of marine macroinvertebrate and planktonic species, finding patterns
observed at the genetic level were reflected at the community level. This finding, in conjunction
with the results of DiBattista et al. (2017), supports the existence of dispersal/recruitment
limitation in structuring tropical Western Australian marine fishes.
Dispersal/recruitment limitation was estimated by the importance of spatial variables in
the variation partitioning analysis and the calculation of m. Both measures identified dispersal
limitation to be strongest in the North region and weakest in the South. Dispersal limitation
appears to have greater influence in the assembly of fish communities in the tropical region,
while species interactions with their environment and other fish species to be responsible for the
assembly of fish communities in the temperate region. Studies have found the extent of dispersal
of tropical marine species to often be less than that of their temperate counterparts (Bradbury et
al. 2008; Brown 2014), although the variables often attributed to this feature are confounded
with latitude (i.e. temperature and habitat fragmentation) (Leis et al. 2013). Regardless of the
driving variable, decreased larval dispersal or successful recruitment by tropical species is
consistent with the increased importance of spatial variables and lower values of m in the tropical
region in this study. The increased importance of environmental variables in the temperate
region implies stronger deterministic processes in the assembly of temperate marine fish
assemblages. The analyses used in this study do not allow for the elucidation of the nature of
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deterministic processes involved as this result may also be due to abiotic (environmental
filtering) or biotic (competition/facilitation) processes (HilleRisLambers et al. 2012; Kraft et al.
2015). Greater ecological specialisation of the temperate fishes is also congruent with stronger
niche processes acting in the South region. Relative to the tropical species, the temperate species
are typically observed with the same suite of species, implying the importance of habitat filtering
and/or species interactions in the assembly of these fish communities. Conversely, the greater
ecological generalisation of the tropical species supports the neutral theory of Hubbell (2001). In
this scenario, conspecifics in species rich communities are observed with suites of different
species. Over evolutionary timescales there is no consistent selective force acting upon a
species, resulting in generalist species adapted to the average environmental conditions of the
regions in which they are found (Hubbell 2006).
A feature of note arises from Figure 3.2. The classification of locations into (bio) regions
in this study is based on the bioregionalisation of Last et al. (2011), and the allocation of the
Cape Naturaliste location within the South region may be due to taxonomic similarities more so
than aspects of ecosystem functioning. The values of βobs, βdev, and βturn for this location (Figure
3.2) are more consistent with of the Central region than the South region, suggesting processes
operating within this location are more similar to that of the Central than the South region. This
is also in contrast to the pattern observed in Chapter 2, where the Cape Naturaliste location was
included with the South locations based on species abundances. A related aspect of this feature
is the similarity of these locations with respect to β diversity patterns and the orientation of the
coastline where they are located. Reduced values of βobs, βturn, and, to a lesser extent, βdev are
found within locations associated with the west facing coastline. Further investigations will be
required to elucidate the drivers of this pattern.
To my knowledge, this study is the first to apply the suite of analytical methods used here
to identify the processes assembling marine fish communities over a latitudinal gradient. This
study found support for the UNTB and lottery hypotheses of Hubbell (2001) and Sale (1977,
1978) in structuring temperate and tropical west Australian marine fish communities. However,
fine-scale variables (local spatial structure and reef topography and/or benthos) are more
important in the assembly of communities than coarse-scale variables (i.e. gradients in sea
surface temperature and primary productivity), regardless of bioregion, with dispersal limitation
and niche processes structuring tropical and temperate communities, respectively. A recent
study by Janzen et al. (2017) also found a dominance of neutrality in structuring cichlid
communities at Lake Tanganyika, in Zambia, with secondary importance of niche processes.
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When β diversity is primarily a result of species turnover, as opposed to nestedness,
broader geographical scale conservation measures are more likely to be effective than focussing
primarily on locations possessing greater species richness (Si et al. 2015). In addition, when
dispersal limitation is a primary force at play in structuring communities, conservation and/or
management activities should consider the degree of connectivity among the
communities/populations of interest (DiBattista et al. 2017).
To my knowledge, this is the first study which has compared the relative importance of
processes involved in the assembly of Western Australian marine fish communities among
bioregions. Neutrality was found to be a major component of community structure in both
tropical and temperate environments. Dispersal limitation and environmental filtering were
important processes in the tropical and temperate communities, respectively, and acted strongest
at the local, not regional scale. Not only do these results expand our understanding of the
functioning of marine ecosystems, but also provide information which can be used in
management of the marine realm for fisheries and marine protected areas.
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Chapter 4:
Functional traits reveal the presence and nature of
multiple processes in the assembly of marine fish
communities
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Abstract
Functional traits can be used to identify the importance of various community assembly
mechanisms such as ecological drift, environmental filtering, and limiting similarity. These
processes act in concert, not isolation, and different processes may act upon separate traits,
potentially concealing the ecological signal of one or more of the mechanisms. Nine functional
attributes of marine fish were used to identify changes in the importance of various mechanisms
in the assembly of marine fish communities over a latitudinal gradient along the Western
Australian coast. Complementary null modelling approaches were used to test the relative
importance of assembly processes (ecological drift, environmental filtering, and limiting
similarity) in structuring fish communities. Ecological drift was found to be a major driver of
the structure of fish communities, and dispersal limitation was strongest in the tropical region,
with homogenising dispersal strongest in the temperate region. Dispersion of functional traits
identified environmental filtering acting on most traits incorporated in this study, in addition to
limiting similarity acting on traits associated with acquisition of trophic resources. The
coexistence of Western Australian marine fishes thus results from concurrent ecological drift,
environmental filtering, and limiting similarity structuring the communities. The observed
ecological drift may be the result of priority effects and/or context-dependent biotic interactions.
Both niche complementarity and predator avoidance may be the drivers of the observed limiting
similarity in the communities.
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Introduction
Ecological communities are assembled through a combination of abiotic and biotic
environmental filtering, dispersal limitation, and ecological drift (Hubbell 2001, Vellend 2010).
It is generally agreed that all processes are involved in the structuring of communities, however,
elucidating the relative importance of these drivers in structuring communities remains a major
goal of contemporary community ecology (Vellend et al. 2014), with the importance of assembly
mechanisms often varying over latitudinal gradients (Kraft et al. 2011, Myers et al. 2013).
Environmental filtering is a deterministic process, where the abiotic and/or biotic
environment “filters out” individuals or species which do not possess the required
phenotype/functional traits to colonise and persist in a habitat patch (Mittelbach and Schemske
2015). Conversely, neutral theory (Hubbell 2001) and the lottery hypothesis of Sale (1977,
1978) deem all species ecologically equivalent, with ecological drift (i.e. stochastic changes in
birth, death, emigration, and immigration rates, regardless of species identity) being the main
process assembling communities (Hubbell 2001, Sale 1977, 1978). Dispersal itself is neither a
stochastic nor deterministic process, however, it does have the potential to reinforce both
stochastic and deterministic processes (Vellend et al. 2014). In communities where dispersal
limitation contributes to the structuring of communities, species may not be found in
ecologically optimal sites due to larvae not reaching the site (Chust et al. 2016, Heino et al.
2015). Conversely, high dispersal can create ‘mass effects’, where local communities become
homogenised, overriding any deterministic processes, or ‘rescue effects’, where immigrants from
the regional species pool allow species persistence in a local community (Leibold et al. 2004).
Priority effects result from the order of arrival of recruits into a community influencing the
resulting structure of that community (Fukami 2015). Based on the concepts of limiting
similarity (MacArthur and Levins 1967) and neutral drift (Hubbell 2001), priority effects can
occur when a species’ establishment in a community is inhibited by the prior residence of
another species which exhibits similar niche requirements (i.e. ecological equivalence).
Vellend (2010) proposed a framework by which the relative importance of processes
involved in the assembly of ecological communities can be partitioned into ecological drift,
dispersal limitation, selection (environmental filtering), and speciation. These four components
being analogous to the genetic drift, gene flow, selection, and mutation processes in population
genetics (Vellend 2010). In the Vellend (2010) framework, speciation refers to a new species
arising and will have little effect in the assembly of communities within a metacommunity, as it
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is often a process operating at spatial and temporal scales greater than that of community
assembly mechanisms (Leibold et al. 2004, Stegen et al. 2013).
Functional traits can provide insights into ecosystem functioning and the processes
structuring communities (Mouillot et al. 2007), as they are linked to a species performance
ability, and thus relative birth and death rates (Violle et al. 2007). Traits can be used to evaluate
the relative importance of two major deterministic processes operating within community
assembly, habitat filtering and limiting similarity (Kraft et al. 2015, MacArthur and Levins
1967). Habitat filtering is the abiotic component of environmental filtering, where only species
possessing a certain suite of traits can persist in a particular habitat (Kraft et al. 2015). Under
this process, co-occurring species are expected to demonstrate convergence of traits
(Götzenberger et al. 2016). Alternatively, limiting similarity occurs when competitive exclusion
restricts the similarity of co-occurring species, and is expected to result in trait divergence among
co-occurring species (Figure 4.1) (Götzenberger et al. 2016, MacArthur and Levins 1967).
However, convergence and divergence of traits may not necessarily always be the result of
environmental filtering and limiting similarity respectively (Mayfield and Levine 2010).
Studying rockfishes (Sebastes spp.), Ingram and Shurin (2009) related various functional traits to
resource use and environmental gradients. Clustering of relative eye size indicated
environmental filtering, and gill raker morphology was evenly spaced, suggesting limiting
similarity. Similarly, Fitzgerald et al. (2017) recently found divergence of traits related to
trophic ecology in communities of tropical freshwater fishes. Thus, both processes have been
found to be involved in the assembly of fish communities, with separate traits associated with
different processes.
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Figure 4.1. Conceptual diagram depicting assembly mechanisms resulting in trait
convergence (abiotic filter) and trait divergence (limiting similarity).

