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Abstract

Environmental change influences the composition and abundance of species within
ecosystems. Changes in ecosystem dynamics can lead to disruptions to species interactions,
resulting in unforeseen consequences, and risk of species loss. Competition is one such
interaction that plays an important role in the maintenance and structuring of ecosystems but

is often overlooked in ecosystem change and conservation research.

Changes in ecosystem dynamics can arise via multiple pathways (e.g., novel disturbances
and/or species introductions). However, an underappreciated pathway is through well-
intended conservation efforts, such as the removal of invasive predators, that can result in
unintended negative outcomes. In Booderee National Park, located on the south coast of New
South Wales, Australia, there has been an effective and ongoing fox-baiting program for more
than 20 years. This program has been linked to population increases of the common brushtail
possum Trichosurus vulpecula, a native species. During the same period, a significant decline

of native small mammals, including the bush rat Rattus fuscipes, has been detected.

The objective of this thesis is to investigate whether increased competition with the common
brushtail possum has contributed to the decline of bush rats in Booderee National Park. To
achieve this, | used multiple methods to quantify the association between the two species and
attempt to characterise the mechanism(s) of competition underpinning this association. In
doing so | addressed the following aims: (1) quantify changes in the co-occurrence of co-
occurrence of common brushtail possums and bush rats over time, (2) document evidence of
competitive interactions through experimental manipulation of supplementary food sources,

and (3) determine if there is a significant overlap in the diets of the species.

To tackle the first aim (Chapter 3), | analysed 17 years of mammal trapping to examine the co-
occurrence of bush rats and common brushtail possums. The model revealed a negative
association between the two species’ abundances, however time since fire had a greater
influence on bush rat populations. For the second aim (Chapter 4), | used camera traps to
study competitive interactions, finding that heavy possum presence led to reduced bush rat
foraging activity and shorter bait consumption periods, indicating temporal avoidance by bush
rats. Addressing the third aim (Chapter 5), | employed DNA metabarcoding of faecal samples
to assess diet overlap between possums and bush rats. Results showed both species are
generalists with overlapping diets, though bush rats exhibited a wider diet range. This flexibility
likely aids bush rats in selecting outside of possums’ preferred food items, mitigating

competition effects.



These findings collectively suggest that possums are contributing to the decline of bush rats
in Booderee National Park through a negative, primarily competitive, interaction. This
association has arisen from the growth of possum populations following the successful fox
baiting program in the park. Without proper management, possum populations can be
expected to continue to grow, and this negative interaction will continue to be detrimental to

bush rats.

My study demonstrates that conservation actions, such as invasive predator control, can have
cascading negative impacts on ecological community composition. The change in the
abundance and population growth patterns of a species as a result of reduced predation
pressure can destabilise pre-existing interactions. However, many of these interactions are
either indirect or difficult to monitor and manage. Careful ecosystem management, including
the construction of trophic web maps, is required to predict, mitigate and manage these

unexpected consequences.
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Chapter 1 Overall Introduction

Interactions between species together with abiotic forces such as weather and disturbance
events are among the factors that influence the structure of ecological communities (Bruno et
al., 2003; Irwin et al., 2006; Kissling & Schleuning, 2015; Lavender et al., 2019). These factors
include interactions within and across trophic levels (predation), dominance and suppression
(competition), commensalism, symbiotic relationships (facilitation, mutualism), and host-
parasite relationships (parasitism) (Miele et al., 2019; Périquet et al., 2016; Raffel et al., 2010).
A large body of work from the second half of the twentieth century pointed to the importance
of competition in shaping patterns of species coexistence, often reducing local species
richness in the short term via exclusion but increasing richness over evolutionary timescales
via niche partitioning (Chesson, 2000; Diamond & Case, 1986; King & Moors, 1979).

Mechanisms that allow species coexistence include dispersal, ecological differentiation, and
environmental cycling (Laroche et al., 2016). Competition is an ecological interaction that can
result in both species declines and the maintenance of ecological communities (Chesson,
2018; Spaak et al., 2023). Competition maintains communities by influencing the number of
species and individuals within the community, based on the availability of shared resources
(Chesson & Kuang, 2008; Spaak et al., 2023). Competition additionally plays a role in how
species interact with their resources, through niche segregation via avoidance of aggressive
interactions or differential efficiency in the exploitation of shared resources (Godsoe et al.,
2015). As an example, Pittker et al. (2019) found that spatial patterns and niche patrtitioning
based on ecological specialisation allowed for coexistence between competing rodent species

in fragmented habitats within an Atlantic forest in Brazil.

Worldwide, ecosystems are changing; competitive interactions that once enabled coexistence
are being disrupted and are resulting in declines and local extinctions of subordinate species
(Lurgi et al., 2018; Zhou et al., 2020). These changes are sometimes linked to new and
emerging selective pressures (e.g., changes to fire regimes, and invasive species), and
changes in niche availability, which in turn may lead to adaptation, new secondary succession
patterns, and changes in species assemblies (Fox, 1987; Traba et al., 2016). However, as
ecosystems change, niche availability will often change as well (Scheele et al., 2018),
potentially resulting in cascading effects on species occupation and coexistence patterns,
especially in animals (Fox, 1982; Gosper et al., 2015). The species-habitat relationship for
mammals, and probably other taxa, can be described by the habitat accommodation model,
which states that as habitats change, species composition changes with resulting shifts in

niche availability (Fox, 1982; Gosper et al., 2015; but cf. Hubbell, 2001). For example, Gosper
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et al. (2015) found that with fire disturbances, hot-climate specialised ants became more

prevalent in open habitats, whereas cold-climate specialised ants became more prevalent in
more closed habitats, as more time since fire passed. Alternatively, species may change their
habitat preferences to adapt to the changing environment, resulting in two or more species
occupying the same niche or sharing overlapping microhabitats (Shaner & Ke, 2022).
Research has demonstrated that with increasing niche overlap, as a consequence of
individuals changing their niche use or expanding their niche breadth, there will be an increase
in interspecific competition (Shaner & Ke, 2022). According to these ideas, when co-occurring
species increase the overlap in a shared microhabitat, competition between those species
should increase (Furness et al., 2021; Shuai et al., 2016). A prediction from this thinking is that
there is a threshold beyond which competition results in declines of the least competitive
species (Shuai et al., 2016).

Changes in species composition, such as the introduction or removal of a species from an
ecological community, can result in intensified species interactions and trigger trophic
cascades, resulting in the decline of some members of that community (Lurgi et al., 2018). For
example, amphibian diversity in France has become restricted due to predation from the
introduced Marsh frog Pelophylax ridibundus (Pille et al., 2021). Similarly, limited resource
availability due to drought conditions in California, USA has exacerbated competition between
native bumble bees Bombus spp. and invasive honeybees Apis mellifera, resulting in declines
of the former (Thomson, 2016). Competitive release can occur with the loss of a dominant
competitor, in @ manner similar to mesopredator release following apex predator loss, allowing
subordinate competitors to thrive (M’soka et al., 2016; Ruscoe et al., 2011). This can be seen
in the rise in the survival of the invasive black rat Rattus rattus and house mouse Mus musculus
after the control of the invasive common brushtail possum Trichosurus vulpecula in New
Zealand (Ruscoe et al., 2011). It can also be seen in the increased survival of native spotted
hyenas Crocuta crocuta in Zambia after the significant depletion of co-occurring lion Panthera
leo populations (M’soka et al., 2016). However, less is known about the trophic cascades that
can occur with the loss of competing species (M’soka et al., 2016). In Australia, both native
and invasive mammals have been linked to the declines of other mammals, through both
predation and competition, although the effects of invasive species are usually considered to

be stronger (Woinarski et al., 2015).

In terms of competitive interactions, there are two overarching mechanisms through which
these interactions can occur: exploitative and interference competition (King & Moors, 1979).
Exploitative competition occurs when one species in a community consumes a resource,

depleting its availability for the rest of the community via its efficiency in acquiring that resource
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(Ferguson et al., 2013; Kawata, 1997). For example, vertebrate herbivores can be a barrier to

ecological restoration because of their efficient grazing habits, which in turn can exclude other
herbivore species via both competition for food and the modification of habitat (Barton et al.,
2011; Chee & Wintle, 2010). Interference competition can be described as a behavioural
interaction, where one species actively limits another species’ ability to access a resource,
primarily through aggression (King & Moors, 1979; Lindenmayer et al., 2023; Maniscalco et
al., 2001). For example, noisy miners Manorina melanocephala competitively interfere with
other bird species’ ability to access flowers and other food resources, mobbing and harassing

them when they approach these food resources (Beggs et al., 2020).

Competition in ecological communities is a complex phenomenon and can be difficult to
observe and quantify (Hart et al., 2018). While some forms of competition can be categorised
by direct, and often aggressive, interactions (Beggs et al., 2020), others are categorised by
the limitation in resources (Barton et al., 2011) or mediated by the presence of a third or further
species (Westgate et al., 2021). Competitive interactions can lead to avoidance behaviours,
with species using indirect and alternative cues such as odour to avoid negative interactions
(Coppock et al., 2016). The level of species’ ecological specialisation creates another level of
complexity (Barnes & Murphy, 2023; Puttker et al., 2019). Generalist species are often found
to be more resilient to ecosystem change, but also to be weaker competitors (Lloyd & Vetter,
2019; Treloar et al., 2021). This is primarily because generalist species have a wider range of
resources they can exploit than specialists and can switch their use of resources in relation to
what is available within an ecosystem (Treloar et al., 2021). However, competition between
generalist pairs of species has rarely been studied, and therefore, we do not know to what
extent generalists can share resources before being impacted by competition (Barnes &
Murphy, 2023).

The complexity of defining competition makes the goal of accurately measuring competition
difficult in practice (Hart et al., 2018). Some common methods of uncovering competition
involve experiments where the densities of putative competitor species are manipulated, both
in the field and within the laboratory (Dickman, 1988; Karlsson et al., 2018). While these
experiments can be used to observe the effects of competition, in many cases such
experiments involve disturbances to shared resources or the environment, so the level of
competition found may not translate to the actual level of competition that prevails naturally in
the absence of manipulations (Ferry et al., 2020; Karlsson et al., 2018). Many studies therefore
measure patterns of co-occurrence of ecologically similar species as an alternative and
interpret competition from any negative associations that may be uncovered (O’Reilly-Nugent

et al., 2020). However, these studies are limited by their correlative nature. Another method
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often used is to measure patterns and overlap of resource use and interpret competitive

potential from these patterns (Spaak et al., 2023; Wang et al., 2023).

All methods of field experimentation and monitoring can be expensive, which in some
circumstances can limit their effectiveness, especially if putative competitor species are not
correctly identified (Likens & Lindenmayer, 2018; Morant et al., 2020). One method of tackling
these issues is through the creation of conceptual maps and trophic food webs, as these can
be used to model and monitor known and pre-existing interactions between species, and then
use these to predict the impacts of ecosystem change (Endrédi et al., 2018; Greenville et al.,
2017). In this thesis, my method of tackling the complexity of accurately measuring competition
takes the idea of using a conceptual map to predict interactions between putatively competing
generalist species, and then using multiple methods of measuring and interpreting potential

competition and discussing the combined resulting patterns in light of competition theory.

1.1 The study system

It has been found, during some conservation and management efforts, that ignoring species’
interactions can lead to unintended, negative effects, such as mesopredator release or
competitive release (Lazenby et al., 2015; Ruscoe et al., 2011). For example, in Booderee
National Park (BNP), control of the invasive red fox Vulpes vulpes — ostensibly to protect native
prey species and conserve natural values — has led to an increase in the abundance of
macropods and common brushtail possums Trichosurus vulpecula (hereafter ‘possum’),
commensurate with declines in bush rats Rattus fuscipes and other small mammals (Dexter et
al., 2012; Lindenmayer et al., 2018). The increased grazing from macropods has, additionally,
led to changes in vegetation in BNP (Dexter et al., 2013). There has also been a loss of
biodiversity which is suspected to be linked to the increase in abundance of macropods
(Lindenmayer et al., 2018). However, despite the extensive research that has been conducted
to date in BNP (Dexter et al., 2013; Lindenmayer et al., 2018), there are no clear answers to

why the park’s biodiversity is changing so dramatically.

There is a large amount of anecdotal evidence, but relatively little direct empirical evidence,
for the ability of possums to outcompete other species in certain habitats in Australia. Possums
have adapted to many different environments (i.e., urban environments), and have become
invasive in New Zealand (Adams et al., 2013, 2014; Glen et al., 2012; Moorhouse et al., 2003;
Rouco et al., 2017). In contrast, in other habitats, for example in arid regions, possums are
threatened and have been lost from most of their previous range (McDonald et al., 2015).

Possums have a flexible and generalist diet (Herath et al., 2021). While the species is
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commonly described as a folivore, it will also consume any available high-nutrient foods (e.qg.,

fruits, seeds, leftovers from bins in urban areas, and some prey animals) (Cruz et al., 2012;
Gloury & Handasyde, 2016). Possums are also known to occupy and use multiple hollow trees,
which are often shared between multiple individuals (Cowan, 1989; Youngentob et al., 2012).
In habitats where hollow resources are limited, possums have been shown to aggressively,
and competitively, exclude other species, such as greater gliders Petauroides volans
(Youngentob et al., 2012).

Bush rats have an omnivorous, generalist diet (Stokes et al., 2009). Bush rats tend to occupy
habitats with dense ground cover, especially when there are perceived predator cues, as these
habitats offer protection (Straul et al., 2008). However, they are found in a variety of habitats
and occupy almost all habitat types in BNP. The home range of bush rats varies between 0.1
ha and 7.8 ha, depending on the environmental conditions, and varies between populations
(Callander, 2018). Bush rats have been shown to be competitively vulnerable, especially to
aggressive competitors such as swamp rats Rattus lutreolus and use olfactory cues to avoid
aggressive encounters (Heavener et al., 2014; Maitz & Dickman, 2001). They also exhibit
competitor naivety towards novel competitors, such as the invasive black rat Rattus rattus, to
which they appear to be competitively vulnerable (Heavener et al., 2014; Stokes et al., 2009).
Since fox control at BNP, bush rat numbers have declined, and their detection rate is also
reducing (Lindenmayer et al., 2018). Similar declines in bush rats have also been found in
Western Australia, with reports likewise linking the declines to increases in the abundance of

common brushtail possums (Wayne et al., 2015).

Bush rats are terrestrial and ground-dwelling and usually nest in burrows at or below ground
level (Callander, 2018). Possums, in comparison, preferably nest in trees, usually at least a
metre above ground, but can ground-den in a hollow log or at the base of a tree if suitable tree
hollows are absent (Cowan, 1989). An increase in the population numbers of possums, such
as is occurring in BNP, could force some possums to use ground-level dens simply because
of the limited availability of their preferred arboreal dens. With both bush rats and possums
active at ground level, they might potentially share microhabitats and associated food
resources. As both species are ecological generalists, more information is required about the
species’ particular diets within BNP to determine if they share food resources, and whether an
overlap in these resources is preventing bush rats from accessing enough food (Herath et al.,
2021; Vernes et al., 2015). As possums preferentially consume resources with the greatest
nutrient content (Herath et al., 2021), they may be reducing the availability of high-nutrient-
content foods for bush rats through exploitative competition (Kawata, 1997; Vernes et al.,

2015). Another hypothesis is that, if the two species are sharing more space and resources,
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there is a greater opportunity for aggressive interactions, leading to interference competition

(Lindenmayer et al., 2023; Maniscalco et al., 2001).

The objective of my project is to investigate whether competition between a dominant,
abundant species is causing declines of native, naturally co-occurring species. | have used
common brushtail possums and bush rats as model co-occurring species. | investigated
whether competition is occurring, and if so, by what mechanism. My prediction is that increased
competition with possums, as a result of increases in their population size, is contributing

significantly to the decline of bush rats in BNP.

The reason for assuming that possums will be the dominant species in competition is based
on previous research demonstrating that body size differences lead to asymmetric competition,
with larger animals usually being competitively dominant (Rayan & Linkie, 2016; Thompson &
Fox, 1993). The size difference between possums and bush rats is pronounced: Common
brushtail possums usually exceed 2 kg, whereas bush rats average ~100 g (Callander, 2018;
Cruz et al., 2012). One hypothesis is that possums will competitively interfere with bush rats,
through aggressive interactions or intimidation. However, another hypothesis is that possums
are accessing and consuming resources before bush rats and are thus the more efficient
foragers of the two species. Either hypothesis will be influenced by the degree of overlap in
the resources the two species prefer (Case & Gilpin, 1974; Villsen et al., 2022).

1.2 Aims and objectives

A major general outcome of this project will be to determine the nature and outcome of
interactions between two species of ecologically generalist mammals that appear likely to be
in competition. A specific outcome will be to determine whether possums negatively impact
another Australian native species, specifically the bush rat. To determine whether competitive
interactions between possums and bush rats are causing the latter species to decline, the

project has the following aims. These are to:

1. Quantify changes in the abundances of co-occurring common brushtail possums and

bush rats over time in Booderee National Park.

2. Document evidence of competitive interactions through experimental manipulation of

supplementary food sources.

3. Describe the diets of common brushtail possums and bush rats and quantify the degree

of overlap in their diets.
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1.3 Thesis structure

In chapter two, | will review how competition has been addressed in previous animal
conservation research. This chapter is under revision with Conservation Science and Practice
for publication. In chapter three, | analysed the association between the abundance of bush
rats and common brushtail possums in Booderee National Park using a co-occurrence model.
This model is based on data from 14 years of annual monitoring. This chapter was published
in PLoS ONE. In chapter four, using a manipulated experimental design, | investigated the
foraging behaviours of bush rats and possums in BNP. This chapter aimed to investigate if
bush rat foraging behaviour changed in relation to possum activity. This chapter is under
revision with Animal Behaviour. In chapter five, | investigated the diet ranges of bush rats and
possums using DNA metabarcoding. | have additionally quantified the overlap in the species'
diets based on these diet ranges. This chapter has been submitted to Ecology and Evolution.
In the final chapter, | will present a brief, overall discussion of the results of chapters three,
four and five, and how they have addressed my overall aims for this thesis. Chapters two to
five have been prepared for publication separately, and therefore, this is some repetition in the

study area description (and associated maps), and an overlap in the references cited.
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Chapter 2 A global systematic review of the influence
of competition on the outcomes of fauna conservation
interventions

2.1 Abstract

Ecosystems typically exhibit resilience to disturbances, yet excessive pressure can disrupt
species interactions, resulting in biodiversity loss. Conservation interventions strive to
safeguard ecosystems and reinstate vital ecological functions. Competition between animals
plays a pivotal role in ecosystem persistence and dynamics, but its significance is often

underestimated in conservation research.

We conducted a global review that analysed 147 articles, focusing on the impact of competitive
interactions between animals on conservation interventions. We found a tendency for
researchers to retrospectively interpret observed patterns of interactions as competitive.
Negative outcomes, such as species declines, were frequently associated with competitive
interactions. Despite efforts to predict outcomes using characteristics of the competition

process, we found no consistent patterns of outcomes based on these characteristics.

Our findings suggest the considerable influence that competition may have on conservation
outcomes, emphasizing a need for proactive consideration of competition dynamics as part of
planning conservation interventions. By integrating animal competition into conservation
planning, monitoring, and mitigation efforts, unexpected negative impacts can be minimised,

fostering more effective conservation outcomes.

2.2 Introduction

Competition, predation, mutualism, and webs of indirect interactions among multiple animal
species are well known to structure natural ecological communities (Verhoef & Morin, 2010)
and could be expected to influence communities following interventions that manipulate
species abundances or composition for conservation purposes. However, Heinen et al. (2020)
argued that the conservation literature has mostly overlooked species interactions, especially
competitive interactions. Competition is a powerful form of species interaction that may
influence the fitness of competing individuals and can shape the structure and composition of
ecological communities via its effects on the regulation and maintenance of species diversity
(Chesson & Kuang, 2008; Spaak et al., 2023). In undisturbed ecosystems, competitive

interactions often result in long-term species co-existence and play a role in maintaining
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species populations rather than contributing to species declines, especially when species-

specific ecological differences and environmental heterogeneity are accounted for (Castillo-
Alvino & Marva, 2020; Chesson, 1994, 2000, 2018).

Competition between animals often takes the form of competition for food or space which can,
in turn, influence animal foraging and reproductive decisions, and lead to subordinate species
or individuals abandoning areas they previously occupied (Ferguson et al., 2013; Kumeh &
Omulo, 2019). Competition can occur both between and within species, with both forms often
occurring simultaneously (Kassinis et al., 2024). Therefore, competition can influence patterns
of species occurrence and abundance by reducing access to shared resources (Ferguson et
al., 2013; Maniscalco et al., 2001). This effect can arise from direct aggression where a
dominant individual reduces access to resources by a subordinate individual (known as
encounter or interference competition) (Beggs et al., 2019; Lindenmayer et al.,, 2023;
Maniscalco et al., 2001), or through the depletion of a resource by a dominant individual that
limits the amount of that resource that is available for other individuals and species (known as

resource, scramble or exploitative competition) (Ferguson et al., 2013; Sale, 1982).

Ultimately, all forms of competition limit the ability of subordinate species to persist, with
potential subsequent effects at the level of the ecosystem (Ferguson et al., 2013; Lindenmayer
et al., 2023). However, competition can be extremely difficult to observe and document and
often involves quantifying combinations of different characteristics, including the mechanism
of competition (Hart et al., 2018). Some forms of competition are indirect and mediated by the
presence of a third species (Westgate et al., 2021). For example, apparent competition occurs
when two species avoid shared space due to a shared predator (Ferguson et al., 2013; Kuhnen
et al., 2017). Even in the case of direct interactions, such as those seen in interference
competition, aggressive encounters are rarely observed and avoidance of dominant individuals
by subordinate individuals may arise from cues such as odour (Coppock et al.,, 2016).
Consequently, some studies have deduced competition using field experiments (Dickman,
1988), indirect inferences from models (e.g., joint-species distribution models), or inverse
numerical or distributional patterns (Fox & Pople, 1984; O’Reilly-Nugent et al., 2020). Because
of this difficulty in quantifying and measuring/monitoring competition, we predict this interaction

is often overlooked, including in conservation interventions.

Environmental change can reduce the availability of shared resources, shift competitive
balances, and lead to losses and declines of less competitive species and the collapse of

ecosystem functioning (Sandor et al., 2022; Valiente-Banuet et al., 2015). Due to these effects,
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competition is often predicted to have negative impacts on ecosystems, and as such is

described as a negative interaction with deleterious outcomes for competitors (Chesson,
2018). For example, avian communities in alpine regions of Europe are expected to shift
dramatically, with increasingly negative competitive interactions predicted to occur (Brambilla
et al., 2020). However, as mentioned above, some of the effects of competition are difficult to
predict, such as wood frogs Rana sylvatica in the USA avoiding previously strong competitive
effects through their metamorphosis phase occurring earlier than predicted (Rollins & Benard,
2020). We predict that with ongoing environmental change, the importance of understanding
traits that foreshadow negative outcomes will become increasingly important. This is because,
under changing conditions, such as those arising from climate change, competition is likely to
shift in otherwise difficult-to-predict ways (Rollins & Benard, 2020).

Similar to the effects of environmental change, some conservation interventions can alter the
presence and density of species and resources within ecosystems, and this can lead to
alterations in the frequency and intensity of interactions between competing species,
especially among animals (Heinen et al., 2020; Nie et al., 2019). Competitive interactions can,
in turn, influence conservation interventions resulting in unexpected and detrimental outcomes,
often for other species within the ecosystem. For example, the introduction of non-native
honeybees Apis mellifera to urban areas in Paris, France, to promote pollination and honey
production, failed to recognise the potential for negative impacts on native pollinators through
competition, with evidence that these actions reduced pollinator diversity and perversely
limited efficient pollination (Ropars et al., 2019). Likewise, rewilding-focused restoration or
reintroduction attempts have been reported to fail due to competitive or predator-prey
interactions between animals that have been translocated and those already present in the

rewilding sites (Baker et al., 2017; Navarro et al., 2023; Nogués-Bravo et al., 2016).

In light of the above, the potential influence of competition on the outcomes of conservation
interventions is a significant research gap. We aimed to address this gap by systematically
reviewing published articles on conservation interventions in ecosystems that interpreted
competition as a potential factor that influenced the intended outcomes of the intervention. By
‘conservation intervention’ we refer to any management actions taken in an ecosystem that
have the goal of protecting and/or restoring species and/or habitat, regardless of the efficacy
of the approaches used (Table 2-1). We have included passive actions, which we define as
‘designating protections’ without directly interfering with animals or habitats, such as
designating protected areas or changing policies. We include passive actions as these can
have flow-on effects on ecosystem dynamics through the restriction of activities (e.g. hunting,

fishing, habitat removal). We also include active actions, which we define as directly managing
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or interfering with animals and/or habitat, including species introductions, attempted

eradications (e.g., of invasive species or pathogens), or changes to habitats (e.g., restoration
and creation of artificial habitats). Laboratory, zoo, and captive studies were included in our
review if the purpose was related to conservation in the wild. Additionally, by ‘post-intervention
ecosystems’ we refer to the state of the ecosystem after the conservation intervention has

been implemented.

Table 2-1. A list of the categories of conservation interventions, and the definitions used for each
category. The intervention refers to the types of management actions taken in ecosystems with the
goal of protecting/restoring animals and habitats. The activity level refers to the level of direct influence
the intervention has on the target animals or habitats, with active interventions directly altering the
target, and passive interventions influencing aspects surrounding the target.