Western Australia’s shallow marine environment extends across approximately 23 degrees of
latitude (12°S to 35°S), covering tropical through to warm temperate climates (Hutchins 2001).
The tropical environment is characterised by high environmental heterogeneity within relatively
small geographical distances, with strong environmental gradients in features including tidal
regime, turbidity, cyclonic activity, and swell exposure (Chapter 2). In contrast, Western
Australia’s temperate marine environment is relatively homogeneous. A limestone reef system
extends parallel to the lower half of the west coast. The reef continues along the south coast,
interspersed with granite (Kendrick 1999, Wernberg et al. 2003). Macroalgal assemblages
through the region are defined by high richness and endemism, with Ecklonia radiata strongly
dominating the macroalgal assemblages, although Fucalean macroalgae increase in prevalence
along the south coast (Phillips 2001, Wernberg et al. 2003). The fishes inhabiting Western
Australia’s coastal waters comprise two species pools – the tropical species being colonists from
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the Indo-Pacific ichthyofaunal species pool, having evolved within the multitude of changing
abiotic and biotic environmental conditions throughout the tropics (Cowman et al. 2017, Renema
et al. 2008, Chapter 2). The temperate ichthyofauna displays high levels of endemism, with
species having co-evolved in this region (Last et al. 2010, Chapter 2), which has had a relatively
stable history, with little tectonic activity, no glaciation, and favourable temperatures since the
Eocene (McGowran et al. 1997, Phillips 2001). Studies of temperate Western Australian marine
fishes have reported trophic resource partitioning among cooccurring species (Lek et al. 2011,
Platell and Potter 2001), with similar results also being reported from Australia’s east coast
(Morton et al. 2008). These studies however, did not consider other functional attributes of the
study species, were limited to three or 14 species, and did not compare temperate and tropical
assemblages.
Chapter 3 found support for the neutral and lottery hypotheses of (Hubbell 2001) and
Sale (1977; 1978), with neutral processes acting strongly in the assembly of Western Australian
marine reef fish communities. Superimposed over this neutrality, this investigation found
greater importance of environmental filtering and dispersal limitation in temperate and tropical
regions respectively. These results agree with other studies reporting reduced dispersal in
tropical marine species potentially due to increased habitat fragmentation and shorter pelagic
larval duration (Bradbury et al. 2008; Brown 2014), and niche processes operating in temperate
communities, operating through abiotic (Pérez-Matus and Shima 2010) or biotic environmental
filtering (Johnson 2006). However, the partitioning of taxonomic beta diversity employed by
Chapter 3 could not discriminate between abiotic and biotic components of the environmental
filtering processes in structuring the communities. I thus expected that –
i) Ecological drift will be the major process structuring the communities,
ii) Dispersal limitation will be more pronounced in tropical locations,
iii) Environmental filtering (niche processes) will be stronger in temperate regions,
iv) Limiting similarity will act upon traits associated with trophic resource partitioning, and
v) Habitat use traits will be associated with environmental filtering.
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Material and Methods
Biological data collection
Multiple baited remote underwater video stereo systems (BRUVS) were used to estimate fish
abundances at each of 12 near shore locations along the Western Australian continental shelf
(Dampier [20.46° S, 116.72° E] to Esperance [34.02° S, 123.34° E]) from April 2006 to March
2010 (Figure 4.2; Table 4.1). BRUVS were deployed at least 250m apart and collected after one
hour. Approximately 800g of crushed pilchards Sardinops sagax were used as bait in front of
each unit. Footage was analysed using EventMeasure (SeaGIS), and where possible fish were
identified to species level, with the maximum number of individuals within a given footage
frame (MaxN) scored for each species to avoid recounting the same individual (Cappo et al.
2004). Each of the 12 study locations were allocated to one of three bioregions: “North”,
“Central”, or “South”, based on the bioregionalisations of Spalding et al. (2007) and Last et al.
(2011) (Figure 4.2). The study region and data used in this study have previously been described
(Chapters 2 and 3). As with Chapter 3 the current study only incorporated samples from hard
substrate habitats, and fishes which had been identified to the species level. The analyses thus
incorporated 772 samples comprising 44,703 individuals of 386 species of fishes from 71
families (Table 4.1). Further details of the data are available in Chapter 2.
BRUVS have been found to be selective of fish species observed, and while they have
been found to observe greater numbers of predatory fishes than underwater visual census (UVC),
species belonging to other feeding guilds, including planktivores, herbivores, and omnivores are
also observed (Murphy and Jenkins 2010). To ensure our results were not an artefact of
sampling methodology, average community level maximum lengths and trophic levels were
compared between BRUVS samples and those obtained through UVC. Although community
level average maximum lengths and trophic levels were found to differ between sampling
methods, considerable overlap was observed, and the BRUVS demonstrated greater variability.
This result implies that the results of this study are not due to any bias of BRUVS over
representing higher trophic level and larger species. The methods and results comparing
BRUVS and UVC are presented in the supplementary material (Figure S3.1 to Figure S3.4).
While some studies have not included elasmobranchs (i.e. Kulbicki et al. 2013), I
retained all species observed and identified, including sharks and rays. At all locations except
Esperance, communities with and without elasmobranchs did not differ at both the taxonomic
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and functional levels, therefore the inclusion of this group is not likely to have greatly influenced
my results (Figure S3.5 and Figure S3.6).

Table 4.1. Numbers of samples and species from each region and location.
Region

Location

Abbreviation

Dampier
Barrow Island
Ningaloo

Da.
Ba. Is.
Ni.

Shark Bay
Abrolhos
Jurien
Islands
Rottnest Island

Sh. B.
Ab. Is.
Ju.
Ro. Is.

Cape
Broke
Inlet
Naturaliste
Albany
Bremer Bay
Esperance

C. Na.
Br. I.
Al.
Br. B.
Es.

North

Central

South

Full

#
samples
242
133
26
83
261
66
23
80
92
269
84
84
41
20
40
772

Total species
richness
251
138
95
175
230
144
73
77
92
102
75
71
78
57
56
386

Average species
richness (± SE)
18.426 (0.572)
17.180 (0.565)
19.308 (1.883)
20.145 (1.254)
12.947 (0.371)
15.545 (1.024)
11.391 (0.741)
10.012 (0.443)
14.022 (0.492)
11.941 (0.325)
13.536 (0.482)
9.964 (0.419)
16.049 (0.872)
12.100 (0.932)
8.450 (0.97)
14.313 (0.266)

Environmental data collection
Depth, latitude, and longitude of samples were recorded at BRUVS deployment. Environmental
attributes of substrate topography and benthos were classified at time of footage analysis.
Topography (relief) was classed as either “High profile relief” (HPR), “Medium profile relief”
(MPR), or “Low profile relief” (LPR). Benthos was classed as either "Canopy forming algae”
(CA), "Coral" (CO), "Foliose algae" (FO), "Seagrass" (SG), or "Sessile invertebrates" (SI).
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Figure 4.2. Location of study sites along Western Australian coast. Regions based on Last et
al. (2011).
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Functional trait data collection
Nine functional traits were used in this study (Table 4.2). Traits were selected based on their
ecological relevance, potential importance in community assembly, and availability. Trophic
niche was reflected through “Food type”, “Feeding habit”, and “Trophic level” (Villéger et al.
2017). Both “Food type” and “Feeding habit” were incorporated as they convey complementary
yet unique attributes. For example, species in the predator feeding habit category could belong
to either nekton, zoobenthos, zoobenthos / nekton, or zooplankton food type categories.
Potential predator/prey relations and their influence on habitat use were incorporated through
“Maximum length” (Hixon and Beets 1989; Mouillot et al. 2014). Swimming performance,
mobility, and their implications for habitat use were estimated through “Body shape” and
“Caudal fin” (Villéger et al. 2017; Webb 1984), while “Depth range” represented habitat use and
environmental tolerances (Jones and Cheung 2018). Reproductive strategy, potential dispersal
ability, and site fidelity were estimated through “Egg type” (Beauchard et al. 2017; Bradbury et
al. 2008; Villéger et al. 2017), and life history was characterised through “Life span” (Pécuchet
et al. 2017). Trait values were sourced through ‘FishBase’ (http://www.fishbase.org/), ‘Fishes of
Australia’ (http://fishesofaustralia.net.au), Allen and Swainston (1988), Breder and Rosen
(1966), (Gomon et al. 2008), Hutchins and Swainston (1986), Last and Stevens (2009), and
Thresher (1984). Values of traits not available through FishBase or the literature were estimated
from congener (or confamiliar in the absence of congeners) species which had similar attributes
to those that were known (i.e. feeding habit and/or food type estimate based on a congener with
similar values of maximum length and trophic level). Images of fishes were used to identify
missing “Body shape” and “Caudal fin” values. A total of 75% of species were only missing one
or no trait values, and only 9% of species were missing four or more values of the nine traits
(Table S3.1). To ensure the viability of using congeners to estimate traits values, the
phylogenetic signal (where related species are more similar than that expected by chance) of
each trait was tested, with all traits demonstrating strong phylogenetic signal. I acknowledge
that there may be inaccuracies in the functional traits used in this study, however the clear
phylogenetic signal for each trait suggests that basing trait values on congeners has reduced these
possible inaccuracies. Further details for the analysis of phylogenetic signal are provided in the
supplementary material (Table S3.2 and Table S3.3). Table 4.2 and Table S3.1 include further
details of the traits used.
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Data analysis
All analyses were performed in the R v3.4.0 environment (R Core Team 2017). Sampling
adequacy of the functional and taxonomic components of the communities was assessed through
accumulation curves calculated with the picante (Kembel et al. 2010) and vegan (Oksanen et al.
2017) packages. Both functional and taxonomic richness curves started plateauing for all
locations (Figure S3.7), with final curve slopes being less than one in all locations except
Abrolhos Islands and Bremer Bay (Figure S3.8). Firstly ‘functional signal’ – where functionally
similar species share similar environmental preferences (Losos 2008) was tested using all species
and samples. Relief, benthos and depth were used to characterise the environment at each site.
Relief and benthos were converted to dummy binary variables, then data were standardised prior
to performing principal components analysis (PCA) on the data. The resulting nine PCA axes
were used to define the environment of each sample. The ‘wascores’ function from the vegan
package (Oksanen et al. 2017) was used to calculate species affinities with the environmental
PCA axes. Euclidean distances among species were calculated to define similarities in
environmental affinities. As the incorporated traits were both continuous and categorical
variables, Gower distance was used to define trait distances among species, calculated using the
‘gowdis’ function of the FD package (Laliberté et al. 2014). A correlation between
environmental and trait distances was tested for using the ‘mantel.correlog’ function in vegan,
with Holm adjustment of multiple comparisons (Borcard et al. 2011). “Functional signal” was
established through a significant correlation between trait and environmental distances (Figure
S3.9), which is necessary for functional beta diversity to detect ecological processes (CavenderBares et al. 2009).
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Table 4.2. Functional traits used in analyses.
Trait

Category

Type

Units/Levels

Food type

Trophic niche 1

Categorical

Detritus, Nekton, Plants,
Zoobenthos, Zoobenthos/nekton,
Zooplankton

Feeding habit

Trophic niche 1

Categorical

Browsing on substrate, Filtering
plankton, Grazing on aquatic
plants, Picking parasites off a host,
Predator, Selective plankton
feeding, Variable

Trophic level

Trophic niche 1

Continuous

Position in food web (range 2 –
4.54)

Maximum length

Habitat use,

Continuous

Fork length, disc width (rays) (cm)

Continuous

Maximum depth minus minimum

predator-prey
interactions 2, 3
Depth range

Habitat use,
environmental

depth (m)

tolerance 4
Egg type

Dispersal

Categorical

ability 1, 5, 6

Attach to objects in water,
Demersal, Live birth, Oral, Pelagic

Life span

Life history 7

Continuous

Expected maximum age (years)

Body shape

Habitat use,

Categorical

Compressed, Disk, Eel-like,

mobility 1, 8

Elongated, Elongated disk,
Fusiform, Short and/or deep

Caudal fin

Habitat use,

Categorical

mobility 1, 8
1

Continuous, Forked, Heterocercal,
Ray, Rounded, Truncate

Villéger et al. 2017, 2 Mouillot et al. 2014, 3 Hixon and Beets 1989, 4 Jones and Cheung

2018, 5 Beauchard et al. 2017, 6 Bradbury et al. 2008, 7 Pécuchet et al. 2017, 8 Webb 1984
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As analyses in Chapter 3 found local scale (within locations) processes to act more
strongly than broader scale processes (within regions), analyses were performed within locations
and then pooled to the regional scale for broader comparisons. To estimate the contribution of
selection (environmental filtering), homogenising dispersal, dispersal limitation and drift, and
drift in isolation to the assembly of fish communities I adopted the framework proposed by
Stegen et al. (2013), using functional distances in place of phylogenetic distances. My analyses
were based on the R code used by Stegen et al. (2013), which can be found at
https://github.com/stegen/Stegen_etal_ISME_2013. First, for each location I calculated the βmean-nearest taxon distance (βMNTD), using the abundance weighted ‘commdistnt’ function in
the picante package (Kembel et al. 2010). In this analyses, I replaced the phylogenetic tree
expected by this function with a ‘functional tree’ created by hierarchical clustering of Gower
dissimilarities among species based on their functional traits. Thus, in this case this function
measured the functional distance between each species in a sample and its closest functional
‘relative’ (Fine and Kembel 2011). Null models were then incorporated to identify βMNTD
deviations from random, using 999 permutations of species names and abundances. The β
nearest taxon index (βNTI) was measured as departures of βMNTD from random as standard
deviations from the null model. Values of |βNTI| >2 were considered as functional turnover
significantly departing from that expected by chance (Stegen et al. 2013).
Sample pairs with |βNTI| < 2 are the result of either homogenising dispersal, drift acting
alongside dispersal limitation, or drift alone. To distinguish among these processes, the
modification of the Raup-Crick (RCbray) probability metric of Chase et al. (2011) was applied,
which incorporates abundances. This null model approach probabilistically assembles
communities based on the number of samples a species is observed in and the relative abundance
of the species (Stegen et al. 2013). This null model was applied maintaining sample richness and
species abundances with 999 permutations of the data. Observed deviations from the null RCbray
were then standardised from -1 to 1 (Chase et al. 2011, Stegen et al. 2013). After removing the
sample pairs already identified as having |βNTI| > 2, the RCbray results were partitioned to
identify the remaining assembly processes. Values of |RCbray| < 0.95 indicated drift acting alone,
values of RCbray > + 0.95 are the result of changes in community composition due to dispersal
limitation and drift, and values of RCbray < - 0.95 are due to homogenising dispersal. To
compare assembly processes among regions, counts of sample pairs adhering to each of the four
processes were divided by the number of samples in a region (to account for unbalanced sample
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numbers), then summed across the locations in each region. Stegen et al. (2013) also provide a
detailed description of the methods employed.
Traits involved in either environmental filtering or limiting similarity were identified by
their convergence and divergence respectively from that expected by chance (Botta-Dukát and
Czúcz 2016, Weiher and Keddy 1995). For each trait the observed functional dispersion value
(FDobs), the abundance weighted multivariate dispersion of trait values in a sample, (Laliberté
and Legendre 2010) was calculated. Functional dispersion was chosen to represent functional
diversity, as, when combined with null models, this metric is able to detect both convergence and
divergence of traits (Mason et al. 2013). Null models were created through the ‘richnesss’
method of the ‘randomizeMatrix’ function of the picante package (Kembel et al. 2010), which
randomises abundances within samples while maintaining sample richness. This was performed
on each trait individually with 1000 permutations of the data, with deviations from random
(FDSES) being calculated as
FD$%$ =

FD'() − mean (FD1233 )
sd(FD1233 )

For each trait within each habitat category, significant departures from random (FDSES = 0) were
tested using Wilcoxon signed-rank tests with the ‘wilcox.test’ function in R. Spearman rank
correlations were used to identify monotonic effects of depth upon FDSES. As with the Stegen
framework, analyses were performed within locations, and the results combined to assess
patterns at the regional scale.

Results
The Stegen et al. (2013) approach to trait based estimation of community assembly processes
used in this study supported the variance partitioning of taxonomic β diversity results of Chapter
3. Environmental filtering, homogenising dispersal, dispersal limitation and drift, and ecological
drift all are involved in the assembly of fish communities in all regions, with the relative
importance of these processes differing among regions, with each region being distinct (Figure
4.3). Ecological drift was the major process involved in assembling the fish communities in all
locations, with dispersal limitation combined with drift stronger in the North region, and pure
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drift similar in the Central and South regions. The influence of homogenising dispersal
increased, and environmental filtering decreased, from the North to South regions (Figure 4.3).

Figure 4.3. Regional drivers of Western Australian marine fish community assembly.
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Assessment of convergence and divergence of individual traits within habitats for each
region complemented the results of the Vellend - Stegen framework, with both environmental
filtering and limiting similarity evident. In all regions, FDSES values were often significantly less
than zero, implying greater functional similarity of species within samples than expected by
chance, and thus environmental filtering acting in assembling the communities (Figure 4.4;
Figure S3.10 to Figure S3. 12; Functional dispersion Standardised Effect scores and Wilcoxon
test results