Intervention Activity Level | Description

Artificial Active Artificial additions to habitats (e.g., feeding stations, nest

Habitat boxes) or addition of species to controlled habitats (e.g., zoos)

Biological Active Addition of a species, or group of species, to a habitat to

Control control pests (most examples are insects)

Introduction Active Introduction of a species to habitat for the protection of that
species (e.g., translocations, reintroductions)

Eradication Active Removals or reductions of species within a habitat (e.g.,
removals of invasive species, culls of overabundant native
species)

Protected Area | Passive An area with defined borders that has been set aside for the

protection of wildlife within it, with specific restrictions to
human activity within the defined area (e.g., marine protected
areas, nature reserves)

Protected Passive/Active | Multiple targeted actions taken to protect species within a

Species habitat other than intervening directly with the species itself
(e.g., restoration actions focused on the requirements of the
target species)

Policy Passive Changes to policies (e.g., harvesting rules) with the goal of
protecting species

Restoration Active Changes to a habitat with the goal of returning it to a

functional and productive state to the benefit of all native and
or target animal species inside the habitat (e.g., revegetation,
removal of invasive plants, removal of
infrastructure/pollutants)

We asked: “To what degree is competition considered as a factor that may influence the
outcomes of animal conservation?” We used this question to generate and then test three
predictions: (1) researchers are more likely to invoke competition as a post hoc interpretation
of observed patterns in post-intervention ecosystems than consider it a priori with no influence

from intervention type, (2) researchers will record negative outcomes from putative competitive
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interactions in post-intervention ecosystems with no influence from intervention type, and (3)

different characteristics of the competition process (i.e., mechanisms, intra- versus
interspecific, trophic guild of interactants, and identity of the shared resource) can be used to

predict the effects of competition resulting from interventions.

2.3 Methods

We conducted a systematic review to assess the extent to which competition has been
considered in assessing the outcomes of conservation interventions. Our focus was on
whether competition between animal species has been perceived to influence the outcomes
of such interventions. We focused on literature published in English to track, across time, how
competition has been addressed. All types of conservation interventions were considered
(Table 2-1), including passive actions such as the implementation of protected areas or
changes to policies, so we could compare how competition has been addressed by the various
approaches.

We used the ScienceDirect database to identify literature that considered competition in post-
intervention ecosystems. The search terms were: (‘interference competition’ OR ‘exploitative
competition’) and (restor OR recover OR reintrod) and (manag OR reserv OR protect OR
monitor) not (plant OR DNA OR model). The terms ‘interference’ and ‘exploitative’ were used
to specify competition in ecological terms. The terms ‘restor’, ‘recover’ and ‘reintrod’ were used
to specify that we were investigating conservation research. The terms ‘manag’, ‘reserv’,
‘protect’ and ‘monitor’ were further used to specify and include multiple forms of conservation
interventions and management actions. Some of the specific terms, such as ‘reserv’, ‘reintrod’
and ‘restor’ were chosen as they describe the management actions we were targeting.
However, upon reviewing the articles, we found a greater range of distinct conservation
interventions and have subsequently included them in our review. The excluded terms were to
limit the search output so that the results were focused on animal competition in observational
and experimental studies. Models, while often useful for predicting the outcomes of
interventions, were excluded due to their predictive and non-empirical nature (Baker et al.,
2017). These search terms produced 6000 articles, many of which were from disciplines
outside ecology (e.g., economics, sociology, anthropology). To further refine the focus of our
review, we used a three-step selection process to decide which studies were relevant. Step
one aimed to filter titles that were unrelated to ecological topics, and those that were
intentionally excluded based on our search terms. Step two involved screening the abstracts
of the remaining studies using a set of four a priori selection criteria based on ‘yes or no’

guestions, to objectively determine which articles should be included. The four questions were:
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(1) Does the study mention competitive interactions? (2) Does the study involve a conservation

intervention? (3) Is it an animal-focused study? And (4) Does the study have an experimental
or observational design? We excluded any article eliciting a ‘no’ response to any of the options
within the selection criteria questions. These criteria should remove any articles that take a
theoretical or mathematical approach to studying competition theory. Finally, the full body of
text of the remaining articles was rescreened against the four selection criteria questions. The
first two steps were completed using the ‘sysrev’ package ver. 0.4.9002 (Bozada et al., 2021)
in R version 4.4.1 (R Core Team, 2021), the latter two following reading of the articles by the
lead author (AK).

Using a questionnaire developed for this review (Appendix A.1), we collected data from the
147 articles identified in our selection process. This was done using two ranking scales created
for this review. The first scale ranked the degree to which observed patterns of interactions in
a post-intervention ecosystem were interpreted as competition. A value of 1 was applied to
studies where competition was a possible (but unlikely) interpretation (i.e., mentioned in a
single paragraph of the Discussion, or purposely controlled making it less likely to account for
observed patterns). A value of 2 was applied to studies where competition was a likely
interpretation of patterns, but there were other interpretations considered just as likely. A value
of 3 was applied to studies where competition was considered the most likely interpretation of
observed patterns (i.e., pre-investigation, recorded as investigated, or post-investigation,

recorded as a conclusion).

The second scale ranked the strength and direction of the effects of competition on the
intended outcomes of the conservation intervention within the ecosystem and ranged from
negative to positive outcomes. The ‘outcome’ was interpreted either from a combined effect of
the competing species on the ecosystem or a reflection of the species the researchers were
focusing on, and depended on how researchers reported this information (see Appendix A.2).
For this, scale, a value of -2 was applied to articles where competition had a major negative
outcome (often corresponding to major declines in species abundance or the loss of species
in the ecosystem). A value of -1 was applied to articles where competition had notable but
minor negative outcomes (often corresponding to recorded declines or displacement). A value
of 0 was applied to articles where competition had a neutral outcome (often corresponding to
species co-existing). A value of 1 was applied to articles where competition had a notable but
minor positive outcome (often corresponding to recorded increases in short-term abundance).
Finally, a value of 2 was applied to articles where competition had a major positive outcome

(often corresponding to target species increasing in abundance).
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We also collected information about selected characteristics of the competition process; the

mechanism of competition (i.e., interference, exploitative, apparent), whether it was
interspecific versus intraspecific, the resource being competed for, and the trophic guild of the
interacting species. In cases where any of these characteristics were not reported in the article,
we used ‘NA’ to specify that the information was missing. We used trophic guild to describe
the broad feeding behaviours of the species within a given study (Denny et al., 2018; Jacquot
etal., 2017). We also collected additional descriptive information on how and when the studies

took place (i.e., location, duration, and volume of data collected).

We analysed the data collected using the scales described above, the interventions, and the
characteristics of the competition process using the base ver. 4.1.0 and glimmTMB ver. 1.1.7
(Brooks et al., 2017) packages in R (R Core Team, 2021). We analysed the categorical data
from the first prediction using chi-squared tests to assess how researchers interpreted patterns
of interactions. For the second prediction, where we assessed the outcomes of competition
within the literature, we analysed the mean of the scale results using a simple one-sample t-
test. We also used generalised linear mixed models (GLMMSs) to compare the association
between the means of the two scales, as the response variables, and the intervention type for
the first two predictions. Finally, to assess our third prediction, which was to assess the
association between the characteristics of the competition process and outcomes of
competition, we used GLMMs for the second scale as the response variable against

information collected on the selected characteristics, within a single model.

2.4 Results

We found 147 articles that considered competition between animal species in ecosystems
subject to conservation interventions. These articles spanned five decades (1977-2021), with
most articles being produced between 2010 and 2020. Most studies were conducted in the
USA (n = 17), followed by Australia (n = 13) and Spain (n = 10), with the other 107 articles
from 55 different countries. In total, 18 major taxa were studied, with most articles investigating
mammals (35.6%), and other articles investigating birds, fish, arthropods, or multiple taxa
(Appendix A.3). In terms of the conservation interventions (Table 2-1), most focused on
protected areas (n = 74), then species introductions (n = 21), followed by use of artificial
habitats (n = 15), protection of focal species (n = 11), restoration (n = 8), biological control (n
=7), attempted eradications (n = 6), with the least number of strategies employing changes to

policies (n = 5).
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2.4.1 Prediction 1: consideration given to competition

Ouir first prediction was that competition would be a minor consideration in formulating post-
intervention research and more likely to be invoked as a post hoc explanation of results. We
tested this by tallying articles where competition was investigated, and by using the scale of
consideration given to competition that we assigned to each article. Competition was
investigated in 53 (36%) of the articles and was introduced as a conclusion in 91 (62%) of the
articles (Fig 2-l1a). Additionally, three articles statistically or experimentally controlled for
competition before investigation (2%) (x%2 = 79.51, p < 0.001) (Fig 2-1a).

Based on the results from the first scale, the average result (m = 1.95) indicated that
competition was often one of several potential interpretations of the patterns of interactions
observed in post-intervention ecosystems. However, most articles interpreted these patterns
to be either less likely arising from competition (scale = 1, n = 57) or for competition to have
been the main driver (scale = 3, n = 51). There were no statistically significant differences

between intervention types (all p-values were > 0.05) (Fig 2-1b).
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Figure 2-1. Consideration given by researchers to competition as a factor influencing outcomes in post-
intervention ecosystems. Fig 1A shows the percentage of articles that either investigated competition or
interpreted the results of an outcome of competition; note that 2% (n = 3) of articles controlled for
competition. Fig 1B shows how likely researchers were to interpret interactions as competition based
on intervention type using the estimated mean from a generalised linear mixed model of the results from
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the first scale against intervention type. Sample sizes and raw data points are shown, with error bars
corresponding to the 95% confidence intervals. The results of the generalised linear mixed model show
no statistical differences between intervention types.

2.4.2 Prediction 2: results of the outcomes of competition

Our second prediction was that competition would be interpreted as having had a negative
outcome on species persistence in post-intervention ecosystems. Our results revealed that the
average outcome of competition was interpreted as mildly negative (m = -0.60), with most
articles suggesting that competition would result in species declines (36.1%) or displacements
(31.3%) (tas = -7.36, p < 0.001) (Fig 2-2a). Additionally, there was a negative association
between the scale of outcomes and the scale of how likely patterns of interactions were
interpreted as having resulted from competition (Fig 2-3). None of the differences between the

outcomes by intervention were statistically significant (all p-values were > 0.05) (Fig 2-2b).
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Figure 2-2. Perceptions of researchers on the outcomes of competition in post-intervention ecosystems.
Fig 2A shows different types of outcomes as they were reported by researchers in the articles. Fig 2B
shows the scale outcomes, from negative to positive, by intervention type, using estimated means from
a generalised linear mixed model of the results of the second scale against intervention type. Sample
sizes and raw data points are shown, with error bars corresponding to the 95% confidence intervals.
The results of the generalised linear mixed model show no statistical differences between intervention

types.
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3: Competition Outcome ~ Relevance
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Figure 2-3. The association between the scaled ranking for how much patterns of interactions were
interpreted as competition and the scaled (from negative to positive) outcome of competition in post-
intervention ecosystems, which was analysed using a generalised linear mixed model (n = 147). The
results depict a statistically significant negative linear relationship, with raw data points shown and the
green-shaded area representing the 95% confidence intervals.

2.4.3 Prediction 3: association between features of competing species and
competition outcomes

Our third prediction was that we could identify differences between characteristics of the
competition process that are associated with negative post-intervention outcomes and use
these differences to predict different outcomes of competition. Only one characteristic was
significantly different from others within the same grouping, although this characteristic also
displayed a large amount of error: members of the omnivore trophic guild were associated with
significantly more negative post-intervention outcomes compared to species in other trophic
guilds (m =-0.566, p = 0.032) (Fig 2-4).
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Figure 2-4. The estimated means from a generalised linear mixed model of the outcome of competition
against characteristics of the competition process, with sample sizes, raw data points and error bars
corresponding to the 95% confidence intervals shown. Fig 4A,; there is no statistical difference between
mechanisms of competition. Fig 4B; there is no statistical difference between the different competitive
relationships within and between species (interspecific vs. intraspecific). Fig 4C; there is no statistical
difference between the main resources competed for. Fig 4D; there is a statistical difference between
the trophic guild of interactants, with omnivores having statistically more negative outcomes than
members of other guilds (m =-0.566, p = 0.032).

2.5 Discussion

2.5.1 Prediction 1: consideration of competition in post-intervention
ecosystems

Our results partially support our first prediction and show that competition was more likely to
be perceived after a conservation intervention than in the planning or investigative phases.
However, while competition was often introduced as a post hoc explanation of results, it was
just as likely for competition to be posited as a major interpretation as it was to be a minor
interpretation. Our inference from these results is that competition is seldom measured in post-
intervention monitoring, nor considered in pre-intervention planning. This could reflect the
difficulty of observing and measuring competition and the need to infer its effects using indirect
cues. This is despite advances in technology (e.g., remote wildlife cameras) that have allowed
for a greater breadth of data collection and interpretation of species interactions (O’Reilly-
Nugent et al., 2020). For example, avoidance behaviours, such as giant pandas Ailuropoda

melanoleuca spatially avoiding wild boar Sus scrofa in China, are often interpreted as a sign
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of interspecific competition even if the animals are not observed to interact directly (Nie et al.,

2019). Similarly, occupancy-type models, presence-absence data, and patterns of spatial and
temporal avoidance are regularly used to infer changes in levels of competition, and for wildlife,

this is often interpreted from data captured by remote camera traps (Astete et al., 2017).

The extent to which patterns of interactions were interpreted as competition in published
articles was often based on a researcher’s or manager’s expectations that competition would
occur, which may have related to how well the researchers understood their study system
(Geary et al., 2019). In many cases, the expected competition level accurately represented
what was found, as it was based on previous insights recorded during monitoring that could
be interpreted as competition (Geary et al., 2019; Wolfenden et al., 2015). For example, in
Mauritius, the native pink pigeon Nesoenas mayeri, a protected species, and the introduced
Madagascan turtle dove Nesoenas picturata were observed to have similar calls during
monitoring to assess protection efforts for the former species (Wolfenden et al., 2015). As a
result of this observation, researchers used call playback experiments to measure whether
pink pigeons responded to the calls of turtle doves in the same way as they did to conspecific
calls. The results showed signal jamming, a form of competition where the male pink pigeon
treated areas occupied by turtle doves as occupied by conspecific competitors for mates,
thereby reducing the reproductive output of pink pigeons and impeding their recovery
(Wolfenden et al., 2015). However, issues arise in situations where competition is not predicted
to influence post-intervention conservation outcomes, and therefore isn’t measured but is later
found to have a significant impact. As an example, monitoring of herbivores within the Gobi
Gurvan National Park in southern Mongolia, which is set aside, in part, for the protection of
vegetation and rare endemic species, unexpectedly recorded high numbers of livestock
(Retzer et al., 2006). The associated high levels of competition for grazing space will likely
have long-lasting implications for endemic wildlife and human-wildlife conflict but were not

factored into the monitoring program (Retzer et al., 2006).

Researchers, for the most part, did not differ in how much they interpreted patterns of
interactions as competition depending on the type of intervention implemented. Interactions
observed in biological control interventions were more often interpreted as competition as they
are often tested explicitly prior to the release of the control agents (Fig 2-1) (Mace & Mills,
2017; Momanyi et al., 2006). An example of this is documented by Momanyi et al. (2006), who
tested the effects of an introduced biological control species, the parasitoid Diadegma
semiclausum, prior to its release, to assess its suitability as a control agent for a crop pest, the

diamondback moth Plutella xylostella, compared to indigenous parasitoids. They found that
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this introduced parasitoid was a more successful control agent but also that it would lead to

the near-complete displacement of local indigenous parasitoid species (such as Oomyzus

sokolowskii) through competition (Momanyi et al., 2006).

2.5.2 Prediction 2: the outcomes of competition influence conservation
interventions

Our prediction that competition would have predominantly negative influences on post-
intervention ecosystems was supported. However, some articles demonstrated the positive
influences of competition on intervention outcomes. One interpretation of this overall result is
that conservation interventions can directly influence the outcomes of competitive interactions,
both in positive and negative ways. For example, efforts to protect the Audouin’s gull Larus
audouinii in the most productive wetland in the Ebro Delta in Spain had both positive and
negative outcomes (Oro et al., 2009). The intervention was successful for the target species;
however, intervention efforts also led to a decrease in overall bird diversity as a result of
increasing levels of competition between Audouin’s gull and other dominant gulls, leading to
the displacement of smaller seabirds. In this case, major declines or losses of species were
avoided by the existence of nearby alternative, but poorer-quality, nesting sites (Oro et al.,
2009).

Articles that gave greater consideration to the role of competition in conservation interventions
were also more likely to identify negative outcomes as a result (Fig 2-3). We consider two likely
explanations for this result. First, clear or strong negative effects of competition are more likely
to be noticed and discussed as a major study conclusion. Guillemain, Fritz & Duncan (2002)
found strong evidence of displacement of young and naive dabbling ducks Anas spp. in
protected wetlands in France, which was clearly linked to intraguild interference competition,
and resulted in the younger ducks losing the protection of conservation land tenure. Second,
explicit measurement of competition increases the likelihood that negative effects will be
encountered and documented. For example, investigations into spatial avoidance of
competition by giant pandas found that they avoided better-quality habitats in protected areas

to reduce encounters with other medium-sized mammals (Liu et al., 2020).

Competition outcomes did not differ depending on the type of conservation intervention (Fig 2-
2b). Policy-based interventions were the only interventions, on average, to have positive
outcomes, but also had the fewest examples (n = 5). Spitzer et al. (2021) documented policy
changes that utilised the density-dependent aspects of competition to control moose Alces
alces populations by promoting the protection of key vegetation and herbivore populations.

Conversely, interventions focused on protecting key species often had more negative

30



A global systematic review of the influence of competition on the outcomes of fauna

conservation interventions
outcomes. The directed protection of wolves Canis lupus in Italy in the late 1900s was met with

many challenges, including continuing competition for both food and mates with feral domestic

dogs Canis familiaris (Boitani, 1992).

2.5.3 Prediction 3: can we predict the outcomes of competition?

Our third prediction, that the outcomes of some characteristics of the competition process
would be measurably different from other characteristics, was largely unsupported.
Understanding which species traits and other aspects of the competition process (such as the
number of species involved in interactions) are associated with more or less negative post-
intervention outcomes may become increasingly important as the effects of environmental
change become more detrimental (Rollins & Benard, 2020). This is because competition is
likely to have more unexpected and negative outcomes with these changes (Rollins & Benard,
2020). Therefore, theoretically, we want to be able to predict the future outcomes of
competition on conservation interventions based on the differences in how characteristics are
currently associated with competitive outcomes. However, our results revealed only one
characteristic that was statistically more negative than others, and that was membership in the
trophic guild of ‘omnivores’. It is possible that omnivores, as dietary generalists, would be at a
competitive disadvantage in obtaining food if co-occurring with foragers that specialise in
exploiting food types such as green plants or animal prey (Barnes & Murphy, 2023). However,
the large variance around the mean for this trait suggests that it would not be a reliable
predictor of competition outcomes (Fig 2-4). Additionally, as we could not determine whether
the authors were discussing “true” or “relative” omnivores, we cannot determine the importance
of omnivory for competitive species interactions (Gillespie, 2017). For example, the successful
breeding of the omnivorous ferruginous duck Aythya nyroca in north-eastern Algeria is
impacted primarily by interspecific competition for nesting space rather than competition for
food (Loucif et al., 2021).

Some trends that we had expected to find were not significant, such as interspecific
competition having greater negative effects than intraspecific competition as it is more likely to
result in species declines (Fig 2-4) (Bronstein & Loya, 2014). This trend was observed in some
articles, such as the study by Bronstein & Loya (2014), which found that interspecific
competition dictated the presence and exclusion of coral species, whereas intraspecific
competition affected the growth of individual corals. However, even in this case, the results
showed that both forms of competition had negative effects, and the differences in strength

between them were not significant (Bronstein & Loya, 2014).
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Some characteristics were not consistently associated with either a positive or negative

outcome after a conservation intervention. Two articles addressing the same characteristic (for
example, interference competition) would often have opposite outcomes, even when both
examples had undergone the same conservation intervention. Santosa et al. (2012) found that
co-existence between leaf monkeys Presbytis rubicunda and white-bearded gibbons
Hylobates albibarbis in the Cabang Panti Research Station in west Kalimantan likely resulted
from avoidance of interference competition through dietary and spatial segregation tactics,
which were dependent on the availability of resources, and did not substantially disadvantage
either species. In contrast, Liu et al. (2020) found that, within a panda-specified protected area,
competition between giant pandas and cattle displaced pandas into poor-quality habitats. Such
disparate outcomes may be a result of one situation where the species have either co-existed
or co-evolved over long periods, therefore leading to neutral to positive outcomes in their
association, compared to another situation involving a native species and a recently introduced

competitor species (Liu et al., 2020; Santosa et al., 2012).

Our analyses indicate that it would be difficult to use the assessed characteristics of competing
species and other characteristics of the competition process to predict future outcomes of
conservation interventions. One reason for this is that these characteristics were not well
reported in the literature. Many articles did not mention mechanisms of competition, the trophic
guild of the interactants, or other potentially important information (Hart et al., 2018). For
example, researchers did not always consider the mechanism of competition to be important,
and therefore it was often not mentioned. Additionally, different combinations of the
characteristics we assessed can produce different outcomes, demonstrating how individualist
and situational the outcomes of competitive interactions can be. For example, in studies of
interspecific competition, an article describing exploitative competition may find that it drives
species declines (Lioy et al., 2016), while another that focuses on interference competition

may find coexistence (Santosa et al., 2012).

2.5.4 Management Recommendations

Despite competition often producing negative outcomes for species in ecosystems and being
a key factor in structuring ecological communities, it is rarely considered a process to be
monitored in conservation interventions. This suggests that the outcomes of conservation will
often be unpredictable, as found by Oro et al. (2009). We suggest some key approaches to
avoid or reduce unforeseen and potentially perverse consequences. For example, monitoring
and research prior to the implementation of conservation interventions may reveal the most

likely potential impacts of a change in an ecological community or even the broader ecosystem
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from active interventions, and can also create a baseline measure to monitor any variations

after the implementation of passive interventions, such as by assessing the historical
associations of species (e.g., co-occurrence analysis) (Geary et al., 2019; Heinen et al., 2020;
Rayan & Linkie, 2016). Several articles in this review used co-occurrence analysis as a way of
measuring occupancy in place of observing competition, especially within predator guilds
(Rayan & Linkie, 2016; Steinmetz et al., 2011; Tian et al., 2019). For example, in Malaysia,
tigers Panthera tigris, leopards Panthera pardus, and dholes Cuon alpinus co-occur to different
degrees depending on the level of active protection they receive in reserves, with dholes not
co-existing with the other two species within a reserve with a higher degree of restriction in
human activity, potentially to avoid higher risk of competition and/or intraguild predation (Rayan
& Linkie, 2016).

Investigations of trophic food webs provide another method for modelling ecological
associations using historical and current data from managed ecosystems, but they also often
include both direct and indirect interactions among species that can complicate interpretation
(Endrédi et al., 2018). However, the role of competition in the maintenance of trophic food
webs, while potentially important, has been under-investigated (Endrédi et al., 2018; Scoleri et
al., 2020). Competition can influence the densities of species in different trophic levels,
especially in predator guilds, which can have flow-on effects for species in lower trophic levels,
such as prey species (Endrédi et al., 2018). Given the information on the nature and direction
of ecological relationships they provide, trophic webs could be used profitably to direct
conservation efforts. Bamber et al. (2020), for example, demonstrated that restored
populations of pine martens Martes martes could control invasive grey squirrel Sciurus
carolinensis populations in the United Kingdom by utilising top-down trophic effects. However,
trophic food webs require large amounts of information to construct and monitor (Baker et al.,
2017; Endrédi et al., 2018). In long-term managed areas, trophic webs can be constructed
using long-term abundance time series and pre-existing knowledge of interactions (Baker et
al., 2017). In poorly managed or newly established reserves, this depth of knowledge is
lacking, making trophic food webs difficult to construct (Endrédi et al., 2018). However,
emerging machine learning approaches such as random forest analysis provide means by
which interactions can be predicted even in the absence of complete empirical data and may
prove useful in generating trophic webs that can reliably predict the outcomes of conservation

interventions (Llewelyn et al., 2023).

Predictive modelling using other approaches can also be used to forecast outcomes and assist

in planning conservation interventions (Baker et al., 2017; Balme et al., 2009; Bode et al.,
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2015). For example, Bode et al. (2015) demonstrated, using dynamic control theory and

predictive modelling, that predator-prey-ordered eradication schedules could be used to
optimally eradicate invasive species from islands. In contrast, Mace & Mills (2017) found that
in conservation-based biological control projects, it is far more difficult to predict the future and
ongoing effectiveness of controls due to seasonal changes in density dependence. The lack
of consistent knowledge of the different characteristics of the competition process, and their
effects, makes the task of ongoing effective conservation more difficult. In the case of post-
intervention ecosystems, as noted above, competition is both difficult and expensive to monitor
(Balme et al., 2009; Bode et al., 2015; Hart et al., 2018). Therefore, we recommend that
competitive interactions be considered and managed in post-intervention ecosystems if early
monitoring shows species of conservation concern to be declining unexpectedly or with no

other directly observable cause.

2.6 Conclusions

(1) Competition between animals is rarely monitored due to the difficulty of defining what
is meant by competition, and the fact that it is hard to directly measure. Therefore,
researchers often must rely on indirect methods, such as modelling and measuring co-

occurrence to detect it.

(2) In cases where competition has highly negative and observable effects, for example,
species becoming locally extinct or declining significantly, competition is much more

likely to be directly investigated or managed in conservation interventions.

(3) One of the difficulties in identifying competition is that there are many influences on it,
such as the type of resources and characteristics of species involved (e.g., the trophic
guild they belong to). Apart from a weak result from omnivores, we did not detect any
associated patterns that would allow researchers and managers to reliably predict the

outcomes of competition in advance.

(4) Given the difficulties and associated costs of measuring and monitoring competition,
we recommend that researchers use methods such as creating trophic food webs,
random forest analysis, or other predictive models prior to conservation interventions
being implemented. This will allow managers to identify competition as a likely factor if
species begin declining with no other directly observable cause, and to have proactive

plans in place for confirming and mitigating the effects of such competition.
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Chapter 3 Environmental variables influence patterns
of mammal co-occurrence following introduced predator
control

3.1 Note

This chapter was published in PLOS ONE in November 2023;

Kanishka, A.M., Blanchard, W., Lavery, T.H., Robinson, N.M., Dexter, N., Dickman, C.R.,
MacGregor, C., Lindenmayer, D.B., 2023. Environmental variables influence patterns of
mammal co-occurrence following introduced predator control. PLOS ONE 18, €02929109.
https://doi.org/10.1371/journal.pone.0292919

3.2 Abstract

Co-occurring species often overlap in their use of resources and can interact in complex ways.
However, shifts in environmental conditions or resource availability can lead to changes in
patterns of species co-occurrence, which may be exacerbated by global escalation of human
disturbances to ecosystems, including conservation-directed interventions. We investigated
the relative abundance and co-occurrence of two naturally sympatric mammal species
following two forms of environmental disturbance: wildfire and introduced predator control.
Using 14 years of abundance data from repeat surveys at long-term monitoring sites in south-
eastern Australia, we examined the association between a marsupial, the common brushtalil
possum Trichosurus vulpecula, and a co-occurring native rodent, the bush rat Rattus fuscipes.
We asked: In a fox-controlled environment, are the abundances of common brushtail possums

and bush rats affected by environmental disturbance and each other’s presence?

Using Bayesian regression models, we tested hypotheses that the abundance of each species
would vary with changes in environmental and disturbance variables. Additionally, we tested
the hypothesis the negative association between bush rats and common brushtail possums
was stronger than the association between bush rats and disturbance. Our analyses revealed
that bush rat abundance varied greatly in relation to environmental and disturbance variables,
whereas common brushtail possums showed relatively limited variation in response to the
same variables. There was a negative association between common brushtail possums and
bush rats, but this association was weaker than the initial decline and subsequent recovery of

bush rats in response to the time since fire.
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Using co-occurrence analysis, we can infer negative relationships in abundance between co-

occurring species, but to understand the impacts of such associations, and plan appropriate
conservation measures, we require more information on interactions between the species and
environmental variables. Co-occurrence can be a powerful and novel method to diagnose

threats to communities and understand changes in ecosystem dynamics.

3.3 Introduction

Environmental heterogeneity and inter-species interactions are key factors that influence the
composition of ecological communities (Chesson, 2018; Godsoe et al., 2015; Stein et al.,
2014). Communities develop through combinations of species associations and species’ niche
requirements (Stein et al., 2014), with niche availability and diversity often influencing the
number and identity of species that co-occur (Furness et al., 2021). Habitats with high
environmental heterogeneity can provide a greater diversity of niche spaces and promote high
species richness (Stein et al., 2014). Inter-species interactions, such as competition, can
similarly influence the assembly of communities and ecological networks and additionally
influence population densities and species dominance (Yan & Zhang, 2016).

Species co-occurrence analysis is one approach to examine interactions between species in
a community. Temporal and spatial co-occurrence patterns are often the product of a mixture
of habitat attributes and inter-specific interactions (positive and negative) (Azeria et al., 2012;
Tavella & Cagnolo, 2019). Negative interactions between species are likely to reduce their
ability to co-occur. However, mechanisms such as environmental and behavioural segregation
can mediate negative interactions, enabling co-occurrence, even between highly competitive
species (Freilich et al., 2018; Gause, 1934; Godsoe et al., 2015). For example, the sympatric
seabirds, the common murre Uria aalge and the razorbill Alca torda, partition their overlapping
niches using spatial segregation and differences in foraging behaviour (Gulka et al., 2019).
Similarly, desert rodents in North Africa use separate microhabitats for grazing and protection
from predators, which are mediated by the floristic composition of the vegetation (Traba et al.,
2016).

Habitats altered by environmental perturbations can, in turn, affect species’ population sizes
and ultimately disrupt established patterns of species co-occurrence and community structure.
Changes to vegetation structure, for example, have been linked to changes in species diversity
(Dexter et al., 2013; Zhou et al., 2020). Alterations in fire regimes and fire severity exemplify

such impacts (Flannigan et al., 2013; Tavella & Cagnolo, 2019). Comparisons of burnt and
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unburnt sites in central Argentina showed that aggressive ant species became more dominant

and competitive in burnt sites compared to unburnt sites (Tavella & Cagnolo, 2019).

The addition or removal of species from an ecological community can likewise have
unexpected impacts on the abundance of other species and trigger trophic or ecological
cascades within these communities (Lurgi et al., 2018). The recolonisation of Alaskan kelp
forests by sea otters Enhydra lutris resulted in heavy depredation of sea urchins
Strongylocentrotus spp. This caused urchin population declines that, in turn, released kelp
from grazing pressure and led to dramatic changes in the composition of the broader kelp
forest community (Estes & Duggins, 1995). Conversely, the reintroduction of Tasmanian devils
Sarcophilus harrisii to Maria Island, Australia, resulted in the suppression of feral cats Felis
catus but also the unexpected local extinction of the short-tailed shearwater Ardenna

tenuirostris due to direct predation by Tasmanian devils (Scoleri et al., 2020).

The removal of predators (native or exotic) is one particular kind of modification that can lead
to profound cascading ecosystem impacts, typically via unmediated increases in the
abundance of herbivores (Dexter et al., 2013; Estes & Duggins, 1995). The dramatic
population growth of large herbivores, such as deer and macropods, when released from
predation, can have damaging effects on animal and plant communities through overgrazing,
destruction of habitat, and increased competition (Foster et al., 2016; lida et al., 2018). For
example, increases in the abundance of Sika deer Cervus nippon in Japan altered the
composition of dung beetle communities, in turn leading to cascading effects on plant growth,

pollination, and ecosystem function (lida et al., 2018).

By monitoring patterns of co-occurrence following predator removal, particularly selected
pairwise relationships, we can make inferences about the ecological roles of predators, prey
interactions, and cascading impacts on their environments (Freilich et al., 2018). As many
interactions within ecological systems are difficult to observe and extensive datasets are often
required to track them, co-occurrence patterns in communities with relatively few species can
provide a simpler method of inferring these interactions and allow opportunities to initially
observe the effects of environmental change. For example, co-occurrence was higher between
two Neotropical marsupials Didelphis aurita and Metachirus nudicaudatus in the Brazilian
Atlantic rainforest in the absence of top predators, which also altered their use of their habitat
and resources (Kuhnen et al., 2017). Despite the importance of associations between co-

occurring species for the maintenance of ecosystem integrity and functioning, how these
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associations change in relation to environmental change has received relatively limited

attention.

In Australia, control of the introduced red fox Vulpes vulpes, a common predator of both
common brushtail possums and bush rats (Banks, 1999; Dexter et al., 2007; Roberts et al.,
2006), occurs over millions of hectares each year to achieve both conservation and agricultural
production objectives (Saunders et al., 2010). Fox control has been conducted in Booderee
National Park, south-eastern Australia, over the past 20 years, and the increase in abundance
of common brushtail possums Trichosurus vulpecula during the same period is presumed to
be a response to this (Lindenmayer et al., 2018). In contrast, the bush rat Rattus fuscipes has
declined, but the drivers of this change remain unclear (Lindenmayer et al., 2018). Booderee
National Park also has been subjected to several wildfires during this time, with significant
effects on vegetation and temporal activity patterns of small vertebrates (Foster et al., 2016;
Lindenmayer et al., 2008). Common brushtail possums and bush rats naturally co-occur and
overlap in their potential diets and patterns of day-to-day activity (Callander, 2018; Cruz et al.,
2012). A better understanding of associations between bush rats and common brushtalil
possums might enable us to identify the drivers of potential decline in the former species and

the wider implications of invasive predator control (Fig 3-1).
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Figure 3-1. Conceptual diagram of our predicted ecosystem. Conceptual diagram of our predictions
for how common brushtail possums and bush rats are affected by factors operating within Booderee
National Park. Blue lines represent positive relationships, and red lines represent negative relationships.
Understorey cover is represented with the image of grass, and leaf litter with the image of a pile of
leaves.

We asked: ‘In a fox-controlled environment, are the abundances of common brushtail possums
and bush rats affected both by environmental disturbance and each other’s presence?’ Based
on this question, we explored the patterns of occurrence of common brushtail possums and
bush rats in response to each other and from the effects of wildfire disturbance using Bayesian

regression models by addressing the following hypotheses:

1. Bush rat and common brushtail possum abundances change with variations in

environmental conditions and disturbance

2. Bush rat abundance is negatively associated with an increase in common brushtail

possum abundance
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3. The association with common brushtail possums has a greater effect on bush rat

abundance than the association with time since fire disturbance

We have adopted a correlative method (rather than a causative approach) to investigate these
patterns. We did not specifically seek to identify the drivers that caused the changes in species
abundance that we observed.

3.4 Methods

3.4.1 Ethics statement

This study was conducted in strict accordance with the recommendations in the Australian
Code for the Care and Use of Animals for Scientific Purposes. The protocol was approved by
the Animal Experimentation Ethics Committee at the Australian National University (Protocol
Number: A2021 52).

3.4.2 Species information

The bush rat is a small, ground-dwelling rodent that ranges from 80 g to 200 g in weight
(Callander, 2018). It prefers habitats with wet, moderately complex vegetation, has a small
home range (0.1-0.4 ha), and has limited dispersal ability (Callander, 2018; Fordyce et al.,
2016; Strauf3 et al., 2008).

The common brushtail possum is a medium-sized partly arboreal marsupial, ranging in size
from 1.5 kg to 3.5 kg (Harper, 2006). It dens in hollows and feeds in the canopy and on the
ground (Cruz et al., 2012; Isaac et al., 2008). Common brushtail possums show a preference
for forest and woodland habitats (Cruz et al., 2012; Isaac et al., 2008). This is due to the
prevalence of trees with denning hollows in those habitats (Cruz et al., 2012; Isaac et al.,
2008). It has a relatively large home range, with past research suggesting a variation of 1.7 ha
to 12.9 ha dependent on habitat conditions (Ball et al., 2005).

Both the bush rat and common brushtail possum are nocturnal, generalist omnivores, with a
substantial potential overlap in their diets, consuming a large variety of plant matter, fungi, and
invertebrates (Callander, 2018; Cruz et al., 2012).

3.4.3 Study location

We used data from long-term annual monitoring that commenced in 2003 in Booderee National

Park (BNP), Jervis Bay Territory, south-eastern Australia. BNP is on Indigenous land and is
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jointly managed by the Wreck Bay Aboriginal Community and Parks Australia. The 6600 ha

park has a temperate climate, with an average annual rainfall of 1213 mm, spread evenly
across the year (BOM, 2021). Average temperatures range from 18.6-25.1°C in summer
(January) to 9.9-16.1°C in winter (July) (BOM, 2021). BNP supports a range of vegetation
types such as heathlands, wetlands, forests, and woodlands. Two major fires have occurred
in BNP over the past 20 years (in 2003 and 2017), with each burning approximately half of the
park. A fox baiting program has been in place in BNP since 1999 and was intensified in 2003
to reduce the deleterious impact of this introduced predator on native prey species (Dexter et
al., 2013).

3.4.4 Data collection

We surveyed small and medium-sized mammals annually each summer for 14 years at 109
permanent sites starting in 2003, with another 20 sites added in 2008. The sites were surveyed
along 100 m transects with 2 large (30 x 30 x 60 cm) cage traps at the beginning and end of
transects, small (20 x 20 x 50 cm) cage traps every 20 m between the large cage traps, and
10 Elliott traps (10 x 10 x 30 cm; Elliott Scientific Equipment, Upwey, Victoria) every 10 m (Fig
3-2) (Lindenmayer et al., 2008, 2016). Approximately 50% of the sites were surveyed each
year (with the other 50% being surveyed the next year), depending on weather conditions
(Lindenmayer et al., 2016). We recorded the number of individuals of both species caught at

each site in a given year.
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Spatial Reference
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Figure 3-2. Locations of trapping sites at Booderee National Park, Jervis Bay Territory, south-
eastern Australia. All green, vegetated areas are within the boundary of BNP. The red polygon
represents areas of the park that were burnt after 2002, with the largest area burnt in December 2003.
This map was developed using an ArcGIS Pro base map, 20 July 2023, Powered by Esri (Esri, 2022)
(Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN,
IGP, swisstopo, and the GIS User Community) (url:
https://cdn.arcgis.com/sharing/rest/content/items/30d6b8271e1849cd9¢3042060001f425/resources/st

yles/root.json).

We collected data on environmental and disturbance variables at each of our 129 sites. These
data included visual estimates of the percentage of understorey and leaf litter cover in four 1 x
1 m subplots within 20 x 20 m survey plots during semi-annual vegetation surveys
(Lindenmayer et al., 2008). We selected understorey and leaf litter as representative variables
of the primary bush rat habitat, which are also components of the common brushtail possum
habitat (Callander, 2018; Cruz et al., 2012). We constructed a predictive model to fill the data
gaps for those years when sites were not surveyed (see Macgregor et al., 2020). We used
monthly rainfall averages collected at the nearby Point Perpendicular weather station for the
trapping period at each site (BOM, 2021). We transformed both the rainfall and vegetation

variables into quadratic functions using the poly() function in R (R Core Team, 2021).
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We used data on fire occurrence recorded on-ground since 2003, and fire history data

collected by Booderee National Park over the past 50 years (Foster et al., 2017), specifically
the number of years since the last fire at a site. To minimise possible inaccuracies stemming
from incorrect fire dates, or the occurrence of unreported fires, we grouped the number of

years since fire into 10-year blocks (i.e., 0-10, 11-20, 21-30, 30+ years).

3.4.5 Statistical analysis

We used Bayesian regression models with a hurdle step to test the response of species
abundances to the selected variables (i.e., bush rat and possum abundance, years since fire,
vegetation variables, and rainfall) using the brms package ver. 2.16.3 (Burkner, 2017, 2018;
Feng, 2021) implemented in R (R Core Team, 2021). These regression models employed
Markov Chain Monte Carlo simulations, with four chains and a warm-up of 1000 iterations
before sampling another 1000 iterations. We assessed model convergence by ensuring all
Rhat values were <1.1 (Burkner, 2017, 2018). The hurdle step consisted of two components:
the first modelled the presence/absence of the response variable, and the second, conditional
on the species being present, modelled the conditional abundance using a zero-truncated
Poisson (Feng, 2021). We combined these two components in an analysis of unconditional
abundance (Feng, 2021).

We created a regression model with bush rats as the response variable, and a regression
model with common brushtail possums as the response variable. Both regression models
included time, understorey cover, leaf litter cover and rainfall as covariates within the
conditional abundance component. These variables were included to assess the variation in
bush rat and common brushtail possum abundances with environmental variables (H1). Years
since fire was included in the conditional abundance and hurdle step of both regression models
as an explanatory variable, as it is a prominent disturbance within BNP, and past research has
indicated that fire has a significant effect on small vertebrate populations (Arthur et al., 2012).
The other species was also input into the conditional abundance and hurdle step of both
regression models (i.e., common brushtail possums into the bush rat model, bush rats into the
common brushtail possum model) as an explanatory variable to assess the co-occurrence
effect between species (H2). We also included the site as a random effect and used the log of
the number of Elliott traps as a control for the bush rat models, and the number of open cage
traps as a control for the common brushtail possum models. The control variables account for

varying trapping efforts and were selected based on the main trap type that captures the
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relevant species (i.e., Elliott traps for bush rats, and cage traps for common brushtail

possums).

We performed a model selection procedure for both regression models, based on the selection
for explanatory variables only, which was across 10 variations of each model. We chose not
to perform model selection on the covariates (i.e., the environmental variables) as we were
testing variation in species abundance in relation to environmental fluctuations and did not
predict significant changes in abundance in relation to these fluctuations. Using model
selection, we assessed the relevancy of our exploratory variables to changes in species
abundance (H3). The chosen model was the most parsimonious, which was based on the
simplest model which was within 2 leave-one-out cross-validation (LOOIC) scores of the best

fitting model.

We created ten variations of the regression models for each species and assessed the fit of
each variation using LOOIC (Tables 3-1 and 3-2) (Vehtari et al., 2017). LOOIC estimates the
out-of-sample predictive fit by measuring the predictive accuracy for each data point using a
variation of the expected log pointwise predictive density equation (Vehtari et al., 2017). LOOIC
was selected as the appropriate method over other model selection methods as it is informative
and was created for Bayesian models (Burnham & Anderson, 2002; Vehtari et al., 2017).
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Model
Model 6

Model 2

Model 4

Model 9

Model 8

Model 3

Model 5

Model 10

Model 7

Model 1

Null Model
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Table 3-1. The bush rat model variations, and associated leave-one cross-validation (LOOIC) scores, are presented in order of best fit. The delta
score (ALOOIC) in the final column represents the overall change in the LOOIC score from the best-fitting model. The model variations are presented with the
first line of variables inputted to model condition abundance (starting with hu =) inputted into the hurdle step. Common brushtail possums (written as T.
vulpecula) were inputted in the model using either abundance (represented with (A)) or the presence/absence (represented with (PA)). Model 4 (where
common brushtail possums were only inputted into the conditional abundance step) was the most parsimonious model and therefore used in this study.

Variables

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + T.vulpecula(A) + Elliotts

hu = Year + Years Since Fire + T.vulpecula(PA) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + T.vulpecula(A) + Elliotts

hu = Year + Years Since Fire + T.vulpecula(A) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + T.vulpecula(A) + Elliotts

hu = Year + Years Since Fire + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + T.vulpecula(A) + Elliotts

hu = Year + T.vulpecula(A) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + T.vulpecula(A) + Elliotts
hu = Year + Years Since Fire + T.vulpecula(A) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + Elliotts
hu = Year + Years Since Fire + T.vulpecula(A) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + Elliotts
hu = Year + Years Since Fire + Elliotts

Year + Rainfall + Understorey + Leaf Litter + T.vulpecula(A) + Elliotts
hu = Year + T.vulpecula(A) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + Elliotts
hu = Year + Years Since Fire + T.vulpecula(PA) + Elliotts

Year + Rainfall + Understorey + Leaf Litter + Elliotts

hu = Year + Elliotts

1

hu =1

LOoOIC
7322.674

7323.115

7323.418

7332.744

7341.191

7344.454

7346.091

7349.877

7350.136

7371.065

8826.685

ALOOIC
0

0.441

0.744

10.07

18.517

21.78

23.417

27.203

27.462

48.391

1504.01
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Table 3-2. The common brushtail possum model variations, and the associated leave-one-out cross-validation (LOOIC) scores, are presented in
order of best fit. The delta score (ALOOIC) in the final column represents the overall change in the LOOIC score from the best-fitting model. The model
variations are presented with the first line variables inputted to model conditional abundance, and the second line (starting with hu =) inputted into the hurdle
step. Bush rats (written as R. fuscipes) were inputted into the model using either abundance (represented as (A)) or presence/absence (represented as (PA)).
Model 10 (which modelled bush rats and common brushtail possums in both the conditional abundance and hurdle step but did not model years since fire)
was selected as the most parsimonious model and therefore used in this study.

Model Variables LOOIC ALOOIC

Model 8 Year + Rainfall + Understorey + Leaf Litter + R.fuscipes(A) + Elliotts 1695.8 0
hu = Year + Years Since Fire + R.fuscipes(A) + Elliotts

Model 4 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + R.fuscipes(A) + Elliotts 1697.407 1.607
hu = Year + Years Since Fire + Elliotts

Model 10 Year + Rainfall + Understorey + Leaf Litter + R.fuscipes(A) + Elliotts 1697.537 1.737
hu = Year + R.fuscipes(A) + Elliotts

Model 6 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + R.fuscipes(A) + Elliotts 1699.235 3.435
hu = Year + Years Since Fire + R.fuscipes(PA) + Elliotts

Model 9 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + R.fuscipes(A) + Elliotts 1699.804 4.004
hu = Year + R.fuscipes(A) + Elliotts

Model 2 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + R.fuscipes(A) + Elliotts 1700.491 4.691
hu = Year + Years Since Fire + R.fuscipes(A) + Elliotts

Model 5 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + Elliotts 1704.973 9.173
hu = Year + Years Since Fire + Elliotts

Model 3 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + Elliotts 1706.319 10.519
hu = Year + Years Since Fire + R.fuscipes(A) + Elliotts

Model 7 Year + Rainfall + Understorey + Leaf Litter + Years Since Fire + Elliotts 1707.678 11.878
hu = Year + Years Since Fire + R.fuscipes(PA) + Elliotts

Model 1 Year + Rainfall + Understorey + Leaf Litter + Elliotts 1709.066 13.266
hu = Year + Elliotts

Null Model 1 1765.325 69.525
hu =1
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3.5 Results

Of the ten bush rat models fitted, the most parsimonious model (Model 4) included an
association with years since fire in both the hurdle step and in conditional abundance, while
also demonstrating an association with common brushtail possums in conditional abundance
(i.e., the change in abundance when species are present; Table 3-1). Of the ten common
brushtail possum model variations fitted, the most parsimonious model (Model 10) included an
association with bush rats in both the hurdle step and in conditional abundance but did not
contain an association with years since fire (Table 3-2).

Our first hypothesis (H1) was that bush rat and common brushtail possum abundances would
vary with changes in environmental and disturbance variables. We found that bush rat
presence and abundance decreased over time (Table 3-3), whereas common brushtalil
possum presence increased over time, but abundance did not (Table 3-4). The lowest
abundance of bush rats was in sites characterised by high and low percentages of leaf litter
cover, approximately 50% understorey cover, in periods with high rainfall (Table 3-3). In
contrast, the abundance of common brushtail possums did not vary significantly in response
to the selected environmental variables, and they also demonstrated large variability (Table 3-
4). Bush rat presence and abundance were lowest in the first ten years following a fire with
subsequent increases in the following year blocks (Fig 3-2, Table 3-3). Conversely, years since
fire was found to not be a relevant variable for common brushtail possums, based on the
LOOIC scores.
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score). m represents the posterior mean, SE represents the posterior standard error, and the lower and upper 95% Cls represent the lower and upper ranges

of the 95% credible interval. 30+ years since fire is not presented in the table because it is assumed not to have a significant effect compared to the other
years-since-fire categories (Burkner, 2017). The results of the environmental variables (rainfall, understorey, and leaf litter cover) are quadratic effects, with
the subscript “lower” representing the lower limits of the estimated value, and “upper” representing the upper limits of the estimated value. The results of the
hurdle effects represent the probability that there are zero bush rats.

Variable
Conditional Abundance
Year

Rainfalliower
Rainfallypper
Understoreyiower
Understoreyuypper
Leaf Litteriower

Leaf Litterupper
Years since fireo-10
Years since fire11-20
Years since firez1-30
T. vulpecula

Elliott

Hurdle effects
Year

Years since fireo-10
Years since fire11-20
Years since firez1-30
Elliott

m

-0.09
-2.58
0.33
-3.91
4.68
0.66
-10.33
-0.41
-0.15
-0.13
-0.08
0.66

0.21
1.29
0.44
-0.73
-1.07

SE

0.01
0.48
0.48
1.30
1.05
1.82
1.22
0.12
0.11
0.09
0.02
0.04

0.02
0.48
0.49
0.81
0.24

Lower 95% CI

-0.10
-3.53
-0.61
-6.53
2.57
-2.85
-12.75
-0.65
-0.37
-0.31
-0.11
0.59

0.16
0.36
-0.50
-2.41
-1.56

Upper 95% CI

-0.08
-1.65
1.25
-1.40
6.73
4.28
-7.89
-0.17
0.07
0.04
-0.05
0.74

0.26
2.26
1.45
0.78
-0.60

57



Chapter 3

Table 3-4. The results of the Bayesian regression for common brushtail possum model 10 (which was selected as the most parsimonious model
using the LOOIC scores). m represents the posterior mean, SE represents the posterior standard error, and the lower and upper 95% Cls represent the
lower and upper ranges of the 95% credible interval. The results of the environmental variables (rainfall, understorey, and leaf litter cover) are quadratic
effects, with the subscript “lower” representing the lower limits of the estimated value, and “upper” representing the upper limits of the estimated value. The
results of the hurdle effects represent the probability that there are zero common brushtail possums.

Variable m SE Lower 95% CI Upper 95% CI
Conditional abundance

Year 0.01 0.02 -0.04 0.05
Rainfalliower 0.97 2.44 -3.85 5.73
Rainfallupper -1.13 2.90 -6.90 4.48
Understoreyiower -12.03 4.69 -21.15 -2.89
Understoreyupper -3.55 4.02 -11.50 4.35
Leaf Litteriower -5.10 5.64 -15.69 6.02
Leaf Litterupper 4.56 3.44 -2.31 11.38
R. fuscipes -0.06 0.02 -0.10 -0.02
Cages 0.03 0.01 0.01 0.04
Hurdle

Year -0.17 0.03 -0.23 -0.12
R. fuscipes 0.01 0.02 -0.03 0.06
Cages -0.04 0.01 -0.06 -0.01
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Figure 3-3. The associated change in the absence and abundance of bush rats in response to
years since fire. The figure on the left shows the change in the probability of bush rats being absent,
with data taken from the hurdle step of the model. The figure on the right shows the change in the
unconditional abundance. Error bars represent the 95% credible intervals.

Our second hypothesis (H2) was that bush rat abundance would be negatively associated with
an increase in common brushtail possum abundance. Our model demonstrated that in
response to the increasing abundance of common brushtail possums, bush rat abundance
declined (Fig 3-4, Table 3-3). In the common brushtail possum model, our results
demonstrated a similar negative association between common brushtail possums and bush
rats (Table 3-4, Appendix B.3).
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Bush Rat Abundance

Common Brushtail Possum Abundance

Figure 3-4. The unconditional change in the abundance of bush rats in response to the
increasing abundance of common brushtail possums. The shaded regions represent the 95%
credible intervals.

Our third hypothesis (H3) was that the association between bush rats and common brushtail
possums would be more relevant than the association between bush rats and years since fire.
Using the LOOIC scores, the model containing years since fire only was a better fit to our data

than the model containing common brushtail possums only (Table 3-2).