Table S3.4 to Table S3.6). The “Food type” and “Feeding guild” traits often displayed
FDSES values significantly greater than zero, suggesting limiting similarity structuring these
attributes, and thus partitioning of trophic resources. Functional divergence of these traits, and
hence limiting similarity was often stronger in environments of greater structural complexity (i.e.
greater relief and coral/canopy algae benthos). Although the distributions of many traits in the
various environments display significant departures from random (FDSES of zero), it should also
be noted that many trait FDSES values within a habitat variable are both positive and negative,
also with values close to zero (Figure S3.10 to Figure S3. 12). This attribute implies the
presence of neutrality and context dependent environmental filtering or limiting similarity in
assembling the communities observed at a particular habitat variable in this study. Values of
|FDSES| displayed weak Spearman correlations (ranging from -0.379 to 0.508) with depth. The
general lack of strong correlations with depth suggests that the observed changes in functional
diversity are likely to be due to changes in other environmental variables over depth gradients, as
opposed to depth itself.
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Figure 4.4. Heatmaps for each region displaying median trait divergence (red) and convergence (blue) for categorical environmental variables.
Depth values represent Spearman ρ values (only ranging from -1 to 1). Circles indicate trait medians significantly departing from zero (random)
for categorical variables and significant Spearman rank correlations. Habitat abbreviations: Topography: HPR = High Profile Relief, MPR =
Medium Profile Relief, LPR = Low Profile Relief; Benthos: CA = Canopy Algae, CO = Coral, FO = Foliose algae, SG = Seagrass, SI = Sessile
Invertebrates; Dep = Depth.
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Discussion
Through complementary methods I have elucidated the relative importance of stochastic, abiotic,
and biotic variables as factors structuring Western Australian marine fish communities.
Functional traits associated with the various assembly processes were also identified. This study
supports the findings of Chapter 3, with ecological drift being a primary driver of community
assembly of Western Australian marine fishes. Dispersal limitation was again found to be a
major driver of community assembly in the North region, in addition, the Vellend - Stegen
framework identified selection (environmental filtering) and homogenising dispersal to be the
important drivers (excluding drift) of marine fish community assembly in the Central and South
regions respectively. This study builds upon the results of Chapter 3 by partitioning the
deterministic processes into that attributed to abiotic (environmental filtering) or biotic (limiting
similarity) processes, and identifying the functional traits associated with either process at each
location.
Stochastic processes were strongly evident throughout the results of this study. For all
regions, the Vellend - Stegen framework identified ecological drift as the major driver of
community turnover. When the distribution of functional diversity (FDSES) values were assessed
in relation to environmental filtering or limiting similarity, for all traits in nearly all habitats,
values included zero, indicating the presence of neutrality. This apparent stochasticity in
assembly processes may be the result of priority effects (Fukami 2015) or context dependent
and/or intransitive biotic interactions (Chamberlain et al. 2014, Gallien 2017).
Environmental filtering and limiting similarity are simultaneously involved in the
assembly of Western Australian marine fish communities. Both convergence and divergence
were displayed by separate traits, indicating the presence of both environmental filtering and
limiting similarity in structuring the fish communities, although acting on different traits.
Complementary to the studies reporting partitioning of trophic resources in temperate Western
Australian marine fishes (Lek et al. 2011, Platell and Potter 2001), I found dispersion of traits
associated with trophic resource acquisition. Consistently, although not always significantly,
“Feeding habit” and “Food type” displayed trait divergence in the samples of greater habitat
complexity (i.e. high or medium profile reef or coral/canopy algae benthos), in both temperate
and tropical regions. Complementarity of trophic niches may be a widespread feature of species
co-existing in Western Australian marine fish communities. My study used observations of
marine fishes associated with hard substrates and seagrass, as did Lek et al. (2011), while Platell
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and Potter (2001) sampled over sandy substrates. Both Lek et al. (2011) and Platell and Potter
(2001) used gut analysis to establish dietary compositions, and I used functional traits, however
the uniformity in results, despite variable methods, strongly indicate trophic niche
complementarity among co-existing species. This pattern of dispersion of trophic attributes
within communities occurring in all bioregions in my study indicates potential generality in the
processes assembling marine fish communities in Western Australian shallow marine
environments. This feature may be more widespread though, as in a review of resource
partitioning among fishes, Ross (1986) identified trophic partitioning to often be more important
than habitat partitioning in marine fishes.
These results also corroborate those of Ingram and Shurin (2009), with convergence of
traits associated with habitat use being observed in addition to the divergence of traits involved
in trophic resource acquisition. For example, “Maximum length” representing habitat use
through different sized species having different habitat preferences and the changes in habitat
use associated with different swimming performances of species with differing “Body shape”.
This implies that environmental filtering is also acting in structuring the fish communities, across
all bioregions considered in this study, with all habitat categories acting as a filter on one or
more traits. The exception to this is the lack of effect of depth on either trait divergence or
convergence. It should be noted however, that in addition to trait divergence due to resource
partitioning, competitive interactions can also result in convergence of traits, when a phenotype
with an advantage in an environment out competes species possessing suboptimal traits
(Mayfield and Levine 2010). The importance of trait clustering within many of the habitat
variables demonstrates the predominance of either, or, both of environmental filtering and
competitive exclusion over limiting similarity in structuring the communities.
The temperate fish communities demonstrated greater homogenising dispersal, which
may imply a greater effect of environmental filtering in the temperate region as greater dispersal
would allow species to reach various habitats. The presence of limiting similarity acting on traits
associated with trophic resource acquisition implies that in the Western Australian marine
environment, trophic resources are likely to be a limiting resource for fishes. Several studies
considering the importance of limiting similarity and environmental filtering on fish
communities have found little or no evidence of competitive exclusion or limiting similarity (i.e.
Mouchet et al. 2013), but many of these studies however were conducted in areas of relatively
high productivity. The importance of limiting similarity found in this study may be a result of
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the oligotrophic nature of Western Australia’s marine environment, where the poleward flowing
Leeuwin current typically suppresses upwelling (Feng et al. 2009).
Functional redundancy, the presence of multiple species with similar ecological functions
(Nyström 2006), is likely to be enhanced in systems where environmental filtering is operating
as only a particular functional type is able to exist, thus maintaining functional similarity within
communities (Mouillot et al. 2007). However, when limiting similarity is acting upon separate
traits to that of environmental filtering, functional redundancy is likely to be greatly reduced, as
divergence of traits is required, but the potential species (and thus traits) pool has been reduced
after passing through the environmental filter (Mouchet et al. 2013).
Priority effects may explain the high levels of ecological drift observed through the
Vellend - Stegen framework, and the lack of definitive convergence or divergence of traits. If
environmental filtering was operating in isolation, some stochasticity may be expected at the
taxonomic (i.e. Chapter 3), but not functional level, as functional groups would be clearly
associated with specific habitats. The presence of limiting similarity is likely to catalyse niche
pre-emption priority effects (Fukami 2015). Within functional groups, species can be deemed
relatively “functionally equivalent” (sensu Hubbell 2001), and when limiting similarity is
operating, once a ‘trophic resource attaining’ functional type is present in the community, only
other ‘trophic resource attaining’ functional types are likely to enter the community. Therefore,
historical contingency and priority effects are likely to play a strong component in the assembly
of fish communities. In addition, the community observed at a site is not only highly historically
contingent, but also differentiated according to the trophic resources at the site, leading to a
multitude of potential taxonomic and functional alternative stable states, alternative transient
states, or compositional cycles (Fukami 2015). While these potential alternative communities
may be stable in an ecosystem functioning context (Fukami 2015), stochasticity is the observed
result as little taxonomic or functional consistency will be evident. Recently, a manipulative
experiment by Geange et al. (2017), found strong priority effects of Ambon damselfish
(Pomacentrus amboinensis), on survival of lemon damselfish (P. moluccensis). Further studies
such as this will help elucidate the extent that priority effects are involved in the assembly of fish
communities. I found a trend of increasing strength of limiting similarity with habitat
complexity (either relief or benthos) in all regions. Increased habitat complexity is likely to
provide a greater number of resources and/or shelter from predation (Jones and Syms 1998).
Increased diversity of trophic resources will facilitate niche complementarity as more feeding
guilds will be able to utilise the resources available. Similarly, increased shelter from predators
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will increase the number of lower trophic level species able to survive at a site, due to increased
predation avoidance. Correspondingly, the observed limiting similarity may be the result of both
niche complementarity and predator avoidance in habitats of greater complexity. Regardless of
the mechanism, the resulting limiting similarity may explain the often observed effect of
increased habitat complexity associated with greater species richness of marine fishes (i.e.
Hackradt et al. 2011, Pérez-Matus et al. 2007). Further studies are needed to establish the
generality of this feature.
This study used a combination of functional trait -based methods to identify processes
structuring Western Australian marine fish communities. The use of analyses which consider
either multiple or individual traits provided insights that would not be evident through the use of
only one of the methods. The simultaneous use of multiple traits may provide a more holistic
view of a species’ role in a community, however contrasting processes acting upon separate traits
may obscure patterns when viewed this way (Trisos et al. 2014). Western Australian marine fish
communities appear to be assembled primarily through environmental filtering, followed by
limiting similarity of trophic niches, although a large degree of stochasticity exists in the
assembly of these communities. This is evident from both taxonomic (Chapter 3) and functional
perspectives (current study). This stochasticity manifests itself as limited and homogenising
dispersal in tropical and temperate environments respectively, with context dependent
interactions and priority effects also likely to be obscuring the signal of deterministic processes.
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Chapter 5:
Evolutionary histories impart structure into marine
fish heterospecific co-occurrence networks.
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Abstract
Understanding the role of interspecific interactions in maintaining diversity, ecosystem
function, and evolutionary processes is a major challenge in ecology. Historically,
antagonistic heterospecific interactions were the focus of many studies, but the importance of
facilitative interactions is increasingly apparent over recent decades. Ecological networks
can provide insights into potential interactions among co-occurring heterospecifics. I
compared the structures of temperate and tropical marine fish co-occurrence networks to
estimate their resilience and/or robustness to perturbations. I compared the structure of
temperate and tropical marine fish communities through interspecific co-occurrences using
joint species distribution modelling. Network analyses identified modules of co-occurring
species, and those which play a strong role in the organisation of communities. In all study
locations, most interspecific co-occurrences did not significantly differ from random, with
positive co-occurrences more prevalent than negative non-random co-occurrences.
Modularity of networks created from interspecific co-occurrences tended to decrease
poleward, with the opposite for species’ centrality. An increase in functional diversity among
co-occurring species with latitude was detected. Species’ centrality was greatest among the
temperate endemic species, with a positive association between species’ centrality and
intrinsic vulnerability scores. The differences in community structure between tropical and
temperate Western Australian marine fish communities may be, in part, due to differing
evolutionary histories. The temperate endemic species have coevolved in a relatively
homogeneous abiotic and biotic environment, while the Indo-Pacific ichthyofauna have
evolved in a diverse range of environments. The temperate communities are characterised
by: i) low functional redundancy among co-occurring species, with endemic species playing
keystone roles in community structure, ii) attributes associated with increased vulnerability to
perturbations with iii) many of the species identified as potential keystone species have high
intrinsic vulnerability scores and are targeted by fishers.
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Introduction
The elucidation of the relative importance of species interactions with their abiotic and biotic
environments in structuring communities is a major goal of ecology and contributes to
understanding the processes involved in the assembly of ecological communities
(HilleRisLambers et al., 2012). Identification of these processes will enhance our understanding
of ecosystem functioning, enabling improved conservation and management of fauna and flora
(Bremner, 2008). The robustness of ecological communities and ecosystem functioning to
perturbations is not only related to species diversity, but also the redundancy of functional
attributes (Walker, 1992; Walker, 1995; Teichert et al., 2017), and diversity of interspecific
interactions within the community (Valiente-Banuet et al., 2015; Shannon & Coll, 2017).
Functional redundancy acts as an ‘insurance’ (Yachi & Loreau, 1999), where multiple species
are able to contribute to a particular ecosystem function. Thus, in functionally redundant
assemblages, the loss of a species does not result in impaired ecosystem functioning (Walker,
1995), and at the extreme can be thought of as ecological equivalence among species sensu
Hubbell (2001). Similarly, greater diversity of interspecific interactions may provide greater
ecosystem stability. When multiple species are able to partake in a particular interaction,
networks are more robust to a weakening of ecosystem functioning as a result of changes or loss
in species composition (Tylianakis et al., 2010).
Ecological communities are structured according to a combination of both niche and
neutral processes (Vellend, 2010), the former including species interactions with their biotic and
abiotic environments (Mittelbach & Schemske, 2015). Negative interspecific interactions (i.e.
competition, predation) have historically been the focus of studies investigating biotic
interactions, however the importance and prevalence of positive interspecific interactions (i.e.
facilitation, mutualism) is becoming increasingly apparent (Michalet & Pugnaire, 2016). In the
marine realm, positive interspecific interactions have been hypothesised to play a role in
increased ecosystem functioning and resilience or robustness to perturbations (Bulleri, 2009).
Here, I do not differentiate between resilience and robustness, but use the definition adopted by
Levin and Lubchenco (2008), being “maintenance of functioning in the face of disturbance”.
Positive interspecific associations have been hypothesised to provide some protection against
predators, as in intraspecific grouping (Krause & Ruxton, 2002). Morse (1977) posited that
heterospecific groups which display little overlap in their trophic resource acquisition are
predator mediated groupings.
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In natural experiments, the nature of potential interspecific interactions is often inferred
from species co-occurrence patterns, with non-random co-occurrences implying competitive,
predator-prey, facilitative, or mutualistic interactions (D'Amen et al., 2018). Traditionally,
species co-occurrences were assessed using metrics such as the checkerboard (Diamond, 1975)
or C-score (Stone & Roberts, 1990). These metrics however, only provide community level
indices (D'Amen et al., 2018). A shortcoming of traditional co-occurrence analyses is that
observed patterns may not be the result of biotic interactions. In this case, the observed patterns
may be the result of niche filtering where species positive co-occurrences are due to shared
environmental preferences, and negative co-occurrences are the result of differing environmental
requirements (Warton et al., 2015b; Hui, 2016a), or dispersal limitation (Dallas et al., 2019).
One solution to this issue is the estimation of species cooccurrences through joint species
distribution models (JSDMs). Briefly, JSDMs estimate heterospecific species co-occurrences
into those associated with environmental variables and those which are ‘residual’ after
accounting for (dis)similarities in environmental affinities. The residual correlations represent
species co-occurrences beyond that of environmental preferences and/or unmeasured
environmental variables (Warton et al., 2015b; Hui, 2016a). While JSDMs do not explicitly
measure positive or negative interspecific interactions, the results of these models can be used to
identify potential keystone species, and/or develop further hypotheses concerning the processes
involved in structuring communities (Toju et al., 2017).
In recent years, network theory has been increasingly used by ecologists to investigate
community assembly processes, resilience of communities to perturbations, and species
importance in ecosystem functioning (Kaiser-Bunbury & Blüthgen, 2015; Lau et al., 2017).
Ecological networks can be constructed based on the co-occurrence of species, with species
(nodes) being connected via their measure of co-occurrence (edges) (Lau et al., 2017). Metrics
used to describe ecological networks include modularity at the community level, and centrality at
the species level (Lau et al., 2017). Modularity is a measure of the extent of
compartmentalisation of the ecological network, with modules being subsets of highly
interacting species, with few interactions with species outside the module (Borthagaray et al.,
2014). At the species level, centrality measures are based on number and strength of
cooccurrences and have been used to identify potential keystone species (Jordán et al., 2008).
Although multiple definitions have been given, the most commonly used definition of a keystone
species is “a species whose effect is large, and disproportionately large relative to its abundance”
(Power et al., 1996), with secondary extinctions (Walker, 1995) or alterations in ecosystem
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functioning (Shannon & Coll, 2017) expected to follow the loss of a keystone species.
Overharvesting of keystone species has resulted in the collapse and/or alteration in the
functioning of ecosystems (Crain et al., 2009). Although the use of network analyses to identify
keystone species has been questioned (Delmas et al., 2019), I refer to keystone species as those
involved in potential keystone interactions, where, analogous to the keystone species concept, a
keystone interaction is one in which the ecosystem effects of the interaction exceed that expected
by the abundances of the interacting organisms (Helfield & Naiman, 2006; Valiente-Banuet et
al., 2015). In this study, I first use JSDM to identify co-occurrences beyond environmental
associations, and thus potential heterospecific interactions. Network analyses were then used to
measure topological features (modularity and centrality) of the co-occurrence networks (Figure
5.1). Network topological features provide information pertaining to the structure of ecological
communities, which can be used to estimate the robustness of communities to perturbations, both
natural (i.e. cyclones, storms) or anthropogenic (i.e. fishing, habitat modification). For example,
modular ecological networks may be robust to perturbations such as species removal; their
cascading effects tend to be constrained within modules of highly connected species rather than
spreading throughout the community (Tylianakis et al., 2010).
Fishing is one of the main anthropogenic pressures on marine fishes (Arthington et al.,
2016), and has been found to have greater adverse effects on keystone species in the marine
realm (Valls et al., 2015). Potentially associated to the keystone species concept, indicator
species are often used in the management of marine ecosystems (Robinson et al., 2017; Newman
et al., 2018), with these species often selected based on a suite of ecological and life history
characteristics (Beauchard et al., 2017). Incorporating fish species’ life history and ecological
traits, Cheung et al. (2005) used a fuzzy logic system to estimate a fish species’ intrinsic
vulnerability to local extinction, allowing prioritisation of species for conservation and
management. Scalefish fisheries in Western Australian are relatively small and species rich,
with limited catch and effort data (Newman et al., 2018). In some management units, catches by
recreational fishers are greater than that of commercial fishers (Newman et al., 2018).
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Figure 5.1. Conceptual flow diagram describing the application of joint species distribution
modelling and network analyses to identify ‘modules’ of co-occurring species, and key
species in the ecological network. Blue edges indicate positive co-occurrences (species
cooccurring more than expected by chance after accounting for environmental affinities), red
edges indicate negative co-occurrences (species co-occurring less than expected by chance
after accounting for environmental affinities). A species demonstrating high centrality is
indicated by the dashed circle and edges, a module of species is indicated through dotted
circles and edges.

Temperate west Australian fish communities are characterised by high endemism
(Hutchins, 2001; Fox & Beckley, 2005; Chapter 2), and endemic marine fish species have been
found to be vulnerable to exploitation and habitat loss (Bender et al., 2013; Arthington et al.,
2016). Western Australian marine fish assemblages are derived from two main species pools: a
widespread Indo-Pacific ichthyofauna and a pool of largely endemic, temperate species
(Hutchins, 2001; Fox & Beckley, 2005; Chapter 2). Southern Western Australia is a centre of
endemism for multiple marine species (Roberts et al., 2002), suggesting a common cause of
endemism among the taxa. The temperate endemic fishes have co-evolved in an Old Stable
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Landscape (sensu Mucina & Wardell-Johnson, 2011), while the tropical species are mostly
colonists from the Indo-Pacific fauna, which has an evolutionary history largely separate from
that of the temperate endemics (Chapter 2). The assembly of both communities has been found
to be largely stochastic, with dispersal limitation and niche processes (habitat filtering and/or
biotic interactions) being more prevalent in the tropical and temperate communities respectively
(Chapter 3). The same study also found support for relatively greater ecological specialisation of
Western Australian temperate species shown through their being associated with the same suite
of species more often than their tropical counterparts, suggesting greater importance of niche
processes in assembling the communities composed of many co-evolved endemics (Chapter 3).
Based on the gradient of increasing ecological specialisation from tropical to temperate
Western Australian marine fish communities (Chapter 3), I tested two hypotheses: i) tropical fish
communities would demonstrate features (i.e. functional redundancy and interaction redundancy
through greater network modularity) likely to contribute to greater resilience to perturbations
such as the loss of a species, and ii) interspecific interactions would be stronger among temperate
species, demonstrated through increased centrality. I also aimed to identify keystone species at
each of the study locations, investigate their degree of endemism, and assess their vulnerability
to fishing.

Materials and methods
Data collection
Biological data
Baited Remote Underwater Video Stations (BRUVS) were used to estimate abundances of fish
from 11 nearshore locations along the Western Australian continental shelf (Esperance [34.02°
S, 123.34° E] to Dampier [20.46° S, 116.72° E]) from April 2006 to September 2009, with
multiple samples taken at each location (Table 5.1). BRUVS were deployed at least 250m apart
and collected after 1 hour. Approximately 800g of crushed pilchards Sardinops sagax were used
as bait and placed in front of each unit. Footage was analysed using EventMeasure (SeaGIS), and
where possible fish were identified to species level, with the maximum number of individuals
within a given footage frame (MaxN) calculated for each species to avoid recounting the same
individual (Cappo et al., 2004). Only fishes within 7m of the BRUVS unit were counted. Study
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locations were classified as belonging to either “North”, “Central”, or “South” regions, based on
the bioregionalisations of Spalding et al. (2007) and Last et al. (2011) (Figure 5.2). The study
region and data used in this study have been described in Chapter 2, where further sampling and
footage analysis details can be found, but the current study only incorporated samples from hard
substrate habitats and fishes which had been identified to the species level, and is identical to that
used in Chapter 3. The analyses thus incorporated 746 samples comprising 42,637 individuals of
379 species of fishes from 71 families (Table 5.1).

Table 5.1. Numbers of samples and species from each region and location.
Region

Location

Abbreviation

North
Dampier
Ningaloo

Da.
Ni.

Shark Bay
Abrolhos Islands
Jurien
Rottnest Island

Sh. B.
Ab. Is.
Ju.
Ro. Is.