3.6 Discussion

Species interactions and associations play important roles in influencing temporal and spatial
co-occurrence and can ultimately shape the assembly of biotic communities (Azeria et al.,
2012; Chesson, 2018). However, alterations to the environment can cause fundamental shifts
in these associations and interactions with flow-on effects for the presence and abundance of
individual species (Estes & Duggins, 1995; Flannigan et al., 2013). In this study, we predicted

that an increased abundance of common brushtail possums would be associated with the

60



Environmental variables influence patterns of mammal co-occurrence following introduced

predator control
decline of bush rats in Booderee National Park. To investigate this, we constructed three

hypotheses about links between changes in environmental conditions and species
abundances. We first investigated the role that changes in environmental conditions have on
the abundance of bush rats and common brushtail possums (H1), with our results
demonstrating that environmental conditions and the time since fire have large effects on the

abundance of bush rats but not that of common brushtail possums.

We then investigated the strength of a negative association between common brushtail
possums and bush rats (H2) and compared this association with that of the influence of time
since fire (H3). Our results demonstrate that an increase in the abundance of common brushtail
possums was associated with a reduction in bush rat abundance, with this relationship being
observed in both bush rat and common brushtail possum models. However, our results did not
support our third hypothesis. The decline of bush rats was better explained by our model
containing years since fire only compared to our model containing common brushtail possums
only. Collectively, our results suggest that while a negative association between common
brushtail possums and bush rats exists, the decline of bush rats might be better explained by
the influences of environmental and disturbance variables than by any interactions between

the two species.

The negative association between common brushtail possums and bush rats could stem from
two possible scenarios. First, the abundances of bush rats and common brushtail possums
may be unrelated, with each shaped by individual species’ habitat and/or condition preferences
(MacKenzie et al., 2004; Steen et al., 2014). A common misstep with co-occurrence models is
to assume that the associations between species are indicative of a species interaction when
the models could be producing signals from how species are interacting differently or similarly
to environmental conditions (Blanchet et al., 2020). Our results do show that understorey cover
and time since fire are both strong indicators of variations in bush rat abundance, while only
understorey cover was a weak indicator for common brushtail possums (Tables 3-3 and 3-4).
Furthermore, research has demonstrated that disturbances like fire affect the two species to
different extents. Bush rats have been recorded to be severely restricted by fire events and
the associated habitat changes (Arthur et al., 2012; Lindenmayer et al., 2008), whereas the
effect on common brushtail possums varies between minor negative influence to positive
recoveries post-fire (Geary et al., 2023; Lindenmayer et al., 2008). Therefore, despite their
extensive co-occurrence and overlap in some food and habitat resources, bush rats and

common brushtail possums each most likely exploit different parts of these resource axes, and
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also exhibit different home range sizes and dispersal abilities (Tables 3-3 and 3-4) (Callander,

2018; Isaac et al., 2008).

Alternatively, a negative correlation between the abundances of common brushtail possum
and bush rats could be a result of direct, negative interactions between the two species. While
recent research has documented some predatory behaviours in common brushtail possums
(Scoleri et al., 2020), we predict this negative relationship to be competitive due to the potential
overlaps in habitat use, and the greater body of research documenting common brushtail
possums’ competitive behaviours (Callander, 2018; Cruz et al., 2012; Ruscoe et al., 2011).
Ruscoe and associates (2011) demonstrated that common brushtail possums in New Zealand
are competitively dominant to smaller mammals by documenting the competitive release of
black rats Rattus rattus (a species of the same genus and with a similar trophic role as the
bush rat) after the removal of possums. However, in contrast to our study, both these species
are exotic to New Zealand. We further argue that the level of co-occurrence and potential
competition between bush rats and common brushtail possums is likely mediated by habitat

conditions as well as environmental conditions (e.g., wildfire events, and amount of rainfall).

Changes in species composition or relative abundance can have both direct and cascading
influences on community structure (Dexter et al., 2013; Lurgi et al., 2018; Yan & Zhang, 2016).
Evidence for this has been derived primarily from complete species removals or additions to
communities but has also been deduced from studies of overabundance of herbivores (lida et
al., 2018; Lurgi et al., 2018). Introduced species can often increase levels of competition for
resources, such as limited nesting hollows by birds, resulting in lower breeding success for
native species (Charter et al., 2016). Many Australian mammals have been negatively
impacted by introduced competitors (e.g., rabbits, deer) and predators (e.g., feral cats, red
foxes), and these impacts have been documented to be among the leading causes of declines
(Dexter et al., 2013; Woinarski et al., 2015). Range shifts can likewise increase competitive
encounters. For example, the range expansion of barred owls Strix varia has increased
interference competition with northern spotted owls Strix occidentalis caurina, to the latter’s

disadvantage (Van Lanen et al., 2011).

Our study highlights potential cascading effects from the loss of an introduced predator (Dexter
et al., 2013; Estes & Duggins, 1995). The increased abundance of common brushtail possums
is presumed to be a response to the deliberate population reduction of the red fox (Dexter et
al., 2013). The negative correlation in the abundance of bush rats with common brushtail
possums may be the product of resulting increased competition, especially given that common

brushtail possums are possibly one of the main mammalian competitors (Cruz et al., 2012;
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predator control
Ruscoe et al., 2011). Comparable results have been seen in manipulative field experiments

whereby excluding a predator like the shorebird Calidris pusilla can have effects that cascade
down through different trophic levels with implications for community structure (Cheverie et al.,
2014).

The fox baiting program in BNP had effects that have cascaded through the park, many of
which are not accounted for (Lindenmayer et al., 2018). There is strong evidence that the
removal of foxes has allowed common brushtail possum and macropod populations to
increase (Dexter et al., 2013; Lindenmayer et al., 2018). There is subsequent evidence that
the increased macropod populations have altered vegetation structure, and potentially altered
the fire regime (i.e., frequency/intensity), which consequently affects the animal community,
as supported by our model (Dexter et al., 2013; Foster et al., 2016). Our model additionally
supports the prediction that the declines of small mammals are related to the increase of
common brushtail possum, and evidence suggests a similar response would result from
increased macropod abundance (Dexter et al.,, 2013). These results demonstrate that an
understanding of interspecific interactions is important for successful conservation. As in our
study, interspecific interactions also had an influence on the semi-successful reintroduction of
sea otters Enhydra lutris to the Canadian Pacific coastline (Fisher et al., 2014). The
unsuccessful reintroductions arose from the unforeseen apparent competition with pinnipeds,
which occupied areas of good quality foraging habitat to the detriment of otters (Fisher et al.,
2014). Conversely, using the information on shared historical occupancy with the pine marten
Martes martes, the restoration of this predator is being used to recover red squirrel Sciurus
vulgaris populations through its role in controlling the invasive grey squirrel Sciurus
carolinensis in the UK (Bamber et al., 2020).

3.7 Conclusion

An increased abundance of common brushtail possums was associated with a reduced
abundance of bush rats. Our results indicate that species presence and interactions can have
an important influence on species persistence. However, the strength of interactions may
either be moderated by environmental effects or be more indicative of the different effects of
environmental conditions on the two species and therefore managers must take both into
account if the management of populations and ecological communities is to be effective.
Furthermore, co-occurrence analysis can highlight unknown and potentially detrimental
associations, which can be used as a starting point when diagnosing threats to community

assemblages. Using co-occurrence models is one way to identify potential negative
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relationships between co-occurring species after an environmental change and/or following

the population growth of one species. This information should be used to direct investigations
into the impacts of such associations, by investigating the direct and indirect interactions

between co-occurring species.
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Chapter 4 The effect of competitor presence on the
foraging decisions of small mammals

4.1 Abstract

Competitive interactions between species can have marked effects on the diets and foraging
behaviours of the interactants. Dominant competitors can constrain the foraging decisions of
subordinate competitors, reducing the individual fithess of subordinates, and potentially driving
their populations to low levels. Following a sustained population decline of the bush rat Rattus
fuscipes in the presence of the speculatively competitively dominant common brushtail
possum Trichosurus vulpecula at Booderee National Park in south-eastern Australia, we
investigated whether possums affected the foraging decisions of bush rats. Using a
manipulative feeding experiment, we predicted that bush rats would: (a) increase visits to
baited sites where possums had restricted access to the bait, and (b) restrict visits to baited
sites where possums had free access. We used camera traps to investigate visitation patterns
and time spent foraging at 40 baited sites with two treatments, one that allowed full access by
both species (full-access), and the other that attempted to prevent possum access (restricted-
access). We also measured additional covariate factors that may influence visitation. Bush rats
visited both treatments less when there were more possum visits. We also found that bush
rats spent less time eating bait at sites regularly visited by possums, regardless of possums’
access level. Our results indicate that negative interactions, such as competition, can restrict

the ability of subordinate species to successfully forage, contributing to species declines.

4.2 Introduction

The foraging strategies of animals influence how they interact with their living and non-living
environments (Corman et al.,, 2016; Denny et al., 2018). Foraging strategies include the
decisions that individuals must make regularly about what to eat, when and where to locate
food, the time spent foraging, and when to depart from a food source (Corman et al., 2016;
Denny et al., 2018; Searle et al., 2005). These decisions can, therefore, influence habitat use
and the local distributions of animals, as well as how foragers interact with co-occurring
species (Barabas et al., 2016; Godsoe et al., 2015; Halliday & Morris, 2013). The influence of
predation risk on foraging has been well-studied. Predators seek prey at times and in places
where hunting is most likely to be successful (Denny et al., 2021; Pays et al., 2012). Prey
species similarly anticipate and reduce the risk of encountering predators by selecting and
departing from foraging patches when they perceive it to be safest to do so (Denny et al., 2021;

Pays et al., 2012). If the foraging decisions of prey are constrained markedly by the presence
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of predators, individual fitness can be compromised, and this can translate to declines at the

population level (Preisser et al., 2005).

Competition between species may have similarly large effects on individual foraging strategies
and their outcomes. While individuals of a prey species may preferentially choose habitats with
denser vegetation to avoid predation, this choice may also result in suboptimal foraging due to
the presence of a dominant competitor (Halliday & Morris, 2013). For example, honeybees
Apis mellifera readily forage on energetically profitable lavender flowers when on their own but
forego this food source in the presence of bumble bees Bombus spp. to avoid aggressive
encounters with this larger competitor (Balfour et al.,, 2015). Aggressive, or interfering,
competitors often attack or chase other species from shared resources (King & Moors, 1979).
An example is the Australian noisy miner Manorina melanocephala, which chases other native
birds away from flowers and other profitable food resources (Beggs et al., 2020). Physical
characteristics, such as body size, can influence the success of competitors (Rayan & Linkie,
2016). This is evident in many carnivore guilds, such as that comprising tigers Panthera tigris,
dholes Cuon alpinus, and leopards Panthera pardus, with the latter two species showing
temporal avoidance of the larger, more aggressive tiger (Rayan & Linkie, 2016). Similarly, the
dingo Canis dingo / familiaris may constrain the place and time of foraging by smaller-bodied
domestic cats Felis catus and red foxes Vulpes vulpes in Australia, through aggressive
competition and, in extreme cases, by intraguild killing (Burrows et al., 2003; Moseby et al.,
2012).

Avoidance behaviours are a common response to aggressive interactions (Astete et al., 2017,
Barrull et al., 2014), especially by individuals of smaller or subordinate species. In situations
where predation is unlikely, avoidance is often used as an indicator of interference (Périquet
et al., 2016). For example, despite sharing many prey species, snow leopards Panthera uncia
and common leopards segregate their use of habitats to avoid aggressive encounters (Lovari
et al., 2013). These avoidance behaviours reduce the risks of interspecific aggression but can
be detrimental, driving increased vulnerability of individuals to other predators, or reducing the
guantity or quality of available food resources (Liu et al., 2020; Périquet et al., 2016). For
instance, giant pandas Ailuropoda melanoleuca use poor-quality habitat and food to avoid
exploitative competition with cattle (Liu et al., 2020). Avoidance can be both spatial or temporal,
or a combination of both (Wereszczuk & Zalewski, 2015). For example, long-legged buzzards
Buteo rufinus and short-toed eagles Circaetus gallicus in Israel partition shared habitat on
multiple scales, including by spatial and temporal segregation of their foraging activity
(Friedemann et al., 2016).
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Interactions between species and how these affect the decisions made by individual foragers

can be studied by direct observation in large or conspicuous species, such as noisy miners
(Beggs et al., 2020; Lindenmayer et al., 2023), but for smaller or more cryptic species other
methods are needed. The giving-up density (GUD) technique, which measures how long
individuals spend at a food resource given certain conditions, is particularly useful in this
respect (Brown, 1988; Denny et al., 2021; Hagy et al., 2017). Alternatively, carefully controlled
experiments, such as laboratory-based studies or complete removal or addition experiments
can be used to investigate interactions, like competition, around manipulated resource
availability (Dickman, 2011; Karlsson et al., 2018). Many of these experiments require known
or precisely measured levels of resource scarcity, or restriction of access for one or more

interactants to an abundant food resource. We use the latter approach here.

In Booderee National Park, in south-eastern Australia, successful control of fox populations
has contributed to changes in prey species abundance and composition, including
considerable population growth of common brushtail possums Trichosurus vulpecula
(hereafter ‘possum’) (Dexter et al.,, 2013; Lindenmayer et al.,, 2018). Possum foraging
behaviour changes in response to how risky food sources are perceived to be, including the
risk of predation and the quality of food, and possum foraging activity in Booderee is therefore
likely to have expanded in response to fox control (Mella et al., 2015). Research into the
impacts of possum population growth has uncovered a link with declines in small mammals,
such as bush rats Rattus fuscipes (Kanishka et al., 2023; Lindenmayer et al., 2018). As both
possums and bush rats are dietary generalists and often forage in similar habitats, we predict
that food competition may be a mechanism that shapes this relationship. Here, we expect that
bush rats will alter their activity in response to changes in possum activity. This expectation is
based on research that some rodents will change their foraging behaviours when co-foraging
with competitors for limited resources (Cordero et al., 2024). Possum aggression and
behavioural dominance have also been recorded at bait stations elsewhere, exerting

dominance over much larger species (Hickling & Day, 2024).

Using a manipulative experimental design, we investigated the potential influence of
competition in shaping the foraging activity of these two native mammal species in Booderee
National Park. In our proposed scenario, bush rats are the subordinate competitor, while
possums are the dominant competitor. Our experiment was designed to investigate avoidance
between this putatively dominant and subordinate pair of mammal species and to reveal
foraging decisions made by the subordinate species in the presence and absence of the
dominant species. We asked the overarching question: Does the presence of common

brushtail possums reduce bush rats’ access to, and foraging activity at, sites with shared food
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resources? We predicted that bush rats would access food resources (bait) less at sites where

possums have access, compared to sites where possums do not have access. We tested this
prediction by investigating visitation patterns of the species, which we quantified as the number
of times individuals visited baited sites and the time length of those visits. We conducted this

investigation based on the following predictions:

1. Bush rats will increase visitation to sites where possums have restricted bait access,
while possums will decrease visitation to sites with restricted bait access.

2. Bush rats will make fewer, shorter visits with increasing possum presence at full bait-

access sites, but not at restricted bait-access sites.

3. Bush rats will spend less time eating with increasing possum presence at full bait-

access sites, but not at restricted bait-access sites.

4. Both possums and bush rats will increase the number and length of visits with
increasing time since the other species visited.

4.3 Method
4.3.1 Ethical note

This study was conducted in strict accordance with the recommendations in the Australian
Code for the Care and Use of Animals for Scientific Purposes. The protocol was approved by
the Animal Experimentation Ethics Committee at the Australian National University (Protocol
Number: A2021 52). To ensure ethical standards, we performed a pilot study in 2020 to
ensure the type of bait used, the garbage bins placed at each site, and wildlife cameras, would
cause no harm or distress to the animals within the environment. The holes cut out of the
garbage bins were additionally inspected to ensure there were no sharp points on which

animals could injure themselves. Cameras were set with no flash to avoid startling animals.

4.3.2 Study location

Our experiment was conducted in March and April 2022 in Booderee National Park (BNP), a
6,000 ha protected area on the south coast of New South Wales, Australia (Fig 4-1). The Park
is owned by the Wreck Bay Indigenous Community and is jointly managed by them and Parks
Australia. The Park has a temperate climate, with an average rainfall of 1,213 mm (Bureau of
Meteorology, 2022). However, due to the La Nifia weather system occurring at the time of data

collection, the Park experienced higher-than-average rainfall, including partial flooding, which
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occurred in the weeks prior to the experiment. The temperatures at the time of the experiment

ranged from 13.5° to 26.6°C (Bureau of Meteorology, 2022). The Park has a heterogeneous
environment, with vegetation types ranging from forests and woodlands to sedgelands and
heathlands (Taws, 1998). The Park has experienced several wildfires in the last decades, with
the most recent large fire occurring in 2017 (Kanishka et al., 2023).

Spatial Reference

Name: AGD 1966 AMG Zone 56
PCS: AGD 1966 AMG Zone 56

Powered by Esri

Figure 4-1. Satellite map of Booderee National Park, Jervis Bay Territory, Australia. All green, vegetated
areas are within the boundary of BNP. The blue circles identify the locations of the 40 supplementary
feeding (bait) sites used in our experiment, with an identifying name in white next to each location (Esri,
2022).

4.3.3 Experimental setup

We established our experiment at 40 sites across BNP, selecting these by referring to trapping
records from the immediate previous five years (Lindenmayer et al., 2008, 2016). The 40 sites
were established in places selected from a long-term monitoring program established in 2002,
and had annual mammal trapping records, with trapping occurring at each site every other
year (Kanishka et al., 2023; Lindenmayer et al., 2008). The criteria for site selection were
records of both bush rats and possums being trapped at the same site within the last five years,

with preference given to the most recent trapping sessions or sites where both species had
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been trapped most regularly. We selected only those sites within woodland and forest

vegetation types, as both species were caught consistently within these vegetation types.

We placed 60-litre black garbage bins upside down at 40 sites, with an entrance at the base
that was modified to create two site conditions: full-access (entrance: 10 x 10 cm), where both
species could easily gain access to bait placed inside the bin, and restricted-access (entrance:
5 x 5 cm), where only bush rats could gain easy access to bait. Specifically, the restricted-
access sites were designed to prevent possums from accessing bait. To attract animals to
enter the bins, we used 100 g of rodent pellets as bait, placed on a ceramic dish in the centre
of the bin. We placed remote cameras facing the entrance to each bin on the bottom of a star
picket (1 — 2 m above the ground depending on the slope of the ground) 2 metres away from
the bin.

Cameras recorded animal activity for 28 days, and we collected data on the amount of bait
taken at each site every other day (depending on site accessibility due to weather conditions).
We measured the amount of bait taken by both weight (in grams) and visual assessment (as
an estimate of percentage taken or spilt), to confirm visitation to the sites. We replenished the
baits at least once a week, if more than 20 g was taken or if there was evidence of the bait
going mouldy.

4.3.4 Camera data collection

We collected data on bin visitation from the remote cameras. We used two brands of cameras:
Boly ScoutGuard Trail Cameras (Boly Media Communications Inc., California, USA) and
Bushnell Core DS No Glow Trail Cameras (Bushnell Outdoor Products, Kansas, USA). We set
the cameras to take photos only at night when both species were active and to take three
photos in succession upon detecting movement, with a minimum of a 10-second gap between

sets of photos.

We recorded information for periods when an animal was visible on camera, which we refer to
as “visits”. A visit began when the animal was visible on camera and ended when it was seen
exiting the site or there were more than five minutes between photos. During visits, we
recorded the species’ identity, time of arrival and exits, and a brief description of the activities
the animal was performing during this time. We recorded the time lengths of visits by
subtracting the time of entrance from the time of exit. We categorised this description into one
of three broad activities (Fig 4-2): the species was (1) within the site (i.e., visible on camera,
but not interacting with the bait or bin), (2) interacting with the bin (i.e., sniffing/touching it,

trying to move it, climbing on top, or entering/exiting the bin), or (3) eating the bait. We identified
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the activity “eating the bait” in possums when they visibly had their torso in the bin or head in

the dish, and in bush rats when they had their head in the dish, or they were facing the camera

and visibly holding/chewing on bait (Fig 4-2).

_:4 .:"
A~
WB1FEL 0 ..2022.04.060:28:00:23 [E

Figure 4-2. Example camera trap images of the categorised activities. (a) Bush rat within the bait site,
but not interacting with the bins. (b) Possum within the site, but not interacting with the bins. (c) Bush
rat interacting with the bin (specifically entering the bin). (d) Possum interacting with the bin (specifically
jumping on top of the bin). (e) Bush rat eating bait, categorised by bush rat being inside the bin, visibly
holding bait. (f) Possum eating bait, categorised by torso within the bin, and dish visibly being empty in
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subsequent photos. Images (a) and (c) show examples of restricted-access bins, and images (d) and
(e) show examples of full-access bins.

To quantify factors in addition to species presence that could affect foraging by bush rats, we
collected information on topographic wetness, years since fire, and the broad vegetation type
at each site, as well as estimated illumination from moonlight and rainfall each night. We used
fire, rainfall and illumination measures as covariates based on previous research
demonstrating their effects on small and medium-sized mammals in Australia (Kanishka et al.,
2023; Taylor et al., 2023). We also used the covariates topographical wetness and broad
vegetation type as 'stand-in', easily measured variables to represent the environmental
heterogeneity of the park (Kopecky et al., 2021; Macgregor et al., 2020). Topographic wetness
is an estimate of the relative wetness of a catchment and is used as a proxy of soil moisture
and habitat productivity (Kopecky et al., 2021). We calculated a topographic wetness index
(TWI) across the park for all sites from raster grids using GROCLIM (site productivity) (Xu &
Hutchinson, 2011) and extracted using R version 4.4.1 (R Core Team, 2021). We categorised
the broad vegetation type based on semi-annual vegetation surveys (Macgregor et al., 2020).
The broad vegetation classifications come from long-used definitions within BNP to describe
variations in the heterogenous environment, and model their effects (Taws, 1998). We
calculated the number of years since the last fire at each site based on historical and on-
ground records. We estimated illumination from moonlight, based on the moon phase, from
fishing/tide records for the coast of BNP (Tides4Fishing, 2023). We extracted the daily rainfall
data from the nearby Point Perpendicular weather station (Bureau of Meteorology, 2022).

4.3.5 Statistical analysis

To examine the effect of common brushtail possums on bush rat foraging activity, we
constructed generalised linear mixed models (GLMMs) using the gimmTMB packager ver.
1.0.1 (Brooks et al., 2017) in R ver. 4.4.1 (R Core Team, 2021). Generalised linear mixed
models quantify how continuous variables, such as count data, change in response to predictor
variables, which can be either categorical or continuous, while taking random and predicted
effects into account (Brooks et al., 2017). We used five different response variables (number
of bush rat (RF_count) and possum (TV_count) visits within a night, length of time of bush rat
(RF_time) and possum (TV_time) visits, and length of time bush rats ate bait (RF_eat)) (Table
4-1). We included TWI, years since fire, broad vegetation type, illumination, and rainfall as
covariates and included sites as a random intercept effect to account for the correlation
between repeated measures at the same sites. There was no animal activity at some sites on
many nights, yielding zero-count data that could bias our models (Welsh et al., 1996).

Therefore, we used zero-inflated models, which address excess zeros by calculating a
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probability of absence (Welsh et al., 1996) when modelling the number of visits (i.e., count

data). The structure of zero-inflated results establishes the “probability of absence” for the
response variable, showing a positive result when the response is absent, and a negative
result when the response is present (Welsh et al., 1996). We also used the response variables
as explanatory variables in the other models, to test associations between foraging activities
between the species. The access condition for the sites (either full- or restricted-access) was
also used as an explanatory variable. To compare model effects, we scaled all continuous

variables to have a mean of zero and a standard deviation of one.

To select the most important variables for each model, we used Akaike’s Information Criterion
for small sample sizes (AICc) (Burnham & Anderson, 2002) on all subsets of the five models
(Table 4-1) using the dredge function in the MuMIn package ver. 1.43.17 (Barton, 2023). We
chose the simplest model within two AAICc scores of the top-ranked model (Barton, 2023;
Burnham & Anderson, 2002).
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Variation and Type columns explain the data structure of the variable. Models 1 and 3 contain an additional zero-inflated step.

Name
RF_count

RF_time

TV_count

TV_time

RF_eat_time

Time.Since.Rat

Description

Number of bush
rat visits

Time length of
bush rat visits

Number of
possum visits

Time length of
possum visits

Time length of
visits where bush
rat eats bait

Time since the
visit of a bush rat

Category
Explanatory

Explanatory

Explanatory

Explanatory

Response

Explanatory

M1
Response

v

The effect of competitor presence on the foraging decisions of small mammals
Table 4-1. Variables used in the five GLMMs examining the effect of common brushtail possums (Trichosurus vulpecula, TV) on bush rat (Rattus fuscipes,
RF) foraging activity, including which models the variables were used in. M1-5 represents the model numbers, and the variable with ‘response’ is the response
variable within the corresponding model in that column. The Category column explains whether we expected the variable to have a predicted effect on the
response variable (‘explanatory’), or if the variable was an indicator of site variation (‘covariate’). Only explanatory variables were also used as response
variables. The check marks within the model columns represent what variables are present in the full versions of the models, before model selection. The

M2

Response

M3
v

v

Response

M4
v

Response

M5

v

Response

Variation
Temporal

Temporal

Temporal

Temporal

Temporal

Temporal

Type
Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Details

Count of the
number of visits
over a night.
Scaled. Interaction
with bin.type.
Length of bush rat
visits. Scaled.
Interaction with
bin.type.

Count of the
number of visits
over a night.
Scaled. Interaction
with bin.type.
Length of possum
visits. Scaled.
Interaction with
bin.type.

Time length of a
visit where main
activity is bush rat
eating bait.
Scaled. Only as a
response variable
in Model 5.

Time since the last
time the site was
visited by a bush
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rat. Scaled.
Interaction with
bin.type.