Cape Naturaliste
Broke Inlet
Albany
Bremer Bay
Esperance

C. Na.
Br. I.
Al.
Br. B.
Es.

#
samples
216
133
83
261
66
23
80
92
269
84
84
41
20
40
746

Central

South

Full

100

Total
species
richness
241
138
175
230
144
73
77
92
102
75
71
78
57
56
379

Average species
richness
(SE)
18.319 (0.601)
17.180 (0.409)
20.145 (0.613)
12.947 (0.371)
15.545 (0.755)
11.391 (1.358)
10.012 (0.430)
14.022 (0.434)
11.941 (0.325)
13.536 (0.433)
9.964 (0.387)
16.049 (1.784)
12.100 (1.860)
8.450 (0.698)
14.139 (0.265)

Figure 5.2. Locations of study sites in Western Australia. Regions are classified according to
Last et al. (2011).

101

Environmental data
Depth and geographical location were recorded at the time of BRUVS deployment. Habitat
features (topography and benthos) were identified during analysis of video footage. Substrate
relief (topography) was classed as “high profile reef” (HPR), “medium profile reef” (MPR), or
“low profile reef” (LPR). Benthos was classed as “canopy forming algae” (CA), “coral” (CO),
“foliose algae” (FO), “seagrass” (SG), or “sessile invertebrates” (SI).

Species attributes
Geographic ranges of species were used to classify degree of endemism. Species were classed as
either widely distributed, Northern Australian endemics, Western Australian endemics, or
Southern Australian endemics. Geographic ranges of species were compiled from Hutchins and
Swainston (1986), Allen and Swainston (1988), Last and Stevens (2009), and Gomon et al.
(2008). Values of intrinsic vulnerability were collected for species with eigenvector centrality
scores (see “Species centrality in co-occurrence networks” below) greater than zero, and sourced
from FishBase. Values for nine species-level functional traits (Table 4.2), were collected to
measure functional diversity. Sources of trait values are described in Chapter four - “Functional
Trait data collection”.

Statistical analyses
Joint species distribution modelling
Chapter 3 identified community assembly processes to be operating strongest within locations, as
opposed to within regions, therefore, analyses were conducted on data from each of the 11
locations (Figure 5.2). Joint species distribution modelling (JSDM) was performed to estimate
heterospecific co-occurrences. This method uses latent variables to incorporate similarities in
environmental affinities of species, providing residual co-occurrence patterns: the extent to
which species are aggregated, segregated, or co-occur randomly after accounting for (dis)
similarities in environmental associations. JSDM was performed on species abundances at each
location. Depth, relief, and benthos were incorporated to describe the environment at each
sample, with relief and benthos first transformed into dummy binary variables. For each
location, Boral JSDM models were run using 40,000 iterations with a burn-in of 10,000 and a
thinning factor of 30. A negative binomial distribution was used to account for over dispersion
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of the species abundance data (Hui, 2016a). Convergence of JSDM models was assessed
through Dunn-Smyth residual and normal quantile residual plots.
Recent studies have found discrepancies among the results of various heterospecific cooccurrence algorithms (Sander et al., 2017; Barner et al., 2018). To validate the results obtained
with the Boral models, Hierarchical Modelling of Species Community (HMSC) models were
also run. HMSC uses a Bayesian approach and hierarchical generalised linear mixed models
(Ovaskainen et al., 2017), and has been found, along with the Boral algorithm, to exhibit
excellent accuracy (Warton et al., 2015b). HMSC models were run on presence-absence species
data, using a probit error distribution, and 10,000 iterations with a burn in of 2,000 and thinning
of 10. The same preparation of explanatory variables as the Boral models was used.
Convergence of HMSC models was assessed through Heidelberger and Welch's diagnostic. To
compare the HMSC model results to the Boral results, the same subsequent analyses were
applied to the HMSC results as the Boral results.

Co-occurrence network modularity
Network analyses were used to investigate co-occurrence patterns beyond species pairwise
interactions. The residual correlations from the JSDM models were used to indicate species cooccurrences. Positive residual correlations indicate species co-occurring more than expected by
their environmental affinities. Similarly, negative co-occurrences indicated species which cooccurred less than expected based on their environmental preferences. Networks of species cooccurrences indicate the species participating in potential antagonistic or facilitative interactions,
and the frequency of these co-occurrences each species is involved in. The pairwise residual
correlations of the JSDM analyses for each location were used as proxies for interspecific cooccurrence strengths. These were plotted as a weighted network in which species represented by
nodes were connected by links whose thicknesses represent the residual correlations of the
JSDM analyses. Network modularity was used to compare topologies of co-occurrence
networks among locations. Communities (nodes connected by edges, with few edges connecting
to nodes outside the community) within co-occurrence networks were detected using a simulated
annealing method. This community detection algorithm was used as it allows for negative
edges, being species which co-occurred less than expected after accounting for environmental
affinities (Traag & Bruggeman, 2009). A null model approach was employed to compare
modularity values among sampled locations, using the unipartite null model proposed by Cantor
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et al. (2017a, 2017b). For each location, 1000 random networks each with the same number of
nodes and connections as the original co-occurrence network were created, with probability of
connections between nodes being proportional to the sum of connections of the two nodes
(Cantor et al., 2017b). Modularity was calculated for each of these networks as per the original
co-occurrence network. Modularity standardised effect sizes (SES - or z scores) were then
calculated for each location as –
"#$%&'()*+(-.-) =

"#$%&'()*+(234) − 67'8 ("#$%&'()*+(9:;;) )
<*'8$'($ $7=)'*)#8 ("#$%&'()*+(9:;;) )

Where Modularity(obs) is the modularity of the original co-occurrence network, Modularity(null) is
the modularity values of the 1000 random networks. Positive Modularity(SES) scores indicate
network modularity greater than that expected by chance given the number of vertices and edges
in a network, and negative Modularity(SES) scores indicate less modularity than that expected by
chance. Modularity(obs) values which were outside of the 95% CI of Modularity(null) values were
taken as significant departures from that expected by chance.

Functional diversity
To estimate the ecological similarity of co-occurring species at each location, the mean
Gower dissimilarity among species within each module was calculated based on species level
functional traits (
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Table 4.2). Gower dissimilarity was used as it can be calculated based on a combination of
continuous and categorical variables (Podani, 1999). Greater mean Gower dissimilarities
among co-occurring species indicates greater functional diversity, and thus reduced
functional redundancy. To detect changes in functional diversity of co-occurring species at
locations along the Western Australian coast, Spearman’s ρ was calculated between average
sea surface temperature (SST, sourced from Bio-Oracle; Tyberghein et al., 2012) at each
location and the mean Gower dissimilarity within modules at each location. Sea surface
temperature was used in place of latitude as the study region coast includes both latitudinal
and longitudinal gradients, therefore the SST gradient represents the gradient from tropical to
temperate locations, as it continues to decrease eastwards along the south coast.

Species centrality in cooccurrence networks
Potential keystone species were identified through their eigenvector centralities (here after
referred to as ‘centrality’). This measure places importance on vertices (species) which have
both many connections and are connected to other highly ranked vertices. This measure of
centrality thus considers global network properties, as high eigenvector centrality values are
achieved through many connections with other species, with these species also possessing high
eigenvector centrality scores (Estrada, 2007; Iyer et al., 2013). Distributions of values of
species’ centrality scores within each location were visually assessed through violin plots, with
differences in distributions among locations tested with bootstrapped Kolmogorov-Smirnov
tests, with false discovery rate correction for multiple comparisons. To ensure differences in
species’ centralities among locations was not an artefact of comparing networks with different
structures, I used the same null model as described above and calculated the centrality(SES) (or z
score) for each species at each location. Differences in species’ centrality and intrinsic
vulnerability among endemism groups were tested using Kruskal Wallis tests, with subsequent
pairwise Dunn tests with Benjamini-Hochberg correction performed following significant
Kruskal Wallis tests. Mean centrality values were used for species with centrality scores for
multiple locations. The relationship between species’ centrality and intrinsic vulnerability values
was assessed through Spearman’s correlation. As with comparison of network modularity
among locations, results were confirmed through null model centrality(SES) scores. Similar to the
eigenvector centrality measure, the “PageRank” algorithm has been used to identify species
whose loss is likely to result in co-extinctions (Allesina & Pascual, 2009), and prioritise species
for management or conservation efforts (McDonald-Madden et al., 2016). For each location, I
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verified the ranking of eigenvector centrality scores through Spearman correlations with
PageRank scores. The influence of species’ relative abundances upon their centrality values was
also assessed though linear models.
All analyses were performed using the R statistical environment v 3.3.1 (R Core Team,
2016), using the boral (Hui, 2016b), HMSC (Blanchet, 2017), igraph (Csardi & Nepusz, 2006),
UNODF (Cantor et al., 2017a), FD (Laliberté et al., 2014), vioplot (Adler, 2005), Matching
(Sekhon, 2011), and FSA (Ogle, 2017) packages.

Results
Species co-occurrence
Dunn-Smyth residual and normal quantile residual plots confirmed convergence of JSDM
models, with no patterns observed in Dun-Smyth residual plots(Warton et al., 2015a). Normal
quantile plots for the Abrolhos Islands, Albany, and Bremer Bay identified possible nonnormality (Figure S4.1 to Figure S4.11). The reduced convergence of the Abrolhos Islands and
Bremer Bay models may be a result of the low number of samples at these locations (Table 5.1).
Therefore, these two locations were removed from further analyses. No strong regional patterns
emerged when considering environmental or residual correlations among species pairs, the latter
indicating species co-occurrences not explained by measured environmental variables. When
significant, most environmental and residual correlations were positive (Figure 5.3). At all
locations, at least 77% of species pairs were not significant with respect to both environmental
and residual correlations, supporting the proposal of stochasticity being a prominent feature
driving the assembly of these fish communities (Chapter 3). Across locations, between 0.8 and
13% of species pairs demonstrated a positive environmental correlation and no residual
correlation, suggesting environmental filtering as their co-occurrences were explained by
environmental gradients. The next most prominent co-occurrence type was positive residual
correlations with no environmental correlations. This co-occurrence was demonstrated by
between 0.03 and 4% of species pairs analysed, resulting from either (positive) biotic
interactions and/or unmeasured environmental variables (Figure 5.3, Table 5.2). Following
these, the percentage of significant pairwise (environmental and residual) correlations decreased
rapidly.
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Modularity of species co-occurrence networks
A greater proportion of species were involved in both negative and positive significant cooccurrences in the tropical locations than the temperate locations (Figure 5.3; Figure S4.12 to
Figure S4.22; Table S4.1). Very few significant co-occurrences were detected at the Abrolhos
Islands and Bremer Bay (Figure 4; Figures S4.1-11; Table S1.2). Again, this is likely to be due
to the lower number of samples at these two locations (Table 5.1).
Modularity of most networks departed from that expected by chance, with modularity of
the Shark Bay, Rottnest Island, and Albany locations being within the 95% confidence intervals
of their null model values (Figure 5.4). The northern (tropical) communities demonstrated
greater modularity than that expected by chance, while the modularity of the southern
communities was often less than that of that expected by chance, inferring greater
compartmentalisation of the tropical communities, and little or no compartmentalisation in the
temperate communities (Figure 5.4). The Modularity(SES) values showed a similar pattern to that
of the observed modularity values, with the northern locations’ Modularity(SES) values tending to
be large and positive, and the Modularity(SES) of the southern locations tended to be negative and
of a smaller magnitude (Figure 5.4). A significant increase in functional diversity among species
within modules was detected along a gradient of decreasing Sea Surface Temperature (SST)
(Figure 5.4), indicating greater functional redundancy among co-occurring species in tropical
locations.
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Figure 5.3.
Environmental and
residual correlations
for each species pair.
Red indicates
significant residual
correlations, blue
indicates significant
environmental
correlations, black
indicates both
residual and
environmental
correlations are
significant, grey
indicates no
significance.
Boxplots demonstrate
distribution of
significant values.
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Table 5.2. Percentage (count) of species’ pairwise environmental and residual correlations at each location. NS = not significant, +ve = positive
correlations, -ve = negative correlations. Top three percentages at each location shaded.

North
Central

South

Environment

NS

+ve

NS

-ve

+ve

NS

-ve

-ve

+ve

Residual

NS

NS

+ve

NS

+ve

-ve

+ve

-ve

-ve

Dampier

84.862 (16044)

6.866 (1298)

3.734 (706)

2.486 (470)

0.815 (154)

0.973 (184)

0.138 (26)

0.074 (14)

0.053 (10)

Ningaloo

77.215 (23512)

13.819 (4208)

3.98 (1212)

3.251 (990)

1.419 (432)

0.066 (20)

0.236 (72)

0 (0)

0.013 (4)

Shark Bay

88.704 (18266)

9.625 (1982)

0.913 (188)

0.544 (112)

0.155 (32)

0.058 (12)

0 (0)

0 (0)

0 (0)

Abrolhos Islands

98.973 (5202)

0.837 (44)

0.038 (2)

0.152 (8)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Jurien

96.548 (5650)

1.504 (88)

1.367 (80)

0.478 (28)

0.103 (6)

0 (0)

0 (0)

0 (0)

0 (0)

Rottnest Island

83.97 (7030)

12.59 (1054)

1.242 (104)

0.86 (72)

1.075 (90)

0.191 (16)

0 (0)

0 (0)

0.072 (6)

Cape Naturaliste

90.342 (5014)

6.054 (336)

1.946 (108)

1.045 (58)

0.36 (20)

0.18 (10)

0 (0)

0.072 (4)

0 (0)

Broke Inlet

87.324 (4340)

7.203 (358)

1.288 (64)

3.944 (196)

0.201 (10)

0 (0)

0.04 (2)

0 (0)

0 (0)

Albany

92.807 (5574)

4.662 (280)

1.532 (92)

0.799 (48)

0.133 (8)

0.067 (4)

0 (0)

0 (0)

0 (0)

Bremer Bay

97.932 (3126)

1.316 (42)

0.251 (8)

0.439 (14)

0 (0)

0.063 (2)

0 (0)

0 (0)

0 (0)

Esperance

81.169 (2500)

9.286 (286)

4.416 (136)

3.247 (100)

1.818 (56)

0 (0)

0.065 (2)

0 (0)

0 (0)
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Species centrality in co-occurrence networks
The distribution of species’ centrality scores differed among locations, with median species’
centralities in tropical communities lower than those of temperate communities, for both
observed centralities and centrality(SES) scores (Figure 5.4). Similarly, species’ centralities
differed among endemism groups (Kruskal-Wallis χ2 = 20.746, df = 3, p-value < 0.001), with
Western Australian and southern Australian endemic species having greater centralities than
those of widely distributed species (Figure 5.6). Intrinsic vulnerabilities also differed among
endemism groups (Kruskal-Wallis χ2 = 9.920, df = 3, p-value = 0.019), however, no pairwise
differences were detected after p values were adjusted for multiple comparisons (Figure 5.6). A
feature of keystone species is that they have an effect on ecosystem functioning greater than that
expected from their relative abundances (Power et al., 1996). At all locations, the rank of
species’ centrality scores was highly correlated with the rank of their PageRank scores (Figure
S4.23), supporting the centrality values in identifying species of importance. The lower
(although still highly significant) association between centrality and PageRank scores at Dampier
is the result of the latter algorithm incorporating negative connections, and the increased
prevalence of negative connections at Dampier (Table 5.2). Species relative abundances were
found to significantly, although very weakly influence centrality values (Figure S4.24). The
maximum r2 between relative abundance and centrality was 0.344 at Esperance, therefore it was
deemed that these results were not strongly influenced by differences in abundances.
The HMSC models displayed similar patterns to that of the Boral models (Figure S4.25;
Table S4.2 to Table S4.12). The modularity of all networks was greater than that expected by
chance, although similarly to the Boral models, a decrease in modularity(SES) scores from tropical
temperate study locations was also observed (Figure S4.25). The functional diversity of cooccurring species within each module also demonstrated an increasing trend from tropical to
temperate locations, similar to that of the Boral models (Figure S4.25). Both observed species
centrality values and centrality(SES) scores from the HMSC models also displayed an increase
from tropical to temperate locations, matching the patterns from the Boral models (Figure
S4.25). Many of the species identified as being central in the co-occurrence networks in the
Boral models were also identified by the HMSC models (Table S4.2 to Table S4.12). These
results indicate that, while the two JSDM models used in this study do display some
discrepancies, the results of the Boral models are not likely to be an artefact of model choice.
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Figure 5.4. Network representations of JSDM residual
correlations (species co-occurrences beyond that of their
environmental affinities). Blue edges represent positive
co-occurrences, red edges represent negative cooccurrences. Vertices (species) are coloured by their
module association. Size of the species’ node represents
number of connections, edge size indicates strength of
co-occurrence. Species with no edges are those which
have no co-occurrences which differ from that expected
by chance. Individual networks in Figure S4.1 to 5Figure
S4.25, species name abbreviations are in Table S4.2 to
Table S4.12.
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Figure 5.5. a) Network modularity (Q) at each location, b) modularity SES at each location, c) the trend of functional diversity with sea surface
temperature (SST), d) values of species centrality at each location, and e) values of species’ centrality SES. Error bars in a) indicate 95% CI of
null model modularity values with coloured points indicating observed modularity values. Values at the base of a) indicate number of modules
observed at a location. Coloured points indicate average functional distances within each module at a location in c), white points indicate mean
of modules at a location. Line of best fit placed through individual module values.
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Figure 5.6. a) The association between species eigenvector centrality and intrinsic
vulnerability and differences in b) eigenvector centrality and c) intrinsic vulnerability across
endemism groups. Different lower-case letters above boxes indicate significant differences.

A weak but significant positive correlation was detected between the intrinsic
vulnerabilities and centralities of species over all locations sampled, suggesting that species of
greater importance in the co-occurrence networks tend to be more vulnerable to fishing pressure
(Figure 5.6). Of the thirteen targeted species which were in the top quartile for both centrality
and intrinsic vulnerability, five were from the widely distributed group (1.89% of species in this
group), one (11.11%) from the Northern Australian endemics, three (10.34%) from the Western
Australian endemics, and four (5.26%) from the southern Australian endemic species (Table
5.3). While these species are the subset of targeted species with high centrality and intrinsic
vulnerability scores, Queen Snapper (Nemadactylus valenciennesi), Western Foxfish (Bodianus
frenchii), Pink Snapper (Chrysophrys auratus), Breaksea Cod (Epinephelides armatus), Baldchin
Groper (Choerodon rubescens), and Red Emperor (Lutjanus sebae) score particularly high in
both centrality and intrinsic vulnerability values.
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Table 5.3. The geographic distribution, Intrinsic vulnerability, and (mean) eigenvector centralities of targeted species in the top quartiles for
both intrinsic vulnerability and eigenvector centrality.
Species

Distribution

Intrinsic

Centrality

Locations providing centrality scores

vulnerability
Bodianus frenchii
Nemadactylus valenciennesi

South Aust.
South Aust.

66
58

0.332
0.326

Jurien, Rottnest Island, Cape Naturaliste, Broke Inlet, Albany, Esperance
Rottnest Island, Cape Naturaliste, Broke Inlet, Esperance

Epinephelides armatus

West Aust.

54

0.305

Jurien, Rottnest Island, Cape Naturaliste, Broke Inlet, Albany, Esperance

Choerodon rubescens

West Aust.

65

0.291

Shark Bay, Jurien, Rottnest Island

Plectropomus maculatus

Wide

51

0.273

Dampier

Lutjanus lemniscatus

Wide

40

0.271

Dampier

Lutjanus sebae

Wide

59

0.245

Dampier

South Aust.

68

0.231

Rottnest Island, Cape Naturaliste, Broke Inlet, Albany

Wide

47

0.227

Shark Bay, Jurien, Rottnest Island

Choerodon cauteroma

West Aust.