Time.Since.Possum

Time since the
visit of a possum

Explanatory

Temporal

Continuous

Time since the last
time the site was
visited by a
possum. Scaled.
Interaction with
bin.type

Bin.Type

The access type of
the site

Explanatory

Spatial

Categorical

Access type of
site. Two
categories:

1. Full-access
2. Restricted-
access
Interaction with

all explanatory
variables (except
first.visit).

Broad.Veg.Type

The main type of
vegetation within
the site

Fixed Effect

Spatial

Categorical

Two categories:
1. Forest
2. Woodland

Years.since.fire

Number of years
since fire

Fixed Effect

Spatial

Continuous

One value per
site, calculated
from the date of
the last fire.
Scaled.

Twi_twi

Topographical
wetness index

Fixed Effect

Spatial

Continuous

One value per
site, calculated
from spatial
raster. Scaled.

IHlumination

The nightly
estimated level of
light across the
park

Fixed Effect

Temporal

Continuous

One record for
each night.
Scaled.
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Rainfall

Nightly rainfall
amount

Fixed Effect

v

v

v

v

Temporal

Continuous

Recorded the
amount of rainfall
for each night.
Scaled.
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4.3.5.1 Prediction One: Visitation differences in bush rats vs possums at restricted
vs full-access sites

We evaluated differences in the number and length of visits of bush rats and possums between
the two site conditions (full- and restricted access to food). We used a zero-inflated negative
binomial error distribution for the zero-inflated models (number of visits, models 1 and 3), and
a Gaussian error distribution for the other models (time length of visits, models 2 and 4). To
do this, we measured the response in the visitation patterns of both species in the first four
models, separately (number of visits and time lengths of visits for each species as response
variables, models 1-4, Table 4-1) to the access condition and the covariates (TWI, broad
vegetation type, years since fire, illumination, rainfall).

4.3.5.2 Prediction Two: Bush rat responses to possum presence

We evaluated the number and time length of bush rat visits in response to the number and
time length of visits by possums between the two site conditions. For this, we used the models
with bush rat numbers and bush rat visit time lengths as the response variables. We included
two interactions: between the number of possum visits and site-access condition, and between

the lengths of time of possum visits and site-access condition.

4.3.5.3 Prediction Three: The effect of possums on bush rats eating bait

We evaluated the time that bush rats spent at sites when their main activity was eating bait,
and how this varied in response to the number and time length of possum visits. To do this,
we constructed a GLMM where the response variable was the length of time of bush rat visits
when eating bait (model 5, Table 4-1). This response variable was created by calculating a
subset of the RF_time variable (Table 4-1), by only selecting the time length of visits when the
activity of bush rats was “eating the bait”. We used a Gaussian error distribution for this model.
The explanatory variables were the number and time lengths of possum visits, with an

interaction with the site-access condition for both variables.

4.3.5.4 Prediction Four: Time since the last visit

We evaluated the number and time length of bush rats and possums at bait stations in
response to the time since the last visit by the other species. To do so, we used the four models
used in the first prediction but focused on a new explanatory variable (models 1-4, Table 4-1).

The variable was the time since the last visit by a possum for the bush rat models and the time
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since the last visit by a bush rat for the possum models. We included an interaction with the

access condition.

4.4 Results

Our sites were visited by bush rats 1,904 times and by possums 1,045 times over the 28 days
of the experiment. The next most common visitors were macropods (n = 173), such as eastern
grey kangaroos Macropus giganteus and swamp wallabies Wallabia bicolor. We also recorded
visits from southern long-nosed bandicoots Perameles nasuta (n =41) and antechinuses
Antechinus spp. (n = 38), and occasional visits from birds of various species (n = 5). There
were single visits from an echidna Tachyglossus aculeatus, a carpet python Morelia spilota,
and a red fox Vulpes vulpes. We were unable to identify 32 of the visitors because they were
obscured by vegetation or we only had a partial view of them (e.g., some fur visible, but no
distinct features). Overall, we experienced six camera malfunctions; five of these issues were
fixed immediately (with only two nights of information lost per incident). One camera stopped
recording after Day 11.

4.4.1 Prediction One: Visitation differences in bush rats vs possums at
restricted vs full-access sites

Based on the model selection, the most parsimonious versions of models 1-4 included the
covariates rainfall and illumination, but not years since fire, TWI, and the Broad Vegetation
Type (Fig 4-3, Appendix C.1). We found no difference in the number or length of visits by either
bush rats or possums in response to whether the sites offer full or restricted access to the food
resource (bait) (Fig 4-3, Appendix C.2 — 5). There was no significant difference between the
restricted and full access sites in any of the visitation metrics (humber of visits, and time length
of visits) for either bush rats or possums (Fig 4-3, Appendix C.2 — 5). High rainfall was
negatively associated with the number of visits (Bush Rat: m = -0.185, p < 0.001, Possum: m
=-0.052, p < 0.001) and the length of these visits (Bush Rat: m = -18.561, p < 0.001, Possum:
m = -45.256, p < 0.001). We also found a positive association between rainfall and the
probability of species absence for both bush rats and possums, based on the zero-inflation
model (Bush Rat: m =0.531, p < 0.001, Possum: m =1.175, p < 0.001). High illumination from
moonlight was negatively associated with the number of bush rat visits (m = -0.185, p < 0.001)
and the probability that rats were present (m = 0.096, p = 0.011). However, this variable was
positively associated with the amount of time bush rats spent at the site (m = 7.621, p < 0.001)
(Fig 4-3). The number of possum visits was positively associated with increasing illumination
(m=0.075, p <0.001). However, high illumination was also associated with a higher probability

of absence, based on the zero-inflation model (m = -0.524, p < 0.001). Possums also
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decreased the amount of time spent at sites with increasing illumination (m = -68.393, p <

0.001) (Fig 4-3).
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Figure 4-3.Forest plots of the best fitting subsets of models 1 to 4, showing the effect sizes and
confidence intervals. Estimates in purple show negative effects and estimates in yellow show positive
effects. Error bars are the 95% confidence intervals, and bars that cross the vertical prediction line
demonstrate non-significant effects. (a) The results of the number of bush rat visits to bait sites, including
the zero-inflation model (model 1). We found predominantly significant results with the exception of the
Bin Type, which was non-significant. (b) The results of the number of possum visits to bait sites,
including the zero-inflation model (model 3). We found predominantly significant results with the
exception of the Bin Type and the time length of the bush rat visit variable (RF_time) in the zero-inflation
model. (c) The results of the length of time (in seconds) of bush rat visits (model 2). We found
predominantly significant results with the exception of the Bin Type. (d) The results of the length of time
(in seconds) of possum visits (model 4). We found predominantly significant results with the exception
of Bin Type and the interaction between the Bin Type and the number of bush rat visits (RF_count).

4.4.2 Prediction Two: Bush rat responses to possum presence

Based on model selection for models 1 and 2, the most parsimonious versions of both models
included the possum variables TV_time and Time.Since.Visitation with an interaction with the
Bin.Type variable (Fig 4-3). In model one (RF_count), the possum variable TV_count was
included as an independent variable, with no interaction. In model two (RF_time), the possum
variable TV_count was included with an interaction with Bin.Type (Fig 4-3). The number of
bush rat visits was negatively associated with increasing numbers of possum visits, with no
effect of access condition (m =-0.186, p < 0.001) (Fig 4-4a). The zero-inflation model showed

that the probability of bush rat absence decreased with increasing possum visits (m = -1.262,
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p < 0.001) (Fig 4-3a). The number of bush rat visits also decreased when possum visits were

longer, especially at full-access sites (Fig 4-4b).

Bush rats spent longer at restricted-access bait sites that were visited by many possums, and
less time at full-access bait sites that were visited by many possums (Fig 4-4c). The length of
time bush rats and possums spent at sites was positively associated, with a more pronounced
association at full-access sites (Fig 4-4d).
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Figure 4-4. Conditional effects of the generalised linear mixed models. (a) The number of bush rat visits
significantly decreased as the number of possum visits increased at bait sites. (b) The number of bush
rat visits decreased as the length of time (in seconds) of possum visits increased, which was greater at
full bait-access sites (in green) compared to restricted bait-access sites (in purple). (c) The length of
time (in seconds) of bush rat visits increased as the number of possum visits increased at restricted
bait-access sites (in purple) and decreased at full bait-access sites (in green). (d) The length of time (in
seconds) of bush rat visits increased as the length of time (in seconds) of possum visits increased, with
a greater increase at full bait-access sites (in green) compared to restricted bait-access sites (in purple).
The shaded area represents the standard error.

4.4.3 Prediction Three: The effect of possums on bush rats eating bait

Based on the model selection results for model 5 (RF_eat), the covariates rainfall and
illumination were found to have an effect, while Broad.Vegetation.Type, years.since.fire and
TWI were excluded (Fig 4-3, Appendix C.1). The model also included the possum variables
TV_time and Time.Since.Possum with an interaction with Bin.Type and the possum variable

TV_count without the interaction (Appendix C.6, 7). Bush rat visits when their main activity was
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eating bait were shorter when more possums visited regardless of access condition (m = -

0.075, p <0.001) (Fig 4-5a). The length of bush rat visits, when they were recorded consuming
bait, was positively associated with the overall length of possum visits. This association was

more pronounced at full-access sites (Fig 4-5b).
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Figure 4-5. The amount of time (in seconds) bush rats spent at a site where their main activity was
eating bait, based on the generalised linear mixed model (model 5). (a) the time decreases as the
number of possum visits increases. (b) the time increases as the length of time (in seconds) of possum
visits increased, which was greater at full bait-access sites (in green) compared to restricted bait-access
sites (in purple). The shaded areas correspond to the standard error.

4.4.4 Prediction Four: Time since the last visit

Bush rats slightly increased their number of visits at restricted-access bait sites and decreased
their number of visits at full-access bait sites, in response to an increase in the time since a
possum visited the site (Fig 4-6a). Possums decreased their number of visits in response to
an increase in the time since a bush rat visited, regardless of access type (Fig 4-6b). For bush
rats, at full-access sites, the length of bush rat visit time increased with increasing time since
a possum visited (Fig 4-6c¢). At restricted-access sites, overall bush rat visit time was low (Fig

4-6¢). The opposite trend can be seen in the length of possums’ visits (Fig 4-6d).
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Figure 4-6. Conditional effects in response to the length of time (in seconds) since the other species
had visited a site, were modelled using generalised linear mixed models. (a) The number of bush rat
visits increased in response to the time since a possum visited (in seconds) at restricted bait-access
sites (in purple) and decreased at full bait-access sites (in green). (b) The number of possum visits
decreased in response to time since a bush rat visited (in seconds). (c) The time length (in seconds) of
bush rat visits increased in response to the time since a possum visited (in seconds) at full bait-access
sites (in green) but mildly decreased at restricted bait-access sites (in purple). (d) The time length (in
seconds) of possum visits decreased in response to the time since a bush rat visited (in seconds) at full
bait-access sites (in green) and increased at restricted bait-access sites (in purple). The shaded area
corresponds to the standard error.

4.5 Discussion

Our experiment aimed to investigate whether the presence of common brushtail possums
influenced the foraging decisions and activity of bush rats at supplementary feeding sites. We
found evidence that bush rats’ foraging activity was influenced by the frequency of visitation
by possums. In particular, bush rats foraged less frequently and ate bait for shorter periods

with increasing numbers of possums (Figs 4-4a and 4-5a).

Foraging decisions play an important role in what and how much food that individuals
consume. We aimed to demonstrate two different decision processes the two species could
make; exploiting a food source and leaving a foraging patch (Arehart et al., 2023; Baker &
Brown, 2014). Many factors influence these decisions including travel time, visibility (e.g.,
chance of being depredated), food quality and accessibility (e.g., how easily the food is to
access and consume), environmental conditions, and the presence of other species in the

environment (Arehart et al., 2023; Linley et al., 2020). Our results demonstrate three factors
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that could be influencing foraging decisions: visibility (i.e., illumination or moonlight), rainfall,

and the visitation patterns of other species. However, as all our results are correlative, we
cannot determine whether any, or all, of these factors had a causative effect on foraging

activity.

4.5.1 Prediction One: Visitation differences in bush rats vs possums at
restricted vs full-access sites

The access to bait provided to possums at each of the sites did not influence the visitation
patterns of either bush rats or possums. Additionally, site characteristics (years since fire,
topographic wetness, vegetation type) did not affect bush rat or possum visitation. Night-time
characteristics, such as rainfall and changes in illumination from moonlight, were associated

with active foraging nights.

Our data implicates rainfall had a large influence on how long both species spent foraging, with
high rainfall influencing the decisions of both species to depart food sources more quickly and
visit sites less often. Our study was characterised by high levels of rainfall, with over 700 mm
of rain falling in March 2022 (Bureau of Meteorology, 2022). This level of rainfall likely
negatively influenced the foraging of all species, with few visits made to the baited sites on
nights with the highest rainfall. Some species, especially birds, have been recorded foraging
for shorter periods during high rainfall, as factors such as wet feathers can increase the energy
required for flight, especially longer-distance travel (De Pascalis et al., 2022). Additionally,
rainfall influences the availability of food resources. Williams and Albertson (2006) found that
rainfall variability can affect the degradation of grasslands, as well as the variability of grasses,
leading to long-term variations in food resource availability. Similarly, in the short term, Chard
et al. (2017) found that rainfall increased the bioavailability of invertebrates while decreasing
the availability of anthropogenic food sources. The latter effect was observed in our study, as
the quality and structure of our baits were impacted by rainfall, and it became mouldy faster

when conditions were humid.

Moon phase and the associated illumination is another factor that can influence foraging
activity and, in our study, influenced which nights led to greater foraging activity (Linley et al.,
2020; Prugh & Golden, 2014). However, the two study species responded differently to high
illumination, with possums overall increasing visitation, and bush rats decreasing visitation to
bait stations. Previous research has shown that possums use brighter illumination to assist in
foraging and predator detection (Smielak et al., 2023). Alternatively, many small mammals,
like the bush rat, will use lower illumination to avoid detection by predators (Taylor et al., 2023).

Therefore, the notable differences in response to moonlight in our study may represent how
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the two species detect and/or avoid predators, although our data cannot provide confirmation

of this.

4.5.2 Prediction Two: Bush rat responses to possum presence

We found that possum presence influenced bush rat visitation to bait sites. Bush rats visited
sites less often when there was high possum visitation. However, the access given to possums
did not influence this visitation. Access type did influence the length of bush rat visits in
response to possum visitation, with bush rats spending more time at restricted-access sites
when there were more possum visits, and more time at full-access sites when the possums’

visits were longer.

The need to forage can lead to increased chances of negative interactions, either by increasing
predation risk or increasing encounters with aggressive competitors (Augustine & Springer,
2013; Halliday & Morris, 2013; Ménus & Barta, 2016). Aggression between interacting species
can lead to changes in foraging behaviours, including how often a species forages and the
sites it preferentially chooses (Beggs et al., 2020). For example, species like the long-legged
buzzard Buteo rufinus in Cyprus organise their use of space in response to the likelihood of
encountering a dominant, larger, or more aggressive competitor, such as the Bonelli's eagle
Aquila fasciata (Kassinis et al., 2024). Therefore, to reduce the chances of negative outcomes,
the ability to detect and avoid aggressive enemies is highly important (Halliday & Morris, 2013;
Smielak et al., 2023). This may lead to a reduction in the number of visits to sites where the
aggressive species commonly visit, as we recorded with bush rats. Another way that small
mammals do this is by reducing foraging time and effort in habitats that they consider risky,
usually demonstrated by higher giving-up densities in more open and uncovered habitats
(Denny et al., 2021). Bush rats, specifically, display shorter foraging periods in open habitats,
but only when they perceive the presence of an introduced predator (Strauf3 et al., 2008). Our
results indicate that bush rats act as if the full-access sites are riskier habitats, potentially
because the restricted-access sites provide an artificial opportunity to hide, whereas the full-

access sites do not.

Our results also suggest, unexpectedly, that our study species will spend longer at the same
sites. This may suggest a facilitative-like indirect interaction, where either bush rats or possums
are using cues from the other to select and spend longer at more suitable sites (Veit & Harrison,
2017). Alternatively, our results may simply be a case of confounding variables that are
increasing the suitability of sites, such as the effects of rainfall, with both species responding

in similar ways (Denny et al., 2021).
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4.5.3 Prediction Three: The effect of possums on bush rats eating bait

We found that bush rat feeding bouts were shorter at sites where possums visited more
frequently, suggesting that they chose to depart sooner when the chance of an encounter with
a possum was high. Individuals may choose to depart a foraging patch if they perceive that it
offers limited benefits or is providing diminishing returns, such as with respect to energy or
nutrient availability, or if they perceive that staying in the foraging patch is a risk to their safety
(Mella et al., 2018; Shuai et al., 2016). Based on our results, we suggest the latter is more
likely. High-quality bait was regularly available, so there should have been no reduction in
energetic or nutritional returns for bush rats that continued to forage at bait sites. However, if
bush rats perceived possums to visit more frequently, perhaps via previous experience or
detection of cues to possum presence, such as olfactory cues (Heavener et al., 2014; Prugh
& Golden, 2014), short bouts of eating would provide some foraging benefit while reducing the
chance of an encounter with possums. Previous research has found that the duration of rodent
foraging at a patch can reflect a trade-off between the impacts of interference competition and
the need for safety (Shuai et al., 2016).

45.4 Prediction Four: Time since the last visit

Bush rats increased their time at full-access bait stations and decreased their time at restricted-
access sites with increasing time since visitation by possums (Fig 4-6). Bush rats visited
restricted-access sites more regularly when the duration between possum visits was longer,
while they decreased in visit frequency at full-access sites (Fig 4-6). Possums, in general,
decreased their visitations with increasing time since a bush rat had visited. These results may
indicate that our two study species use cues from each other in locating and selecting easy-
to-access food resources. Locating food resources is an energy-consuming task, where
species have many factors to consider, such as the nutritional and energetic benefits of the
resource, the amount of energy used to travel and search, and the threats posed by other
species in the environment (Arehart et al., 2023; Veit & Harrison, 2017). To circumvent such
costs, some foragers, such as many sea birds, will follow species with similar diets as a method
of locating abundant food sources (Veit & Harrison, 2017). It is possible that possums exhibited
similar behaviour with respect to exploiting sites foraged by bush rats, and vice versa, but
further research is needed to disentangle the cues that both species use to gain information

about the other.
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4.5.5 Managing temporal avoidance

Overall, our study demonstrated temporal avoidance of common brushtail possums in the
foraging activity of bush rats. Temporal avoidance allows species to segregate the use of
resources (such as food) by time periods (Cordero et al., 2024). In our study, we view this
segregation as bush rats temporally avoiding supplementary food during periods when
possums are present. Regardless of the drivers behind such avoidance behaviours in the
subordinate species, these behaviours have costs. Foraging decisions involving avoidance
result in energy-consuming actions and missed opportunity costs that can lead to reduced
body condition, resulting in lower long-term survival (Corman et al., 2016; Radovics et al.,
2023). Avoidance may also result in species selecting and moving into foraging patches with
poorer-quality food (Liu et al., 2020). Temporal avoidance can also result in the subordinate
species missing out on good quality food resources, as the dominant may consume all
available resources (Burgos et al., 2023; Cordero et al., 2024). Additionally, with the changing
populations in Booderee National Park, leading to greater numbers of possums, the costs of
temporal avoidance are likely to be exacerbated (Kanishka et al., 2023; Lindenmayer et al.,
2018). Therefore, in our study, we suggest that increased possum numbers following long-
term poison baiting of the red fox in Booderee National Park is likely to have increased the
perception of risk from possums by bush rats (Kanishka et al., 2023). This may have
contributed to, or exacerbated, the potential avoidance behaviours we observed, in turn

contributing to the population decline of bush rats across the study area (Kanishka et al., 2023).

In complex ecosystems with many species, the diversity and availability of plant resources is
important as food for consumers and for the opportunities they provide for these species to
segregate into different niche spaces; these spaces can create refuge habitats for small
mammals that represent enemy-free space (Lees et al., 2022; McCain et al., 2018; Mér6 et
al., 2015). Given the importance of plant resources and vegetation to mammal species (Casula
et al., 2017), we recommend focusing conservation on retaining important vegetation classes
and structures (e.g., percentage ground cover, tree availability) to increase food resources,
nesting structures, and overall habitat suitability for both species, to provide opportunities for
niche segregation. Increasing these resources allows for more foraging opportunities while
reducing the chance of run-ins between competing species (Casula et al., 2017; Cordero et
al., 2024). For example, in managed forests in Sardinia, a large Mediterranean island, the
retention of large trees and rock cover has been found to positively influence small mammal
abundance, while also providing protection from antagonistic species, such as wild boar Sus

spp. (Casula et al., 2017).
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4.6 Conclusion

In conclusion, bush rat foraging decisions may be influenced by the presence of common
brushtail possums, especially with respect to how long the rats spend consuming food
resources. This temporal avoidance of interactions may result in restricted foraging activity.
However, while this study reveals negative and very likely competitive interactions between
bush rats and possums, it does not uncover the mechanism(s) driving the interaction. To
understand this, we recommend further research on the movement and diet of both species
and quantification of the availability of relevant food resources in their shared environment.
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Chapter 5 Quantifying the dietary overlap of two co-
occurring mammal species using DNA metabarcoding to
assess potential competition

5.1 Abstract

Interspecific competition is often assumed in ecosystems where co-occurring species have
similar resource requirements. The potential for competition can be investigated by measuring
the diet overlap of putative competitor species. The degree of potential competition between
dietary generalist species sharing wide ranges of food resources has rarely been quantified.
We examined dietary overlap between two naturally co-occurring dietary generalist species;
common brushtail possums Trichosurus vulpecula and bush rats Rattus fuscipes. To gauge
the potential for competition, we conducted a diet analysis using DNA extracted from faecal
samples to identify the range of food items consumed by both species within a shared
ecosystem and quantify their dietary overlap. We used DNA metabarcoding on faecal samples
to extract plant, fungal, and invertebrate DNA, identifying diet items and quantifying dietary
range and overlap. The species’ diets were substantially similar, with an 83.9% overlap in
dietary items. Bush rats had a large dietary range, consisting of many plant and fungal species,
and some invertebrates, with almost no within-species variation. Possums had a more
restricted dietary range, consisting primarily of plants. We suggest that the larger dietary range
of the bush rat helps buffer it from the impacts of competition by providing greater access to
food types. We conclude that, despite the high ostensible overlap in the foods consumed by
dietary generalist species, fine-scale partitioning of food resources may be a key mechanism

to alleviate competition and permit co-existence.

5.2 Introduction

Food resources are vital for animal growth, survival, and reproduction. However, the availability
of these resources, especially when in short supply, can influence the behaviours and decision-
making of foragers and their interactions with other individuals (Corman et al., 2016). Scarce
food resources can result in species shifting when and where they forage, and what they forage
on, diet switching and adapting their foraging behaviours (Chard et al., 2017; Favreau et al.,
2018). Group-living animals such as grey kangaroos Macropus giganteus often forage in
smaller groups during periods of low food availability and adjust their feeding behaviours, such
as by increasing vigilance, to reduce risks of predation (Favreau et al., 2018). In other group-
living species, such as some seabirds, high population sizes can induce individuals to travel
further to forage to reduce the potential for intraspecific competition (Corman et al., 2016; Lamb

et al., 2017). Food availability can also influence the choice of food types (Chard et al., 2017).
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For example, Australian white ibis Threskiornis molucca prefer invertebrates when they are

available after rain but increases their consumption of anthropogenic sources of food when
invertebrates are scarce (Chard et al., 2017). Black-footed titi monkeys Cellicebus nigrifrons
in south-eastern Brazil will similarly switch and broaden their diet range when their preferred

diet of fleshy fruits is unavailable (Nagy-Reis & Setz, 2017).

Although food availability and quality often determine the foraging decisions of individuals
within a population, this can also have powerful effects on individuals of different species if
these taxa have overlapping niches and compete with each other for food (Bell et al., 2023;
Kumpan et al., 2019; Santosa et al., 2012). For example, Santosa et al. (2012) found that
white-bearded gibbons Hylobates albibarbis and leaf monkeys Presbytis rubicunda in West
Kalimantan shifted their foraging patch use in response to the availability of food, avoiding
each other when food was scarce and being most likely to share foraging patches when fruit
availability was high. Furthermore, Bell et al. (2023) showed that foraging patterns in the
presence of competition can have long-term influences on the activity and distribution of
multiple interacting species within ecological communities, with subordinate foragers exhibiting

spatial and temporal avoidance of dominant species.

The intensity and effects of interspecific dietary competition can change with fluctuating
availability of shared food resources (Prevedello et al., 2013). Resources can become limited
through the increased abundance of one or more competitor species (Dexter et al., 2013;
Treloar et al., 2021). According to Treloar et al. (2021), as the population density of one species
increases, the availability of shared resources for heterospecific individuals decreases, which
can lead to more intense competition and declines of subordinate species. Understanding how
species are sharing resources at different levels of resource availability can be vital for
predicting when competition becomes mutually detrimental, especially when accounting for

changing environmental conditions (Gebremedhin et al., 2016).

Trophic, or dietary, generalists are often viewed as being more resilient to environmental
change than their specialist counterparts as they can switch to alternative food if components
of their diet become scarce (Lloyd & Vetter, 2019; Treloar et al., 2021). For example, the boodie
Bettongia lesueur, in Western Australia, is characterised by behavioural plasticity and a broad
dietary niche, allowing the species to adapt readily to new environments when it is moved in
conservation translocations (Bice & Moseby, 2008; Treloar et al., 2021). However, dietary
generalist species are usually also considered to be weaker competitors when compared to

specialists, as specialists tend to compete for a restricted set of resources, whereas generalists
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will switch their use of resources in response to resource limitation (Barnes & Murphy, 2023;

de Carvalho et al., 2019; Pittker et al., 2019). This can result in generalist species having
patchy or ‘checkerboard’ distributions within communities of specialists or thriving primarily in
environments where specialists are absent (Nordberg & Schwarzkopf, 2019; Puttker et al.,
2019). Where dietary generalist species do co-occur with specialists, they will often segregate
spatially or temporally, or in their diet, to avoid aggressive competitive interactions (Kent et al.,
2022). Conversely, generalist-generalist interactions have rarely been investigated (Barnes &
Murphy, 2023), despite theoretical interest and expectations that high overlap along much of
the food resource axis between generalist species should increase the likelihood of

competition between them (Dickman, 2011).

Although competition between species can be confirmed only in carefully controlled removal
or addition experiments in which scarce resources are identified (Dickman, 2011), a common
first step in clarifying the potential for competitive interactions is to measure the extent of niche
overlap between putative competitor species (Villsen et al., 2022). If food is suspected to be a
scarce resource, the species’ diets need to be described and compared (Nordberg &
Schwarzkopf, 2019; Wang et al., 2023). However, for dietary generalist species, this can be a
difficult task owing to the wide range of food types that may be consumed (Calver & Loneragan,
2024). High dietary breadth at the population level can arise if all animals consume a similarly
wide range of foods or if individuals specialise in different food types (Van Valen, 1965). In the
latter case, consumers may exhibit age, sex, habitat or even personality-related differences in
their diets, with the population when viewed collectively having a generalist diet (Bolnick et al.,
2003; C. R. Dickman & Newsome, 2015; Woo et al., 2008).

One tool that is becoming increasingly popular to assess both dietary niche breadth and niche
overlap is DNA metabarcoding (Wang et al., 2023; Yoccoz, 2012). DNA metabarcoding studies
on the diet of animals utilise the degraded DNA in faecal samples to identify the diversity of
taxa likely to have been consumed, especially when compared to histological and
morphological methods (Alemany et al., 2023; Villsen et al., 2022). The “dietary barcodes” for
different species allow assessment of their dietary niches and comparison of dietary overlap
(Villsen et al., 2022; Wang et al., 2023). Species with very similar diets can be interpreted as
having a higher potential for competition (Klure et al., 2023; Villsen et al., 2022). For example,
a study of the diets of sympatric woodrats Neotoma bryanti and N. lepida in the USA used
DNA metabarcoding to determine that while there was overlap in the plant component of their
diets, the uneven consumption of arthropods during the dry period reduced interspecies

competition (Klure et al., 2023).
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The study we report here focused on the diets of the bush rat Rattus fuscipes, a native

Australian rodent (~100 g), and the common brushtail possum Trichosurus vulpecula
(hereafter ‘possum’, ~2 kg), a partly arboreal marsupial, within Booderee National Park (BNP)
in south-eastern Australia. Both species are considered to be generalist omnivores (Callander,
2018; Cruz et al., 2012) that consume similar ranges of plants, fungi, invertebrates, and other
food types, although dietary overlap has not been assessed in any sites where the two species
co-occur. Recent studies of these species within BNP have demonstrated that, for several
years, possums have increased in abundance, while bush rats have decreased (Kanishka et
al., 2023; Lindenmayer et al., 2018). The decline in bush rats may be a response to the
increase in the number of possums, which are considerably larger and potentially competitively
dominant (Kanishka et al., 2023). The two species are taxonomically distinct and differ in
behaviour and habitat use, with bush rats being largely ground-dwelling and exhibiting a
preference for dense, complex vegetation, and possums being partly arboreal (Callander,
2018; Cruz et al., 2012). However, possums also spend significant periods foraging on the
ground and in the understorey (Cruz et al., 2012), increasing both the chance of encounter
between species and the number and range of resources they share. We hypothesised that
based on trophic niche partitioning theories (Villsen et al., 2022), as possum abundance
increases, the number of possums and time spent on the ground will increase, leading to an
increase in potential competition for shared food resources. We hypothesise this will have
detrimental effects on the smaller and putatively subordinate bush rat (Dexter et al., 2013;
Treloar et al., 2021).

Using DNA metabarcoding, we aimed to characterise the diets of bush rats and common
brushtail possums at both a broad overall level and at a finer scale, characterising within-
species variation by calculating their niche breadths and dietary ranges. We also aimed to
determine the level of overlap in their diets at multiple scales. We anticipated that the degree
of dietary overlap would provide an indication of the potential for competition between the two
species, and potentially uncover a mechanism explaining their inverse numerical relationship
in Booderee National Park. We predicted that: (1) the diets of common brushtail possums and
bush rats would encompass a broad range of food types, (2) there would be a high overlap in
the range of food types consumed by the two species, and (3) fine-scale differences in diet
would occur within and between species with respect to sex, age, and vegetation type where

animals were active.

107



Chapter 5
5.3 Method

5.3.1 Ethics statement

This study was conducted in strict accordance with the recommendations in the Australian
Code for the Care and Use of Animals for Scientific Purposes. The protocol was approved by
the Animal Experimentation Ethics Committee at the Australian National University (Protocol
Number: A2020/25).

5.3.2 Study area

We conducted our study at Booderee National Park (BNP), Jervis Bay Territory, Australia (Fig
5-1). Booderee National Park is co-owned and co-managed by the Wreck Bay Aboriginal
Community and Parks Australia. It has a temperate climate (BOM, 2021). The Park has
undergone an intensive program of poison baiting to reduce the numbers of the introduced red
fox Vulpes vulpes since 2002 (Dexter et al., 2013; Lindenmayer et al., 2005, 2018). The
reduction in predation pressure from the red fox has potentially allowed the possum population
to increase (Lindenmayer et al., 2018). The remains of both possums and bush rats occur
frequently in the diets of red foxes in coastal forest areas (Fleming et al., 2021). However, the
removal of foxes by poison baiting has much stronger positive effects on possums than on
bush rats (Banks, 1999; Dexter & Murray, 2009; Kovacs et al., 2012).
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Figure 5-1. Satellite map of Booderee National Park, Jervis Bay Territory, Australia (Esri, 2022). All
green, vegetated areas are within the boundary of BNP.

5.3.3 Faecal collection

We collected samples over two trapping periods: the first in October 2020 (40 samples), and
the second between December 2021 and February 2022 (95 samples). These comprised 57
possum (from 52 individual possums) and 78 bush rat (from 76 individual bush rats) faecal
samples. We collected samples fresh from cage traps and Elliott traps that had been set to
capture the two species after the animals had been processed and released on the morning
following capture (Lindenmayer et al., 2008; Macgregor et al., 2020). We stored the samples
collected in the first period in ethanol in 5 ml tubes. We stored the samples collected in the
second period with silica gel in 15 ml tubes at an approximate ratio of 1:4 faecal sample to
silica gel. We stored all samples at -20°C prior to DNA extraction. We also recorded the sex
and approximate life state (hereafter referred to as ‘age’, categories; adult, subadult, and
juvenile) of all trapped animals, as well as the location and broad vegetation type (forest,
woodland, rainforest, sedge, heath, shrub, and casuarina) where the samples were collected

from (Appendix D.1) (Taws, 1998). We estimated age using visual information on body size
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and development of the external reproductive organs, distinguishing animals as either

juveniles, subadults or adults.

5.3.4 DNA extraction

We extracted DNA from the faecal samples using the DNeasy PowerSoil Pro Kit (Qiagen,
Hilden, Germany). To improve the amplification process, we cleaned the samples in several
rounds, first with the DNeasy PowerClean Pro clean-up kit (Qiagen, Hilden, Germany), and
second using Spri-Speed magnetic beads (Beckman Coulter, New South Wales, Australia).

Extraction controls were used to check for any contamination.

We amplified each sample with primers to extract plant, fungal, or invertebrate DNA separately
with polymerase chain reactions (PCRs). The primer we used for plant DNA was the
chloroplast trnL intron (referred to as trnL) (Taberlet et al., 2007). The primer we used for fungal
DNA was the ITS3/ITS4 primer which targets the 18S rRNA gene and Internal Transcribed
Spacer region (referred to as ITS) (Nuske et al., 2018). The primer we used for invertebrate
DNA was the mitochondrial cytochrome oxidase | sequence (referred to as COIl) (Shutt et al.,
2021). Negative PCR controls were included in all reactions.

We indexed the amplified DNA using the NEBNext® Multiplex Oligos dual index primers (New
England Biolabs, Massachusetts, USA). We further cleaned the indexed amplified DNA with
Sera-Mag™ SpeedBeads (Cytiva, Victoria Australia) and pooled the amplicons in equimolar
volumes. We constructed a library using the V2 2 x 250 base pair kit (lllumina inc., California,
USA). Finally, we sequenced the samples using the paired-end sequencing on an Illumina

MiSeq sequencer (lllumina inc., California, USA).

5.3.5 Data analysis

We analysed all sequences using the dada2 ver. 1.16.0 (Callahan et al., 2016), Biostrings ver.
2.60.2 (Pages et al., 2023) and Cutadapt ver. 4.7 (Martin, 2011) packages in R ver. 4.4.1 (R
Core Team, 2021). Using the Biostrings and Cutadapt packages, we trimmed all sequences
of the primer and adaptor sequences. We also used the dada2 package to filter sequences,

check for error rates, and remove chimeric sequences.

We created three reference libraries, one for each taxon set. For the plant taxa, we used a
plant ID list for BNP (collected by C. Foster) and collected the relevant sequences from NCBI
Genbank (NCBI, 2023). We then checked these sequences using the AliView program

(Larsson, 2014). For the invertebrate taxa, we collated sequence records from Canberra,
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Sydney, and Nowra, NSW (a town close to BNP) from the BOLD database (BOLD Systems,

2023). For the fungal taxa, we collected sequence records from Australia from the UNITE
database (downloaded November 2022) (Nielsen et al., 2017). We created a subset of
ectomycorrhizal fungi from the fungal records for subsequent analyses, to focus on fungi most
likely to be actively consumed. We then assigned our sequences to taxa from the reference
libraries using the ‘assignTaxonomy’ function in the dada2 package, which uses a Bayesian
likelihood method to assign sequences to the most likely taxa, or the best fitting higher order
taxa (i.e., order, family) (Callahan et al., 2016). For sequences that were not assigned during
the Bayesian process and had been detected in the barcodes for five or more individuals of
either species, we manually searched for these sequences in the NCBI nucleotide database
(NCBI, 2023), using the BLASTn algorithm system (Altschul et al., 1990).

Of the resulting data, we dropped sequences with less than 10 reads for an individual. We then
converted the reads to binomial data (i.e., 0 for <10 reads, identified as not present in the diet,
and 1 for >10 reads, identified as present in the diet). Finally, we converted the sequences to

their lowest assigned taxonomic level.

5.3.6 Statistical analysis

We used two methods to analyse and characterise the dietary niche range of bush rats and
possums. Firstly, we analysed the frequency of items within bush rat and possum diets (i.e.,
the species’ faecal samples) using chi-squared tests in R (R Core Team, 2021). This analysis
informed us if there was an even or uneven spread in the consumption of the dietary items and
allowed us to investigate diet items that were consumed more frequently (Pearson, 1900;
Zarkami et al., 2020). We additionally used chi-squared analysis to investigate within-species
variation in diets. The within-species variables we used were the sex and age of individuals

and the broad vegetation type in which we trapped animals.

Secondly, we used the ‘niche.width’ function from the spaa package ver. 0.0.2 (Zhang, 2016)
to calculate the niche breadth of each species using Levins’ measure of niche breadth (Levins,
1968). Levins’ measure calculates the uniformity of the distribution of resources used by
individuals (Krebs, 2014; Levins, 1968). The higher the value of Levins’ measure, the broader
the dietary range of the species (Krebs, 2014; Levins, 1968). To compare the diet ranges
based on Levins’ measures between species, we compared the difference in Levins’ measures
to a permuted dataset, with 10,000 permutations, to calculate a predicted p-value of the
difference in scores. We calculated Levins’ measures for each species and for each within-

species category.
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We additionally used two methods to calculate the dietary overlap between the study species.

Firstly, we used the “niche.overlap” function from the spaa package ver. 0.0.2 (Zhang, 2016)
to calculate the Pianka index of similarity (Pianka, 1972; Wang et al., 2023). The Pianka index
calculates a proportion of overlap between two categories based on the distribution of

resources used by each category (Pianka, 1972; Wang et al., 2023).

Secondly, we performed a PERMANOVA using Jaccard’s measure of similarity using the
vegan package ver. 2.6-4 (Oksanen et al., 2022). We first tested the homogeneity of group
dispersions using the ‘betadisper’ function to determine if the data were dispersed normally
(Oksanen et al., 2022). We calculated a dissimilarity matrix between the dietary content of the
individuals by calculating a Jaccard similarity matrix, using the ‘vegdist’ function (Oksanen et
al., 2022). Jaccard’s similarity index measures the proportion of the number of samples in
common between datasets (Kefford et al., 2010). We then compared matrices between the
species using the ‘adonis2’ function (Oksanen et al., 2022) to calculate a PERMANOVA, which

assesses differences between groups (Anderson, 2017).

5.4 Results

5.4.1 Overall niche use

Between the two species, we identified 150 different dietary items to the lowest taxonomic
level. We detected a total of 769 sequences within the faecal samples of bush rats (n = 78),
which we identified as belonging to 130 different taxa. Of these, 54.9% (n = 422) comprised
plant material, 34.5% (n = 265) ectomycorrhizal fungi, and 10.7% (n = 82) comprised
invertebrates. Possums had a much smaller range of diet items within the collected faecal
samples (n = 57), with 194 sequences detected from 39 different taxa. Of these, 70.1% (n =
136) comprised plant material, 23.7% (n = 46) were ectomycorrhizal fungi, and 6.2% (n = 12)

were invertebrates.

Bush rats had a dietary niche breadth of 30.337, with most of their faecal samples consisting
of plant material, then fungi, and only a relatively small number of invertebrates (Fig 5-2). There
was a significant difference in the frequency that diet items were identified in the samples,
indicating that bush rats mostly consumed particular plant materials (x%ss = 1239.9, p < 0.001).
Possumes, relative to bush rats, had a much smaller dietary breadth of 14.254. Possum faeces,
similar to bush rats, consisted primarily of plant material, followed by fungi, and almost no
invertebrates (Fig 5-2). There was a significant difference in the frequency with which diet items
were identified in the samples, suggesting that some items were consumed more frequently
than others (x%ss = 863.95, p < 0.001).
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The Pianka index indicated that bush rats and possums shared 83.9% of their diet (Pianka =

0.839). The diets of bush rats and possums were found to be not statistically significantly
different (F22 = 1.044, p = 0.233). The species (i.e., bush rat or possum) explained 19.3% of

the differences we observed in the data.
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Figure 5-2. Numbers of diet items (i.e., counts) within each major taxon group that were found in faecal
samples of bush rats and common brushtail possums.

5.4.2 Plant diet items

We identified 33 dietary items within plant taxa from the faecal samples, with bush rats
consuming all 33, and possums consuming 19. The breadths of the species' diets were not
significantly different, although bush rats had a larger dietary niche breadth (15.381),
compared to possums (9.859). Both species displayed significant differences in the frequency
of occurrence of different plant materials in their faecal samples (Bush rats: x%s2 = 483.39, p <
0.001, Possums: x%s2 = 319.21, p < 0.001). Both species consumed more plants from the order
Poales (grasses and sedges) than other plant groups. For diet items identified to the species
level, bush rats mostly consumed prickly couch grass Zoysia macrantha (Poaceae), and

possums mostly consumed wombat berry Eustrephus latifolius (Asparagaceae) (Fig 5-3).

Within species, there was no difference in the dietary ranges of males and females for either
bush rats or possums (Table 5-1). All groups showed that some plant materials were

consumed at a higher frequency than others (Table 5-1). There was also no difference in the
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plant dietary ranges between age groups of either bush rats or possums (Table 5-1). Similarly,

all groups consumed some plant materials more than others (Table 5-1). Bush rats showed
similar diet ranges between individuals in different habitat types (Table 5-1). There was an
even frequency of consumption in bush rats in scrubland and heathland habitats, but an
uneven frequency of consumption in bush rats in forest, woodland, shrubland, rainforest and
sedgeland habitats. Possums did show different diet ranges between individuals in different
habitat types, with possums in forest habitats having a higher diet range (10.028), and
possums in casuarina habitats having a restricted diet range (1) (Table 5-1). There was an
uneven frequency of consumption for most possums across habitats, with evidence that mostly
Poales plants were consumed; however, there was an even frequency of consumption for

possums in casuarina habitats (Table 5-1).

Overall, the Pianka index indicated an overlap of 85.2% between the diets of bush rats and
possums (0.852). However, PERMANOVA indicated the consumption of plant diet items by
bush rats and possums to be significantly different (F2; = 21.224, p = 0.016). The species (i.e.,
bush rat or possum) accounts for 22.8% of the differences we observed in the data. Most of
the overlap was found in the orders Fabales (an order of flowering plants) and Poales (Fig 5-
3).

Table 5-1. The Levins’ measure of niche breadth and chi-squared results for within-species patterns
for plant diet items. Dashes (-) represent categories where no samples were collected.

Bush Rats Possum
Sex

Levins X2 P value Levins X2 P value
Male 15.469 402.33 <0.001 9.858 293.44 <0.001
Female 13.210 190.27 <0.001 9.283 150.75 <0.001
NR 13.087 101.94 <0.001 8.067 34.000 0.371

Age
Adult 16.011 369.28 <0.001 9.858 293.44 <0.001
Subadult 15.781 82.921 <0.001 6.368 46.000 0.052
Juvenile 7.562 74.000 <0.001 - - -
NR 11.965 91.423 <0.001 - - -
Habitat

Casuarina - - - 1.000 32.000 0.467
Forest 11.864 151.44 <0.001 10.028 190.140 <0.001
Heathland 10.314 41.789 0.115 - - -
Rainforest 13.158 75.400 <0.001 4.765 53.333 0.010
Scrubland 12.000 42.000 0.111 - 74.857 <0.001
Sedgeland 10.782 68.000 <0.001 - - -
Shrubland 15.956 141.000 <0.001 7.229 - -
Woodland 12.261 133.62 <0.001 5.556 49.400 0.025
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Figure 5-3. (A) Frequency of occurrence of the number of plant items determined, at the lowest identified taxonomic level. (B) A bipartite plot of the plant diet

items found in the scats of bush rats and common brushtail possums at the ordinal level.
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5.4.3 Invertebrate diet items

We identified 24 invertebrate taxa from faecal samples; bush rats consumed 23 of these, and
possums consumed seven. There was no difference in the invertebrate dietary niche breadths
of bush rats (11.023) and possums (5.538). Bush rats had an uneven frequency of occurrence
of invertebrate diet items (x%s = 96.537, p < 0.001), mostly consuming invertebrates in the
order Neuroptera (net-winged insects). Possums also had an uneven frequency of occurrence
of diet items (x%2s = 40, p = 0.015), mostly consuming invertebrates in the orders Neuroptera
and Hymenoptera (including bees, wasps, etc.) (Fig 5-4). Of diet items identified to species

level, bush rats mostly consumed western black quill mayflies Rhithrogena hageni.

Within species, for both bush rats and possums, males and females had relatively similar
invertebrate dietary niche breadths (Table 5-2). Male and female bush rats consumed some
items more frequently than others (Table 5-2), with both more frequently consuming
Neuroptera compared with other invertebrates. Male and female possums, conversely, had a
more even spread in their diet items (Table 5-2). Adult and subadult bush rats had a greater
dietary niche breadth than juvenile bush rats (Table 5-2). In comparison, only adult possums
consumed invertebrates. Subadult and juvenile bush rats had an even frequency of
consumption. Adult bush rats and possums both consumed Neuroptera more frequently than
other insect groups. The dietary niche breadth of individual bush rats and possums were
relatively similar regardless of the habitat type in which they were found (Table 5-2).
Additionally, with the exception of bush rats in shrubland habitats, there was an even frequency
of consumption across the different habitat types (Table 5-2).

Overall, the Pianka overlap index showed an overlap of 73.8% in the invertebrate diets of bush
rats and possums. However, the invertebrate diets of bush rats and possums were significantly
different (F22 = 1.212, p = 0.042). The species (i.e., bush rat or possum) accounted for 40.7%
of the differences we observed in the data. The greatest overlaps were for the Hymenoptera

and Neuroptera orders (Fig 5-4).

Table 5-2. The Levins’ measure of niche breadth and chi-squared results for within-species patterns
for invertebrate diet items. INF represent categories with too few samples to calculate the niche
breadth and chi-squared. Dashes (-) represent categories where no samples were collected.

Bush Rats Possum
Sex
Levins X2 P value Levins X2 P value
Male 11.215 61.556 <0.001 5.538 40.000 0.015
Female 6.785 53.286 <0.001 6.250 28.400 0.201
NR 8.522 50.857 0.001 INF NA NA
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Age

Adult 11.365 64.483 <0.001 5.538 40.000 P =0.015
Subadult 10.286 16.000 0.855 INF NA NA
Juvenile 5.000 19.000 0.701 - - -
NR 6.564 50.474 0.001 - - -

Habitat
Casuarina - - - INF NaN NA
Forest 7.200 28.000 0.216 1.000 23.000 0.461
Heathland | 4.500 26.000 0.301 - - -
Rainforest 8.758 29.588 0.162 1.000 23.000 0.461
Scrubland 5.000 19.000 0.701 - - -
Sedgeland 3.000 21.000 0.581 - - -
Shrubland 8.018 41.857 0.009 2.000 22.000 0.520
Woodland 8.100 35.333 0.048 3.000 21.000 0.581
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Figure 5-4. (A) Frequency of occurrence of the number of invertebrate diet items detected, at the lowest identified taxonomic level. (B) A bipartite plot of

invertebrate diet items found in the scats of bush rats and common brushtail possums at the ordinal level.
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5.4.4 Fungi diet items

We identified 93 different ectomycorrhizal fungi from faecal samples; bush rats consumed 82
of these and possums consumed 12. There was no substantial difference in the diet ranges of
bush rats (9.984) and possums (3.045) (Fig 5-5). Both species showed differences in the
frequency of occurrence of fungal items in the diet (bush rats: x%. = 339.23, p < 0.001,
possums: X% = 213.08, p < 0.001), with both mostly consuming fungal diet items from the

order Hysterangiales (an order of truffles) (Fig 5-5).

Within species, for both bush rats and possums, males and females did not have substantially
different diet ranges (Table 5-3). Males and females of both species consumed some fungal
items more than others, based on a chi-squared analysis (Table 5-3), with all mostly
consuming items from the genus Hysterangium. The diet ranges of different age categories for
both species were also not substantially different (Table 5-3). All age categories, except
subadult possums which consumed items evenly, mostly consumed items from the genus
Hysterangium (Table 5-3). Habitat types similarly did not produce different diet ranges for
either bush rats or possums (Table 5-3). Most individuals in different habitat types consumed
some items more than others, with all mostly consuming taxa in the genus Hysterangium
(Table 5-3). The exception was possums in either woodland or rainforest habitats, which had

an even frequency of consumption (Table 5-3).

Overall, there was an 88.2% overlap in the fungal diets of bush rats and possums (Pianka
index = 0.882). Additionally, the fungal composition of bush rat and possum diets was not
significantly different (F19 = 1.058, p = 0.276). Of this, the species (i.e., bush rats or possums)
accounted for 24.5% of the differences we observed in the data. Most of the overlap in the diet

arose from consumption of fungi in the order Hysterangiales (Fig 5-5).

Table 5-3. The Levins’ measure of niche breadth and chi-squared results for within-species patterns
for fungal diet items. INF represents categories with too few samples to calculate the niche breadth
and chi-squared. Dashes (-) represent categories with no samples to calculate the niche breadth and
chi-squared. Dashes (-) represent categories where no samples were collected.

Bush Rats Possum
Sex
Levins X2 P value Levins X2 P value
Male 9.832 279.010 <0.001 2.739 193.670 <0.001
Female 8.379 126.440 <0.001 2.964 109.770 <0.001
NR 9.188 75.757 <0.001 3.571 34.200 0.160
Age
Adult 10.113 256.460 <0.001 2.739 193.670 <0.001
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Subadult 7.364 75.667 <0.001 3.000 25.000 0.574
Juvenile 6.533 46.000 0.013 - - -
NR 7.860 74.310 <0.001 - - -
Habitat
Casuarina - - - INF NA NA
Forest 8.225 137.040 <0.001 2.945 153.110 <0.001
Heathland 2.778 45.400 0.015 - - -
Rainforest 6.451 90.185 <0.001 2.000 26.000 0.519
Scrubland 5.556 40.400 0.047 - - -
Sedgeland 4.765 43.889 0.021 - - -
Shrubland 9.887 78.767 <0.001 1.800 43.677 0.022
Woodland 7.563 99.973 <0.001 3.000 25.000 0.574
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Figure 5-5. (A) Frequency of occurrence of the number of fungal diet items detected, at the lowest identified taxonomic level. (B) A bipartite plot of the overlap

of fungal diet items found in the scats of bush rats and common brushtail possums at the ordinal level
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5.5 Discussion

Understanding how bush rats and possums use and share resources is a vital step in
assessing the likelihood of interspecific competition (Wang et al., 2023). Food is one of the
main resources that species compete for, whether it is by one species exploiting a resource
more efficiently than others, or by fighting for access (Bell et al., 2023; Kumpan et al., 2019;
Santosa et al.,, 2012), with dietary overlap providing an indication of the potential for
competition (Villsen et al., 2022).

Here, using DNA metabarcoding, we found that both species consumed a large range of food
resources, indicative of dietary generalists, and providing support for our first prediction. We
found additionally that most of the items consumed by possums were also consumed by bush
rats, thus supporting our second prediction. However, differences in diet came down to bush
rats having a much larger dietary range compared to possums, consuming many items that
possums do not. Our findings provide some evidentiary support that is consistent with
competition being a mechanism that could account for the inverse numerical relationship
between the two study species that we have observed in BNP (Kanishka et al., 2023). We,
however, found few fine-scale differences between age and sex components of the population,
and some habitat-related differences in diet, disproving our third prediction. Below, we explore
the diets of the two species in more detail and the likelihood and consequences of competition

when it occurs between dietary generalists.