37

0.222

Dampier

Lethrinus punctulatus

North Aust.

25

0.199

Shark Bay

Ophthalmolepis lineolatus

South Aust.

36

0.198

Jurien, Albany, Esperance

Othos dentex
Plectorhinchus flavomaculatus
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Discussion
Heterospecific co-occurrence patterns
Patterns in the co-occurrence of marine fishes were found to differ over a latitudinal gradient,
with changes manifesting at both the community and species levels of organisations. The JSDM
residual correlations revealed the southern locations to be characterised by stronger
heterospecific co-occurrences. At the community level, the greater modularity of the northern,
tropical location co-occurrence networks implied the presence of distinct suites of species cooccurring with many others in the module. Corroboratively, the greater species eigenvector
centralities within the southern location co-occurrence networks suggested tighter ‘cliques’ of
species, with one or few species co-occurring with other species. These network modularity and
centrality results are likely to be, at least in part, non-independent of each other. Following this,
I found a weak but significant positive relationship between species’ intrinsic vulnerability and
centrality, and greater centrality to be associated with degree of endemism.
Increased modularity is thought to confer greater resilience to perturbations such as
species loss in a community (May, 1973; Grilli et al., 2016). In networks such as those of this
study (undirected unipartite networks) increased modularity has been demonstrated to contain
the effects of such perturbations within modules, reducing the effect to the overall network
(Gilarranz et al., 2017). Network modularity was greater in the northern locations, suggesting
increased robustness of northern communities to perturbations such as loss of species. The
greater ecological similarity of co-occurring tropical species was demonstrated through the lower
functional diversity of species within modules in the tropical study locations. This implies
greater functional redundancy of co-occurring species in tropical locations relative to the
temperate locations, suggesting greater resilience of Western Australian tropical marine fish
communities, relative to their endemic temperate counterparts.
Within local communities (i.e. individual samples), random co-occurrences were the
most prevalent pairwise interspecific co-occurrence followed by positive, then negative
cooccurrences. A statistical rationale for high levels of random or weak interspecific cooccurrences have been described by McGill (2010). Heterospecific groupings have been
hypothesised to be advantageous through improved predator avoidance and/or providing
increased acquisition of trophic resources (Morse, 1977; Krause & Ruxton, 2002). Western
Australian fish communities tend to be composed of species which differ in their trophic
requirements (i.e. feeding habit and food type – Chapter 4), thus the former hypothesis
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concerning heterospecific aggregations is less likely to apply in this situation. Similarly, Gil and
Hein (2017), investigating behavioural coupling of reef fishes (mostly acanthurids and scarids) in
heterospecific aggregations off French Polynesia, found fishes’ foraging and predator avoidance
actions to be associated with the actions of others in the heterospecific aggregations. Biotic
interactions have been suggested to play a stronger role in structuring communities in tropical
relative to temperate environments (Schemske et al., 2009), although this has been questioned
(Moles & Ollerton, 2016). In this study, a greater proportion of species were found to co-occur
in tropical than temperate locations, however, the strength of potential interactions among
temperate species was greater. While this study is unable to identify the causes behind these
interactions, it appears that the nature of marine fish interspecific interactions differs between
temperate and tropical ecosystems.

Keystone species
Stronger heterospecific co-occurrences and importance in network structure was demonstrated
by endemic species, in particular the Western Australian and southern Australian endemic fishes,
suggesting their role as keystone species in their communities (Berry & Widder, 2014). It has
been suggested that central, highly connected, species in ecological co-occurrence networks have
a disproportionate effect on ecosystem functioning and resilience. The loss of these species has
also been hypothesised to result in the coextinction of associated/dependent species in the
network/community (Montoya et al., 2006; Toju et al., 2017). In the temperate communities, the
greater eigenvector centrality of ‘keystone’ species suggests that the loss of these species is more
likely to result in coextinctions and/or alteration of ecosystem functioning (Sridhar et al., 2013;
Pozsgai et al., 2016). The greater “keystone-ness” among the endemic species, as measured
through their centrality in the co-occurrence networks, may be the result of these species having
coevolved and play a key role in eco-evolutionary feedbacks (Toju et al., 2017). Western
Australian temperate endemic fishes have coevolved in a region which has been relatively stable
over geological time (McGowran et al., 1997) and is environmentally homogeneous relative to
the marine environment of tropical Western Australia (Chapter 2). The current distribution of
many of the endemic species extends throughout much of Western Australia’s subtropical and
temperate coastal waters, with at least 60% of species observed at each of the temperate
locations in this study (Figure 5.2 – Jurien to Esperance) also being observed in at least five
other study locations (Chapter 2). These endemic fishes have thus coevolved and continue to
coexist in similar abiotic and biotic environments throughout the region.
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Functional diversity (measured as average functional distance among co-occurring
species) within network modules tended to be greater in temperate than tropical communities.
Increased ecological differentiation among species in a community is a potential result of
selection acting upon coexisting species, due to coexistence mechanisms creating ecological
differentiation, resulting in speciation (McPeek, 2007). The species inhabiting Western
Australia’s tropical marine environment, on the other hand, are mostly colonists from the IndoPacific ichthyofauna. Chapter 3 contains postulations that the relative (to the temperate
endemics) ecological generalisation of the tropical species to be a result of the individuals of
each species having existed with different suites of species over geological timeframes. Thus
selection is not applied to a species in a constant direction and species evolve to the average
environmental conditions, this being one of the predictions of the unified neutral theory of
biodiversity and biogeography in species rich communities (Hubbell, 2001, 2005, 2006). This
theory has support in the reduced functional diversity observed within modules of co-occurring
species in the tropical locations, as this reduced functional diversity suggests greater ecological
similarity among co-occurring species than in the temperate locations. These results support the
notion that the increased “keystone-ness” observed in the temperate endemic species is a result
of these species having co-evolved, although further studies are required to test this hypothesis.
The structure of ecological networks has been found to influence the ability of a
community to be resilient and/or robust to perturbations (Bascompte & Stouffer, 2009;
Tylianakis et al., 2010). In network theory, a hub is a species (vertex) with many connections
(edges), such as the potential keystone species identified in this study (species with high
eigenvector centrality scores). These hub species provide integrity to co-occurrence network
structure, as removal of these species is predicted to result in extensive alteration of network
structure (Tylianakis et al., 2010; Banerjee et al., 2018; Jordán et al., 2019). The structure of the
co-occurrence networks from the temperate locations may indicate that these communities are
resilient to random species loss, but more vulnerable than the tropical communities when the loss
is of keystone species. In addition to the increased importance of keystone species, and
decreased modularity of temperate communities, the greater functional diversity within the
modules of temperate networks implies decreased functional redundancy. These results suggest
that temperate co-occurrence networks are less robust to removal of keystone species and (nonexclusively) the modules are more sensitive to removal of interspecific associations.
Furthermore, the lower functional redundancy within the temperate interaction modules suggests
removal of species is likely to have greater impact upon ecosystem functioning.
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I identified potential keystone species in the fish communities and found a prevalence of
endemics among these keystone species. However, there are likely to be other keystone species
which were not detected through the JSDM due to low occurrences. Both the West Australian
Dhufish (Glaucosoma hebraicum) and the Western Blue Groper (Achoerodus gouldii) are
Western Australian endemics with ecological characteristics similar to those of species identified
as potential keystones in this study, but these species were only observed a maximum of 11 and
10 samples at a location respectively. Furthermore, G. hebraicum has been identified as an
indicator species for Western Australian fisheries management, as have several other species
identified as keystones in this study, (i.e. Chrysophrys auratus, Choerodon rubescens,
Epinephelides armatus, Bodianus frenchii, and Nemadactylus valenciennesi) (Newman et al.,
2018). Glaucosoma hebraicum was also identified as a potential keystone species at Jurien and
Rottnest Island through the HMSC modelling (Table S4.6 and Table S4.7).
The Western King Wrasse (Coris auricularis), a protogynous hermaphrodite and Western
Australian endemic, demonstrated positive co-occurrences with other species at Shark Bay and
Albany, and negative co-occurrences with many species at Rottnest Island and Cape Naturaliste.
Rottnest Island and Cape Naturaliste are in the West Coast fisheries management bioregion,
which experiences the greatest fishing activity in the state (Ryan et al., 2017). Furthermore,
within this bioregion, these two locations are also located adjacent to the towns and cities where
nearly 75% of Western Australian Recreational Fishing from Boat Licence holders reside (Ryan
et al., 2017). Juvenile and female C. auricularis establish cleaning stations, where they will
interact with other species by picking skin parasites off them (Hutchins & Swainston, 1986).
Kleczkowski et al. (2008) reported a fishing pressure induced reduction in size at which C.
auricularis changes from female to male, and thus this species will cease interacting positively
with heterospecifics at an earlier age. The disparity in interspecific co-occurrence patterns for C.
auricularis among locations may therefore be a result of fishing pressure, shifting this species’
interspecific interactions from facilitative to antagonistic. While this study is not able to further
investigate this feature, this may be an example of fishing induced alteration of ecosystem
functioning.

Concluding remarks
This study has found i) tropical Western Australian marine fish communities to possess features
which are likely to convey greater resilience to perturbations such as loss of species than the
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temperate communities, and ii) greater numbers of interspecific cooccurrences in tropical
communities, although the strength of co-occurrences are greater in temperate fish communities.
The increased strength of interspecific interactions among temperate species may be the result of
these species having co-evolved. The degree of a species endemicity was also found to be
associated with increased vulnerability to fishing pressures. In addition, I identified changes in
co-occurrence patterns, possibly due to fishing, which have the potential to alter ecosystem
functioning to some extent. Further similar studies in other Old Stable Landscapes (sensu
Mucina & Wardell-Johnson, 2011), with associated high endemism as identified by Roberts et
al. (2002), would be beneficial to further validate these patterns.
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