5.5.1 The diets of bush rats and common brushtail possums

Both bush rats and common brushtail possums are considered omnivorous generalists (Cruz
et al., 2012; Vernes et al., 2015), an observation that we corroborated for these species in
BNP. Possums and bush rats are widely distributed throughout Australia and commonly co-
occur in south-eastern and south-western coastal regions (Callander, 2018; How & Hillcox,
2000). Possums have additionally become an invasive species in New Zealand, where they
consume varied plant species that do not occur in their natural range (Glen et al., 2012). The
wide range of food types in the diet of possums, including plant material, invertebrates,
anthropogenic foods and, occasionally, eggs and nestling birds (Glen et al., 2012; Gloury &
Handasyde, 2016; Herath et al., 2021; Scoleri et al., 2020), reflects the ability of possums to
track diverse food resources on the ground and in trees (Cruz et al., 2012). It may also reflect
the large differences in personality types and individual foraging preferences within local
populations (Cruz et al., 2012; Herath et al., 2021). Bush rats consume many types of plants,

invertebrates, and fungi (Vernes et al., 2015; Wanniarachchi et al., 2022). The species also

122



Quantifying the dietary overlap of two co-occurring mammal species using DNA

metabarcoding to assess potential competition
shows dietary shifts in response to seasonal differences in the availability of different food

types as well as to environmental changes, such as those induced by fire (Vernes et al., 2015;
Wanniarachchi et al., 2022). Dietary switching has previously allowed the bush rat to maintain
relatively stable populations by shifting from preferred to less-preferred foods when preferred

foods become scarce (C. Dickman & Happold, 2022).

At BNP, most of the plants eaten by both species are found in the understorey, particularly
grasses like prickly couch grass Zoysia macrantha, legumes, and other flowering plants. Given
the time of sampling, in the late spring through summer, these plant taxa were likely to be
producing seeds and fruits that may be more preferred than leaves owing to their higher energy
and nutrient contents (Morrant & Petit, 2012), although we were unable to confirm which parts
of the plants the species were consuming. Consumption of understorey plants was expected
for bush rats, which are predominantly ground-dwelling, but less so for possums, which spend
a significant proportion of time moving and foraging above ground in trees (Gloury &
Handasyde, 2016; How & Hillcox, 2000). For example, increased ground-level foraging by
possums could reflect the availability of higher quality food on the ground and lower
understorey but could also be a result of lower predation risk due to the long-term reduction of

red fox activity by poison baiting at BNP (Dexter et al., 2013).

A notable difference in the diets of possums and bush rats was that, while most of the possum
diet was plant material, a substantial proportion of the bush rat diet comprised truffle-type fungi.
Bush rats have previously been noted to be mycophagous, or consumers of fungi, so our
results align with earlier studies (Vernes et al., 2015). Mountain brushtail possums Trichosurus
caninus, a species closely related to common brushtail possums, have also been found to be
mycophagous (Claridge & Lindenmayer, 1998). Invertebrates comprised the smallest
proportion of both species’ diets, with possums consuming a near-negligible amount. The
invertebrates detected were mostly winged insects, particularly lacewings, mayflies, bees and
wasps. Consumption of winged insects is surprising but may reflect the ingestion of larval
rather than adult forms, as larvae would be easier for bush rats and possums to find in soil or

under leaf litter.

5.5.2 Limitations

There are several limitations to DNA metabarcoding which became apparent in this study and
limit the conclusions and in-depth investigation of both species’ diets. First, many primers
struggled to reach species-level identification, limiting our species-level comparisons of diet

(Namin et al., 2022). Most of the sequences identified in our study were identified at the order
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or genus level, while only a few were identified at the species level. While these results do

provide a good overview of the types of dietary items that both species are consuming regularly
(e.g., understorey plants), we do not know the precise degree of dietary overlap between bush
rats and possums, as they may consume different species within the same genus (Villsen et
al., 2022). Additionally, unlike histological and morphological methods, DNA metabarcoding
can only reveal the identity of the diet item but does not yield information about what parts of
that item are being consumed (Alemany et al., 2023). As mentioned above, while we can
assume that both species consumed large amounts of flowering plants, based on the season
when sampling took place, we cannot confirm if they consumed petals, leaves, roots, or other
plant parts (Alemany et al., 2023). There is also potential for misidentification of similar species;
for example, Acacia bellula and A. nematophylla were both identified using the BLASTn tool,
but neither have previously been found in or near Jervis Bay (Sritharan et al., 2021). This could
be a result of a lack of reference data for many species, limiting the tools’ ability to assign
species effectively. Finally, we must account for the chance that some detections in both
species may have resulted from incidental ingestion, due to the species being a natural part of
the gut microbiome, or even from contamination during the collection and processing steps.
This can be seen in the large number of non-ectomycorrhizal fungi that were identified in the
faecal samples.

5.5.3 Generalist-generalist competition

With substantial overlap in their diets, there is potential for competition to occur between bush
rats and common brushtail possums (Wang et al., 2023) which, if confirmed, would be an
example of generalist-generalist competition (Barnes & Murphy, 2023). According to Barnes
and Murphy (2023), dietary generalist pairs are more likely to compete indirectly than directly,
with the most generalist species — the moths Malacosoma californicum and Hyphantria cunea
— in their study being temporally segregated. In Japan, the effect of competition from invasive
raccoons Procyon lotor on native raccoon dogs Nyctereutes procyonoides was reduced
because, while both species are generalist omnivores, they displayed different diet
preferences in habitats where they co-occurred compared to where they foraged alone (Osaki
et al.,, 2019). Osaki et al. (2019) noted that coexistence was helped by raccoon control
programs that have kept raccoons at low density and that the situation may be different if
raccoons increased and occupied all habitats where raccoon dogs were present. At BNP,
possum activity has increased over many years due to the active management of red foxes in
BNP (Kanishka et al., 2023). Although we cannot rule out the possibility that bush rats and
possums encounter each other directly, this seems unlikely due to the rapid flight response of

both species to auditory, visual or sometimes olfactory disturbance (Fardell et al., 2021, 2022;
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Warneke, 1971). Instead, indirect interactions mediated by spatial and/or temporal avoidance

are more likely, with the bush rat responding to the presence of the larger possum by

diversifying the range of foods that it consumes.

Dietary generalist species often exhibit opportunistic feeding behaviours (de Carvalho et al.,
2019; Osaki et al., 2019), consuming food types that may be only temporarily available or
switching to less preferred foods if favoured foods are not available or are too costly to acquire.
Following a severe fire, for example, Dickman and Happold (2022) found that bush rats
increased their consumption of ferns and other less preferred foods that are available
immediately post-fire until preferred foods — dicotyledonous plants and fungi — had recovered.
Opportunistic feeding can also be a product of avoiding competition (de Carvalho et al., 2019),
as noted above in the case of raccoon dogs (Osaki et al., 2019). At BNP, we suggest that
dietary opportunism provides a buffer for the bush rat to reduce the potential effects of
competition from possums by providing exclusive access to a particularly diverse range of food
types, and possibly also through diet switching. As diet switching can be confidently detected
only by tracking changes in a forager's diet over time (or space) in relation to the food
resources that are available, we suspect but cannot confirm the operation of diet switching in
the bush rat at BNP.

Although there are very few areas within the broad geographical range of the bush rat where
common brushtail possums do not also occur, we suggest it is unlikely that the dietary
generalism of bush rats has evolved to reduce competition for food with possums. Bush rats
have relatively small home ranges (<1 ha), limited dispersal ability and exhibit considerable
flexibility in the range of microhabitats they inhabit (Ball et al., 2005; Fordyce et al., 2016; Reif
et al., 2016). Dietary generalism in these circumstances may be selectively advantageous,
with rats being able to shift between food resources that likely vary over time and with
disturbances in their restricted home range areas (Fordyce et al., 2016; Peakall et al., 2006).
Dietary generalist species often show considerable flexibility in habitat use and behaviours
(Reif et al.,, 2016), as do many members of the genus Rattus (Aplin & Ford, 2014). In
fragmented habitats in Madagascar, a generalist folivore, the golden-crowned sifaka
Propithecus tattersalli, similarly demonstrates plasticity in its diet which allows it to exploit
remnant habitat patches and cope with limited dispersal opportunities (Quéméré et al., 2013).
Dietary generalists are often likely to be more resilient to environmental disturbances such as
fire or habitat fragmentation than dietary specialists (C. Dickman & Happold, 2022; Quéméré
et al., 2013). We, therefore, suggest that the ability to exploit varied food items also confers

some resilience when the disturbance is in the form of a larger and dominant competitor.

125



Chapter 5
5.5.4 Managing food competition

Bush rats are not threatened over their geographical range, but they experience localised
population declines due to habitat loss and fragmentation, predation, and, in BNP, potential
competition with common brushtail possums. In protected areas where managers are charged
with retaining populations of all native species, how might dietary generalists such as the bush
rat best be conserved? As the diverse diets of such species appear to provide a buffer against
environmental disturbances and allow fine-scale partitioning of food resources with dominant
competitors (Adams et al., 2014; de Carvalho et al., 2019; Osaki et al., 2019), management
should seek to retain the full spectrum of food resources. At BNP, management to reduce the
adverse effects on bush rats of competition with common brushtail possums may be as simple
as ensuring that plant diversity is retained or promoted (Bancila et al., 2023; Casula et al.,
2017; Vernes et al., 2015). Promotion of plant diversity should ensure that co-dependent
invertebrates and fungi are also supported, thus increasing available dietary items for bush
rats and other dietary generalist species (Bancila et al., 2023). Identifying the key food
resources used and shared by at least the more common consumer species would be a fruitful

research direction for managers of BNP and other protected areas.

5.6 Conclusion

Both bush rats and common brushtail possums are dietary generalists that show substantial
overlap in their broad diets. This similarity in diets suggests that, in periods of restricted food
availability, competition between bush rats and possums could have detrimental effects.
However, both species are capable of utilising parts of the food resource base at finer scales
of individual food types, and possibly also of switching diets to maximise the benefits of
consuming such foods relative to the costs. In the case of the bush rat, a broad-ranging diet
likely provides a buffer against the negative impacts of competition from the larger brushtail
possum, reducing their risk of encounters with possums by constraining their dietary range
and foraging in safer habitats. Our results demonstrate that, even when there is high similarity
in the foods consumed by dietary generalist species, fine-scale partitioning of food types within
and between competitor populations, or possibly diet switching, of food resources may be

important in alleviating competition and permitting co-existence.
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Chapter 6 Overall Discussion

This thesis aimed to investigate potential competition between two co-occurring native
mammal species — the bush rat Rattus fuscipes and the common brushtail possum Trichosurus
vulpecula — after a disturbance had led to elevated population growth in Booderee National
Park (BNP), which has been linked to the removal of red foxes Vulpes vulpes (Dexter et al.,
2013; Lindenmayer et al., 2018). Simultaneously, bush rats have been in decline, with no clear
cause (Lindenmayer et al., 2018). | investigated this decline by assessing the relationship
between common brushtail possums and bush rats to determine whether possums contributed
to the decline of bush rats in BNP. | predicted that the relationship would most likely be
characterised by competitive interactions.

My research has revealed that there is a negative association between bush rats and common
brushtail possums, suggesting that possums have contributed, and continue to contribute, to
the decline of bush rats in BNP. The process appears to be a competitive one. In arriving at

this conclusion, | addressed three aims.

Firstly, | aimed to quantify changes in co-occurrence of the two species over time (Chapter 3).
Using a Bayesian regression model, | found a long-term negative association between bush

rats and possums, confirming that as possum numbers grew, bush rat abundance declined.

My second aim was to document evidence of competitive interactions through a manipulative
experimental design (Chapter 4). | provided supplementary food sources across sites where
possums and rats co-occurred, but restricted possum access at half of these sites. While | did
not document direct competitive interactions, | did find that possum activity was associated
with bush rat foraging (i.e., eating supplementary food) for shorter periods. | concluded that
possums have a negative influence on the foraging frequency and giving-up patterns of bush

rats at food sources.

Finally, I aimed to determine if there was a significant overlap in food resource use by the two
species, specifically by investigating the diets of bush rats and possums (Chapter 5). | found
that bush rats and possums had wide dietary ranges, with both showing some preference for
plant material. |1 also found that the diets of the two species were significantly similar,
suggesting a high potential for competition. However, bush rats also showed a greater range
in diet than possums, consuming a larger variety of invertebrates and fungi, which should allow
them to switch diets or focus on alternative food types if their preferred plant material was

being consumed by possums. | concluded that, while there was significant potential for
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competition, this is buffered by bush rats’ greater dietary range. This buffering effect could be

expected to reduce the chance of significant population declines in bush rats, but perhaps not

stop population declines altogether.

6.1 Nature of the negative association

Based on the results of my three data-based chapters (Chapters 3-5), | suggest that the
negative association between bush rats and common brushtail possums arises from temporal
avoidance, which in turn results in restricted foraging activity by bush rats. Avoidance is a
behavioural response to potential aggressive interactions and can be a response to both
predators and dominant competitors (Astete et al., 2017; Barrull et al., 2014). In many mammal
species, such avoidance is primarily demonstrated by the segregation of, or total avoidance
of, shared space (Rayan & Linkie, 2016; Traba et al., 2016). However, my results demonstrate
that the association between possums and bush rats did not result in competitive exclusion,
and therefore, | cannot characterise this avoidance as spatial (Castillo-Alvino & Marva, 2020;
Dallas et al., 2019). Temporal avoidance, as | have referred to it in this thesis, can be described
as a fine-scale pattern of a species’ use of the same habitat as that of a co-occurring species,
but at times that do not coincide (Bell et al., 2023; Friedemann et al., 2016). While this can
promote co-existence through the segregation of resource use and reduction in the likelihood
of aggressive interactions, temporal avoidance can lead to restricted foraging through reduced
time spent foraging or increased time spent in energetically costly behaviours such as vigilance
or flight (Bell et al., 2023; Shuai et al., 2016).

One of the major limitations of this thesis is that, despite using multiple methods to test for and
quantify competition, 1 could not find evidence to provide unambiguous confirmation that
competition occurred. To do this would have required continuous removal of possums from
replicate study areas, with simultaneous control areas where possums remained, with
population monitoring over a period of time sufficient for bush rats to show a numerical
response (Dickman, 2011; Hart et al., 2018). Such a large-scale experiment would be
logistically challenging, expensive and — depending on the fate of removed possums — ethically
debatable. However, | suggest that competition remains the most likely inference that can be
drawn. In addition, the mechanism is most likely to be interference competition rather than
exploitative competition. Possums have previously been documented as being aggressive
(Youngentob et al., 2012), and their large size compared to bush rats would likely gain them a
considerable advantage in pair-wise encounters. By contrast, it is unlikely that the negative
association we observed between the two species arises from exploitative competition

(Ferguson et al., 2013). This is based in part on the dietary range results (Chapter 5), which
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show that bush rats consume a greater range of dietary items than possums, potentially using

diet switching to buffer against competitive interactions (de Carvalho et al., 2019; Osaki et al.,
2019). There were no instances detected of bush rats foraging alongside possums, as might
be expected if the interaction between the species was mediated by exploitation; instead,
partitioning of activity in the same habitat is suggestive of avoidance of potentially aggressive

interactions by bush rats on a fine temporal scale.

6.2 Other factors influencing the decline

This thesis provides evidence of other factors that are likely contributing to the decline of bush
rats in BNP, and possibly other areas in Australia. Two major factors found to be associated
with bush rat declines were fire and high rainfall. Bush rats, both in this study and in previous
research, are strongly impacted by wildfires and often take multiple years to recover their
abundance (Arthur et al., 2012; Lindenmayer et al., 2008). Similarly, the results of my third
chapter, which took place at the tail end of a major flooding event in New South Wales,
Australia (Fryirs et al., 2023), demonstrated that high rainfall events restrict foraging behaviour,
especially foraging frequency and length. Previous research has likewise shown that many
species are negatively impacted by high rainfall events and will forage less as a response
(Chard et al., 2017; Smielak et al., 2023).

6.3 Competition and conservation

The major change in the ecosystem that | considered in this thesis was the removal of the
invasive red fox from BNP, which was a conservation intervention designed to reduce red fox
predation on small native mammals (Dexter et al., 2013; Lindenmayer et al., 2018). As my
literature review demonstrates (Chapter 2), competition is often not considered in conservation
interventions, although it can lead to unexpected consequences (Heinen et al., 2020;
Lindenmayer et al., 2018). Considering that often many interactions are indirect and hard to
predict, it is not surprising that potential negative consequences such as a decline in bush rat
numbers were overlooked during the conception of the fox baiting program. However, my study
agrees with the growing consensus that it is important to observe, study and conceptualise
ecosystems to inform modelling techniques, such as predictive modelling, trophic webs, and
random forest, to predict the impacts of unexpected interactions (Bode et al., 2015; Llewelyn
et al., 2023). Additionally, it is important to monitor these impacts after the implementation of
a conservation intervention to learn and improve our understanding of the species interactions

that characterise natural systems (Bode et al., 2015; Llewelyn et al., 2023; Lurgi et al., 2018).
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6.4 Future directions and limitations

The major limitation of this study was the inability to fully quantify the nature of the negative
association between bush rats and possums. This is because of the complexity of competition,
which often involves indirect interactions that can be difficult to expose (Hart et al., 2018) and
the practical difficulty of implementing field experiments that can critically quantify competition.
There are, nonetheless, several further lines of investigation that can increase our
understanding of this relationship. First, it would be valuable to measure resource availability,
especially in terms of plant availability, to determine if there are limitations in shared, preferred
dietary items (Kral-O’Brien et al., 2023). Second, it would be insightful to measure the
movement patterns and proximity of the two species to determine spatial overlaps (Tosa et al.,
2015). Research suggests that competition increases with increased population densities,
resulting in closer proximity of individuals (Bird et al., 2019), as well as an increased probability
of interspecific encounters (Dickman & Woodside, 1983). It would also be interesting to
investigate other interactions, such as the predation of rats by possums (Alemany et al., 2023;
Scoleri et al., 2020). Although no evidence of such predation was found in the present study,
it may be a rare event that is likely to be detected only with a much larger sampling effort.
Finally, with further analyses, it would be beneficial to fit dynamic time-series models, such as
the models used by Gause, to further explore the concepts of muti-species interactions
(Gause, 1934; Jargensen et al., 2007).

Other factors could be investigated to untangle the drivers of the decline of bush rats in BNP.
One is to examine predation of bush rats by other species, such as powerful owls Ninox
strenua (Lindenmayer et al., 2018), however, this has not been commonly observed. This
could be done using the same DNA metabarcoding techniques used in the project to
investigate the diet and prey choice of powerful owls and other predators (Lu et al., 2021). It
would also be useful to explore the impact of macropods, which have been shown to be strong
competitors with other herbivores and which also have a significant impact on the vegetation
in BNP (Dexter et al., 2012; White & Fleming, 2021). This could be investigated by comparing
the abundance of bush rats within and outside of macropod exclosures, which have been set

up in BNP to investigate the effects of macropods on vegetation (Chard et al., 2022).

As this thesis has demonstrated, there is evidence that possums have a negative influence on
bush rat populations. The challenge now is how to efficiently manage this association to
prevent further negative outcomes such as the potential local loss of bush rats from BNP.
There are two key management options that may be feasible: (1) managing possum

populations, and (2) managing vegetation availability. Managing possum populations includes
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reducing population numbers or spatially restricting possums, both of which may reduce the

impact of the species on small vertebrates within the ecosystem (Beggs et al., 2020;
Bellingham et al., 2016; Lurgi et al., 2018). However, these actions can be ineffective or result
in unforeseen negative outcomes if not carried out carefully (Beggs et al., 2020; Bellingham et
al., 2016). In addition, population control actions, such as culling native species, are often
unethical (Beggs et al., 2019). The alternative method is to manage vegetation availability and
structure in the ecosystem. Increased vegetation structure may allow small mammals, like
bush rats, to find refuge from dominant competitors, thereby protecting them from negative
interactions (Casula et al., 2017). Managing vegetation structure and diversity may also have
the added benefit of increasing available food resources, once again limiting opportunities from
negative interactions (Bancila et al., 2023). However, such a management action could also
have negative consequences, as increased vegetation may also result in higher fuel loads,
resulting in high-severity fires in an already fire-prone ecosystem (Rachmawati et al., 2018).

Managing vegetation is unlikely to be a simple task, or even to be feasible at scale, even if
unexpected consequences of increasing vegetation diversity and structure can be ruled out
(Casula et al., 2017; Rachmawati et al., 2018). A further possibility is to use “artificial
vegetation”, or “vegetation replacement structures”. For example, the establishment of simple
wire mesh structures has been advocated recently to provide shelter for small vertebrates from
larger predators where above-ground vegetation has been removed locally by fire (Watchorn
et al., 2024). Such structures are simple, cheap and easy to construct and, if implemented at
BNP, could provide loci within the landscapes where bush rats would have security of access
from possums. Of course, any management action that is taken should take a holistic
ecosystem approach, considering the impacts on key species and interactions at all levels,

from vegetation to the top predators (Casula et al., 2017; Prevedello et al., 2013).
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Chapter 7 Conclusions

The results of this thesis have demonstrated clear evidence of a negative association between
bush rats and common brushtail possums (Chapters 3-5). This association is most likely
characterised by bush rats temporally avoiding possums, leading to restricted foraging activity
that, over time, reduces individual fithess and population numbers of bush rats. The two
species may not be competing directly for food resources, despite a large overlap in dietary
range, as the bush rats have a broader dietary range and being omnivores, are able to eat
foods that possums avoid, or switch food resources. | followed a meticulous process to try to
understand the causes of declines of bush rats. | undertook a systematic review of the system
and conceptualised possible causes of decline, | examined patterns of activity and abundance
between the two species, and | explored and experimentally investigated the nature of possible
competitive interactions. However, despite using multiple methods, | was unable to definitively
determine if the nature of this increasing population of common brushtail possums has
significantly contributed to the decline of bush rats in Booderee National Park, and that
competition is the most likely cause. There are many future avenues for this research, including
the investigation of other factors that are contributing to this decline, such as the increasing
frequency of extreme weather events, and investigating methods of managing this association,
such as reducing possum populations, restricting possum access to local areas by fencing,

and managing Booderee National Park’s plant diversity.

My research revealed that conservation efforts, like controlling invasive predators, can trigger
cascading, unexpected and sometimes negative effects on the structure and composition of
ecological communities. When predator populations are reduced, it can disrupt the abundance
and population growth patterns of particular species, leading to instability in existing ecological
interactions. Moreover, many of these interactions are either indirect or challenging to track
and address. To remedy these unforeseen outcomes, meticulous and holistic ecosystem

management is essential, including the conceptual mapping of interactions such as food webs.
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Appendix A

Appendix for Chapter 2

Appendix A.1. The questionnaire we developed to collect qualitative and quantitative data from the
articles, including explanations of the categorical results. Question 1 describes the intervention
strategy used. Questions 4 and 6 were used to address the first prediction. Questions 5 and 7 were
used to address the second prediction. Questions 8, 9, 10, and 12 were used to address the third
prediction.

1)

2)

3)

4)

5)

6)

7)

8)
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What type of intervention strategy was implemented?

a) Reintroduction (includes captive breeding programs)

b) Eradication

c) Protected area

d) Protected species

e) Atrtificial habitat (AH) (includes zoo captive studies)

How long (in years) between the implementation of the intervention and the time the study

took place?

a) -1 (During)

b) No. of years past (starting at 0 years, i.e., directly post)

What part of the ecosystem was the focus of the study?

a) Habitat

b) Species

c) Community

d) Human

Were competitive interactions investigated as a factor in the study or a conclusion?

a) Investigated

b) Conclusion

What were the outcomes of competition?

a) Displacement

b) Coexistence

c) Decline

d) Density-dependent

e) None

Based on the first scale, how likely did researchers report that patterns were interpreted as

being competition?

a) (1) competition was a less likely interpretation (i.e., mentioned in a single paragraph of
the discussion, or purposely controlled for so it was less likely to account for observed
patterns)

b) (2) competition was a likely interpretation of patterns, but there were other
interpretations considered to be just as likely

c) (3) competition was considered as the most likely interpretation of observed patters
(i.e., pre-investigation, recorded as investigated, or post-investigated, recorded as a
conclusion)

Based on the second scale, what were the interpreted outcomes of conservation on the

post-intervention ecosystem?

a) (-2) competition has an influential negative effect on the system (important factor for
the intervention)

b) (-1) competition has a mild negative effect on specific species in the system

c) (0) competition has no notable impact on the system

d) (1) competition has a mild positive effect on specific species in the system

e) (2) competition has an influential positive effect on the system (important factor for the
intervention)

What was the mechanism of competition?



a) Interference
b) Exploitative
c) Apparent
d) Both (i.e., interference and exploitative)
9) How many species were involved in the interaction?
a) Intraspecific
b) Interspecific
c) Intra- and Inter-
10) How many species were involved?
11) What resource were they competing for?
a) Food
b) Space
c) Both
d) Other
e) na
12) What was the trophic guild of species involved?
a) Multiple
b) Carnivore
c) Omnivore
d) Herbivore
13) What was the feeding class of the species?
a) Predator
b) Pollinator
c) Grazer
d) Bottom feeder
e) Multiple
14) What is the taxonomic class of the species?
15) What was the time length of the study?
16) Was the experiment conducted within a laboratory or in the field?
17) What was the approximate size of the area (or reserve) the study took place in?
18) How many study sites were there?
19) How many samples were recorded?
20) What country did this study take place in?
21) What type of habitat did the study take place in?
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Appendix A.2. A table including the raw data collected based on the questionnaire for each article reviewed. Each column is labelled QX, with X referring to the question
number presented in Appendix A.1.

Paper Q1 Q2 |Q3 Q4 Q5 Q6 Q7 |Q8 Q9 Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 |Q19 Q20 Q21
Aburto- protected |9 Habitat conclusion coexistence |1 1 na linter community food |multiple 'multiple multiple 1 month [field na 147 441 Mexico reef
Oropeza et al., area

2015

Akter et al., protected 33 [Habitat conclusion displacement |3 -2 na linter 3 food |herbivore pollinator |Insecta 4 field na 12 144 Bangladesh |wetland
2020 larea months

Almeida et al., |protected |na community  conclusion decline 2 -1 |interference |intra- and 1 |space [carnviore predator ~ Malacostraca 2 field 1420 26 260 UK |freshwater
2013 larea inter- months km»2

Andersen lartificial na |Species conclusion coexistence |1 0 na |intra— and 1 food |herbivore grazer Mammalia 4 field 23.5ha 3 225 Denmark grassland
,1992 inter- months

Anderson et |introduction |0 Species linvestigated |coexistence |2 0 |interference |intra 1 Ispace jomnivore na Aves 3 laboratory|na 2 8 USA marine
al., 2000 months

Asnagi et al., |protected |na |Habitat conclusion displacement |1 0  |interference inter community space |multiple 'multiple multiple 18 field na 5 25 (Italy marine
2015 larea months

Astete etal.,, |protected |na |Habitat linvestigated coexistence |3 1 linterference |inter 2 food |carnviore predator Mammalia 2 years (field 129140 |1 58 Brazil 'semi-arid
2017 larea km~2

Atwood and  |introduction |0 Species linvestigated coexistence |3 -1 linterference inter 2 food |carnviore predator | Mammalia 3 years [(field 680 km”2 |1 93 USA heterogenous
Gese, 2008

Azzellino et al.,|protected  |[na  |Habitat conclusion coexistence |3 0 na linter 5 food |carnviore predator Mammalia 25 years field 29000 1 4656 |ltaly marine
2017 larea km~2

Baladron et al., artificial 0 community |conclusion displacement |2 -1 |interference |intra 2 |space jomnivore| predator Actinopterygii 18 days |laboratory|na 4 20 Portugal marine
2021

Balestrieri et |protected |na | Species conclusion displacement |2 -1 linterference inter 2 food |carnviore predator Mammalia 19 years field 10 km~2 |2 119  [italy |forest

al., 2010 area
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Balme etal., |protected 0 community |investigated |coexistence 0 na linter community food |carnviore|predator Mammalia 3 years [field 660 km~2 |1 42 South Africa grassland

2009 area

Barrett et al., |protected |10 | Habitat conclusion none 0 na intra- and .community food | multiple multiple multiple 10 years field na 24 1480 Australia reef

2009 larea inter-

Barria etal.,, |protected |2 Habitat conclusion coexistence 0 na linter 4 food |carnviore predator Chondrichthyes 3 field 2051 2 198 Spain marine

2018 |area months km~2

Barrull etal., |protected |na | Species linvestigated | coexistence 0 |interference inter 3 food |carnviore predator | Mammalia 1year [field 22100 ha (75 842 Spain |forest

2014 |species

Beggs et al., |eradication |0 community |investigated | displacement 0 |interference inter community food |herbivore multiple Aves 3 years [field 49 ha 8 128 Australia woodland

2019

Belton etal., |protected |[na | Habitat linvestigated | coexistence 0 na lintra 1 food |carnviore predator | Mammalia 2 years [field 5000 4 na South Africa \woodland

2018 |area km~2

Berger et al., | artificial 5 Species conclusion coexistence -1 [na lintra 1 both | herbivore|grazer Mammalia 1year [field 0.42 km"2 1 12 Germany | grassland

1999

Berman et al., protected 25 | Habitat conclusion displacement -1 |exploitative |inter community space jomnivore filter feeder |Porifera 1year [field 1500 ha |3 15 Wales reef

2013 |area

Bhattacharjee |protected |na |Habitat conclusion decline -2 linterference |inter community food |multiple 'multiple Mammalia na field 4000 7 3487 |India larid

etal., 2018 larea km”2

Blanco and protected na |Species conclusion decline 1 na intra- and 4 food |herbivore grazer Mammalia 2 field 128.7 1 32 Uganda |forest

Waltert, 2013 |area inter- months km”2

Bliege Bird et |restoration |na |Habitat conclusion decline 2 linterference |inter community food |carnviore|predator Mammalia 3 years [field 76 ha 76 228 Australia  'semi-arid

al., 2018

Boitani, 1992 |protected |na | Species conclusion decline -2 |na linter 1 food |carnviore predator Mammalia na field 400 km”"2 |2 11 |Italy lalpine
|species

Bourgeois et | artificial 0 Species conclusion decline 1 na intra- and|2 |space |carnviore predator  |Aves 12 years field 1894 ha |2 95 France coastal

al., 2015 inter-
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Bridgman et |eradication [na | Species linvestigated |decline 3 -1 |interference |inter 2 food |omnivore predator | Mammalia 3 years |laboratory|na 1 16 New [forest

al., 2013 Zealand

Bronstein and |protected |17 | Habitat conclusion displacement |2 -1 [na intra- and community both 'herbivore grazer Echinodermata 3 years [field 1m"2 6 360 Zanzibar reef

Loya, 2014 larea inter-

Brunk etal., |protected |3 Species conclusion displacement |1 1  |interference intra 1 food |carnviore predator | Aves 9 years (field 4300 2 172 USA |forest
2021 |species lacres

Burnham- lintroduction [na | Species conclusion displacement |1 1 na lintra 1 |space |carnviore predator  |Actinopterygii 4 days [field na 5 na USA |freshwater
Curtis et al.,

1995

Cabrera Walsh biological |0 Species linvestigated |decline 3 -1 |exploitative |inter 2 food |herbivore grazer /Insecta 13 {laboratory na 40 170 Argentina  |freshwater
and Maestro, |control weeks

2014

Camphuysen protected na |Habitat conclusion coexistence |1 0 exploitative |intra- and communityi{food | carnviore|predator  |Aves 32 years field 9972 2 44832 |Scotland marine
etal., 2012 larea inter- km”2

Cartes etal., |protected na |community |[conclusion coexistence |1 1 na linter community food |carnviore predator | Decapoda 3 years [field na 3 531 Spain marine
2021 larea

Casolietal., |[restoration |5 Habitat conclusion decline 1 0 na linter community both jomnivore bottom Gymnolaemata 3 years [field unclear |4 1057 |[Italy marine
2020 |feeder

Chaverraet |protected 33 |Habitat linvestigated |displacement |2 2 na linter community space |herbivore grazer multiple 104 field 225cm”2 |3 36 Chile reef

al., 2019 larea days

Ciuccietal.,, |protected 82 |Habitat conclusion coexistence |1 0 na lintra 1 food |carnviore predator | Mammalia 6 years |field 1294km"2/4 9546 |ltaly |forest
2020 larea

Colombini et |protected na |Habitat linvestigated |decline 2 -1 |na linter 2 food |herbivore grazer Malacostraca 3 years [field 30m"2 20 24602 |Italy beach

al., 2013 |area

Corbaldn et |protected na |Habitat conclusion displacement |1 1 na intra- and 4 both herbivore|grazer Mammalia 4 years [field 12800 ha |192 [11836 |Argentina |heterogenous
al., 2006 larea inter-

Curveira- protected 117 [Habitat linvestigated coexistence |3 0  |interference inter 6 food |carnviore predator | Mammalia 4 field 180km~2 54  |1645 | Portugal |forest
Santos et al., |area months

2017
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dela Cruz et |introduction |0 Species control decline 1 0 na linter 2 |space |carnviore|predator  |Anthozoa 2 years both na 12 720 Phillippines reef

al., 2015

Diaz-Puente et Protected |0 Species linvestigated decline 3 -1 [na lintra 1 food |herbivore grazer Bivalvia 16 both na 2 50 Spain reef

al., 2020 |species months

Diez et al., restoration |0 Habitat conclusion displacement |3 -1 [na linter community space |multiple 'multiple multiple 28 years field na 11 2249 |Spain reef

2014

Doherty, 1982 |introduction |0 Species linvestigated |displacement |3 -1 both intra- and 2 Ispace jomnivore na Actinopterygii 1year [field na 35 56 Australia reef
inter-

Doray et al., |protected |[na | Habitat conclusion decline 2 -1 na linter community food |multiple 'multiple multiple 6 years [field na 1 27 France marine

2018 |area

du Bus de protected 150 [Habitat conclusion displacement |2 -1 na linter community na carnviore predator  |Insecta 8 field 15 ha 22 127 Belgium |forest

Warnaffe and |area months

Lebrun, 2004

Edgar and protected |2 Habitat conclusion decline 1 -1 |exploitative |inter community food |multiple 'multiple multiple 6 years [field 250 m 23 552 Australia reef

Barrett, 1999 |area

Edinger and  |Policy 0 Species linvestigated | coexistence |3 0 na linter community na carnviore/predator  |Anthozoa 2 years (field na 37 444  |Indonesia |[reef

Risk, 2000

Elliott et al., protected na |Habitat linvestigated |displacement |3 -1 |exploitative |inter community food |herbivore pollinator  |Insecta 10 field 200 m"2 |3 2772 |Australia heathland

2021 |area weeks

Eltz et al., protected na [Habitat conclusion coexistence |1 0 exploitative |inter community food |herbivore pollinator  |Insecta 20 field 103094 |3 275 Borneo |forest

2003 |area months ha

Fang etal., |introduction |0 Species conclusion decline 1 -1 |na intra- and|1 food Jomnivore/na Actinopterygii 2 years |both na 8 1864 |China |freshwater

2021 inter-

Ferry et al., Artificial na community |investigated |coexistence |3 0 both linter community food |herbivore|grazer Mammalia 4 field 7000 4 121 Zimbabwe |semi-arid

2020 months km#2

Finlayson et |introduction |0 Species linvestigated |decline 3 -1 [na linter 4 food |multiple 'multiple Mammalia 1year [field 64000 ha |1 2564 |Australia  |semi-arid

al., 2008
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Fisher etal., [introduction |36 |Species linvestigated |displacement |3 -2 |apparent |inter 3 other 'omnivore|na Mammalia 6 field 300 km |1 na Canada coastal
2014 months length

Forcada et al., [protected |20 | Habitat conclusion decline 1 1 na linter community both |multiple 'multiple multiple 14 field 1400 ha 21 126 Spain marine
2008 |area months

Ford et al., protected |8 Habitat conclusion displacement |2 -1 [na linter community space |carnviore predator  multiple 6 field na 3 9 Fiji reef

2018 |area months

Fox et al., protected na |Species conclusion decline 3 -1 [na linter community food |herbivore grazer Mammalia 10 years field 60000 1 519 |India grassland
1991 |area km~2

Garciaetal.,, | protected |9 Habitat conclusion displacement |1 0 na intra- and 2 both 'multiple |multiple Actinopterygii 2 years (field 956 ha |1 68 Martinique [reef

2015 |area inter-

Ginn et al., restoration na |[Habitat linvestigated |decline 3 -2 |exploitative |inter community food |omnivore bottom Bivalvia 7 years |both 722 km”2 747 1584 |Canada |freshwater
2018 |feeder

Goodman and | Artificial 0 Species conclusion none 1 0 na lintra 1 Ispace |carnviore predator  |Cephalaspidomorphi 2 days [field na 5 164 USA |freshwater
Reid, 2017

Guillemain et |protected 14 |Habitat conclusion displacement |3 -2 |interference |intra- and 6 both 'omnivore|na Aves 4 years (field 2185 2 602 France |freshwater
al., 2002 |area inter-

Hafliger et al., |biological |0 Habitat conclusion decline 2 -1 linterference inter 2 other 'herbivore|grazer /Insecta 4 years (field na 15 1500 |Europe heterogenous
2005 control

Hammer et al., lintroduction |na  |Species linvestigated | coexistence |3 0 na linter 4 food |omnivore|prey Actinopterygii 39 years field 191200 |1 6661 | Sweden |freshwater
2018 ha

Hanmer et al., |Atrtificial na |Species linvestigated |displacement |3 -2 |exploitative |inter community food |multiple multiple multiple 881 field 72 km"2 |20 89651 UK urban
2018 days

Hendon and |introduction |0 Species conclusion decline 2 -1 |na linter 1 food |carnviore predator  |Actinopterygii 6 field na 12 190 USA marine
Rakocinski, months

2016

Herr et al., protected na [Habitat linvestigated |decline 3 -2 |both linter 1 food |carnviore predator | Mammalia 7 years [field na 1 na Germany  marine
2009 area
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Herremans protected na [Habitat conclusion none 0 na linter 3 food |carnviore|scavenger |Aves 5 years [field 15070 53 1762 |Botswana | woodland

and area km~2

Herremans-

Huyser et al., |eradication [0 community | conclusion decline -1 [na linter community food |multiple 'multiple Aves 30 years field 335 km”2 2 na Marion coastal

2000 Island

Jaffuel etal., |biological |0 Habitat linvestigated |decline -1 linterference intra- and.community food [na parasite Chromadora 9 years (field na 96 3840 |Switzerland  agriculture

2016 control inter-

Jennings et al.,|protected  |[na  |Habitat conclusion displacement 1  |interference inter 1 food |carnviore predator | Mammalia 2 years [field 60338 ha |11 1148 |Malaysia  |[forest

2010 larea

Kaiser et al., |Policy na |community [conclusion decline -1 na linter community food |carnviore predator | Decapoda na field na na |na Barents Sea marine

2018

Kamler et al., |protected |[na | Species linvestigated | coexistence 2 linterference inter 3 both carnviore|predator |Mammalia 6 field 110 km”2 |4 na South Africa heterogenous

2015 |area months

Karlsson et al., |biological |na |Habitat linvestigated | coexistence -1 |both linter 3 other 'herbivore|parasite  |Insecta na laboratory/na 6 79 Benin lagriculture

2018 control

Khadka and  |protected 31 | Habitat conclusion displacement 0 |interference inter community food |herbivore grazer Mammalia 2 years (field 7629 1 418 Nepal heterogenous

James, 2016 |area km~2

Kritensen et [restoration |1 community | conclusion decline -1 [na intra- and community na carnviore predator  |Actinopterygii 6 years [field 900 ha 2 42 Denmark  [freshwater

al., 2020 inter-

Lamichhane et protected 40 | Species conclusion coexistence 0  |interference inter community food |herbivore grazer Mammalia 1 month [field 270 km~2 30 |90 Nepal heterogenous

al., 2020 larea

Lau et al., protected |11 |Species conclusion decline -1 |na lintra 1 food |omnivore predator Echinodermata 1year (field na 3 329 China reef

2011 larea

LeTourneux et eradication {20 |community |conclusion decline -1 |apparent |intra 1 food |herbivore grazer Aves 14 years (field na 1 3113 |Canada |freshwater

al., 2021

Lietal,, 2020 |protected |[na | Habitat conclusion coexistence 0 na linter community food |multiple 'multiple Mammalia 32 years field 660000 3 16 Kenya |savannah
area ha
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Lieury etal., |protected |0 Species conclusion decline -1 |interference |intra 1 food |carnviore|scavenger |Aves 16 years field na 54 171 France heterogenous

2015 species

Lioy et al., Avrtificial 0 Species linvestigated | decline -2 |exploitative |inter 2 food |herbivore grazer Mammalia na field na 6 274 |ltaly woodland

2016

Liu et al., 2020 jprotected na | Species linvestigated |displacement -2 linterference |inter community food |herbivore grazer Mammalia 14 field 322.97 27 2512 |China |forest
|area months km~2

Lloyd and lintroduction [na | Species conclusion decline -1 [na linter community food |herbivore grazer Aves na field 5052 ha 4 65 New |forest

Powlesland, Zealand

1994

Loucif etal., |protected 26 | Habitat linvestigated |displacement -2 |interference |intra- and'3 Ispace jomnivore na Aves 2 years (field 2400 ha |1 50 Algeria |freshwater

2021 |area inter-

M'soka et al., |protected 38 | Habitat linvestigated displacement 1 |interference inter 2 food |carnviore predator | Mammalia 3 years [field 3600 5 233 Zambia grassland

2016 |area km~2

Mace and biological |0 Species control density- 0 na lintra 1 na herbivore|grazer /Insecta 2 years [field na 4 248 USA lagriculture

Mills, 2017 control dependence

Marticorena et |protected na | Habitat conclusion displacement -1 [na linter community both |multiple 'multiple multiple 3 years [field na 13 126 Atlantic marine

al., 2021 |area Ocean

McClanahan et/protected |15 | Habitat linvestigated |displacement -2 linterference |inter community food |herbivore grazer Actinopterygii 2 years (field 26 km"2 |6 120 Kenya reef

al., 1994 area

McClanahan, |protected na community |investigated decline -1 na linter 3 food |carnviore predator  |Actinopterygii 10 years field na 9 54 Kenya reef

2000 larea

McCook and |protected |0 Habitat linvestigated  |density- 0 na intra- and ,community/space multiple |multiple multiple 5 years [field 1410 m |17 85 Canada coastal

Chapman, larea dependence inter-

1997

Mohanty et al., |Artificial na | Habitat linvestigated |coexistence 1 na linter community both |herbivore|grazer multiple 4 years [field 3.5 ha 4 na /India lagriculture

2009

Molina- protected |2 community | conclusion coexistence 0 na linter community both |multiple 'multiple Actinopterygii 2 years [field 12 km~2 |41 na Mexico reef

Hernandez et |area

al., 2018
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Momanyi et  |biological |0 Species conclusion displacement |3 -2 |interference |inter 2 other jomnivore|parasite  |Insecta 1year [field na 16 96 Kenya |agriculture

al., 2006 control

Moore et al., |Atrtificial 0 community | conclusion displacement |1 0 na linter community space |multiple 'multiple multiple 16 field na 3 12 USA reef

2020 months

Nash et al., Artificial 0 Habitat conclusion none 1 0 na linter 2 food |multiple 'multiple  |Insecta 6 both na 2 20 Australia  |agriculture

2008 months

Nie et al., 2019 Protected |30 | Species linvestigated |decline 3 -2 linterference |inter 2 food |herbivore grazer Mammalia 9 years (field na 1 830 China |forest
species

Nordlund and |protected |na | Habitat conclusion none 1 0 na lintra 1 na multiple |multiple multiple 4 field na 3 15 Mozambique marine

Gullstrom, |area months

2013

Oldenburg et introduction \na  |Species conclusion decline 2 -2 na linter 6 food |multiple 'multiple Actinopterygii na field na 1 na USA |freshwater

al., 2007

Oro et al., protected |0 Species conclusion displacement |3 -2 linterference |inter community na multiple multiple Aves 27 years field 1100 ha |1 13 Spain coastal

2009 Ispecies

Osman and |introduction |0 Species conclusion decline 2 -1 [na linter community space |multiple 'multiple multiple 2 years (field na 2 80 USA estuary

Whitlatch,

2004

Périquet et al., [protected na | Species conclusion displacement |1 -1 linterference inter 2 Ispace [carnviore predator  Mammalia 3 years [field 14600 4 8 Zimbabwe | savannah

2016 |area km~2

Perkins-Visser (introduction |0 Species conclusion displacement |1 -1 linterference |intra 1 food |carnviore predator | Malacostraca 5 weeks field na 2 16 USA marine

etal., 1996

Pichegru et al.,|protected |0 Species conclusion displacement |2 -2 |na linter 1 food |carnviore predator |Aves 3 years [field 20 km- |2 668 Caribbean |coastal

2012 |area radius

Ranglack and |Atrtificial 50 |Habitat conclusion coexistence |1 0 na lintra 1 food |herbivore grazer Mammalia 3 years [field 148.23 1 198 USA heterogenous

du Toit, 2015 km~2

Rayan and protected |3 Species linvestigated displacement |3 -2 linterference |inter 3 both carnviore|predator |Mammalia 19 field 800 km”2 |2 33727 Malaysia  [forest

Linkie, 2016 |area months
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Retzeretal., |protected |7 Species conclusion displacement -2 |interference |inter community/food |herbivore|grazer Mammalia na field 21700 1 210 Mongolia  |semi-arid

2006 area km~2

Richard- lintroduction |0 Species linvestigated | coexistence 0 |interference |intra 1 Ispace jomnivore na Mammalia 18 field 150 km”2 |1 16 French [forest

Hansen et al., months Guiana

2000

Rico-Sanchez |protected [na community |conclusion decline -2 na linter community|food multiple |multiple multiple 6 field 3800 15 |60 Mexico |freshwater

etal., 2020 larea months km”2

Riera et al., protected na |Species conclusion decline -1 |exploitative |inter 2 Ispace jomnivore na Gastropoda 3 field na 100 9240 |Canary coastal

2016 |species months Islands

Robinson et |eradication |0 community | conclusion coexistence 0 na lintra 1 Ispace jomnivore bottom Bivalvia 2 years (field na 3 15 South Africa |coastal

al., 2007 |feeder

Rodriguez et |protected |0 Habitat conclusion coexistence 0 na lintra 1 food |herbivore grazer Mammalia 8 years [field 73km”2 110 100 Argentina  |heterogenous

al., 2019 larea

Rowley, 2018 |introduction |0 Species control decline 0 na lintra 1 Ispace jomnivore na Anthozoa 1year [field 600 km”2 2 192  |Indonesia |[reef

Ruiz et al., Policy na |Species conclusion coexistence 0 na linter community food |multiple 'multiple multiple 3 years [field na 163 482 Spain marine

2021

Sammarco et |introduction |0 Species linvestigated |decline -2 linterference |inter 3 Ispace jomnivore filter feeder /Anthozoa 8 field na 1 26 Australia reef

al., 1985 months

Santos et al., |introduction |0 Species conclusion displacement 0 |interference |intra 1 |space [carnviore predator  |Reptilia 5 years [field 11.2ha |4 365 Spain |forest

2009

Santosa et al., |protected |62 |Habitat linvestigated |coexistence 0 linterference |inter 2 food |herbivore grazer Mammalia 7 field 1.500 ha |6 249 Borneo |forest

2012 |area months

Sayer, 1977 |protected |na |Habitat conclusion decline -1 |na linter community food |multiple multiple Mammalia 2 years [field 2200000 |3 na Mali |savannah
larea ha

Schmidt et al., Protected 18 |Species linvestigated |decline -2 linterference |inter 2 food |herbivore grazer Mammalia na field na 1 150 USA |salt marsh

2010 species
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Schutte et al., protected na |Species linvestigated |coexistence |1 -1 |interference |inter 1 food |carnviore/predator | Mammalia 3years [field 250 km”2 4 2084 | Kenya |semi-arid
2013 area

Scoleri et al., |introduction |1 Species linvestigated decline 2 1 both linter 3 food |multiple 'multiple Mammalia 4 years (field 9672 ha |3 20 Australia  [forest
2020

Shakya et al., |Artificial 0 Habitat linvestigated |coexistence |2 0  |apparent |inter 2 food |omnivore predator |Insecta na laboratory|na 21 150 na captive
2009

Simon et al., | Artificial 5 Habitat conclusion displacement |2 -1 [na linter community food |multiple 'multiple Actinopterygii 4 field na 4 320 Brazil reef
2011 months

Southwell et protected na |Habitat conclusion decline 1 -1 na linter community food |carnviore predator | Aves 15 years field 900 km”2 1247 300 Antarctica  |marine
al., 2017 |area

Speed etal., |protected |12 |community |conclusion coexistence |2 1 na intra- and community food |carnviore predator | |Elasmobrachii 2 years [field 593 km”2 |3 na Australia reef
2018 |area inter-

Spitzer et al., Policy na |Habitat linvestigated |displacement |3 2 exploitative |inter 4 food |herbivore grazer Mammalia 3 years [field na 2 378 Sweden |forest
2021

Steinmetz et | protected na |Habitat linvestigated |displacement |3 -1 both linter 3 food |carnviore predator | Mammalia 9 field 351 km”2 39 128 Thailand |forest

al., 2013 |area months

Suazo et al., restoration 0 Species conclusion coexistence |1 0 na linter 3 Ispace jomnivore na multiple 10 field 6475ha |1 360 USA Iscrubland
2009 months

Suski et al., restoration |0 community | conclusion decline 2 -1 both linter community food |multiple 'multiple multiple 8 weeks laboratory|na 3 48 Colombia  |freshwater
2018

Tarjuelo et al., |Policy na | Habitat conclusion coexistence |2 1 na intra- and ,community/space multiple |multiple Aves 5 years [field na 15 120 Spain lagriculture
2021 inter-

Taylor et al., |introduction |0 Species conclusion coexistence |1 0 na lintra 1 food |carnviore predator  |Actinopterygii 12 days (field 800 km~2 |1 8 Australia estuary
2017

Teck et al., protected |6 Habitat conclusion decline 2 -1 |exploitative |inter 2 both |herbivore|grazer Echinodermata 3 years (field na 30 |143 USA marine
2017 area

163



Thorsen et al., |eradication |0 community |conclusion decline -1 |na linter 2 food Jomnivore multiple multiple na field 210 ha |1 na Seychelles |heterogenous
2000

Tian et al., protected 52 [Habitat linvestigated | coexistence 0 |interference inter community both |multiple 'multiple multiple 11 field 32297 33 33 China [forest
2019 larea months hm”2

Toledo- protected | na [Habitat conclusion decline 0 na linter community food |multiple 'multiple multiple 2 years [field na 6 432 Canary marine
Guedes et al., jarea Islands

2014

Trabaetal.,, |protected |33 |Habitat conclusion displacement -1 linterference inter 6 both 'multiple |multiple Mammalia 1 month [field 245ha |10 2000 |[Tunisa desert
2016 larea

Tuboi and protected |na |Habitat conclusion decline -1 na lintra 2 food |herbivore grazer Mammalia 2 years (field 40 km”2 |1 18 /India grassland
Hussain, 2019 |area

van Beeck protected na |Habitat conclusion decline -1 na linter community food |multiple 'multiple Mammalia 1year [field na 209 418 Europe multiple
Calkoen et al., jarea

2020

van Keeken et |protected [na |Species linvestigated |displacement -2 na intra- and .community both |carnviore predator | |Actinopterygii 101 field na 1 na North Sea  |marine
al., 2007 larea inter- ears

Van biological |0 Habitat linvestigated | coexistence -1 both linter 2 other 'omnivore|parasite  |Insecta na field na 2 396 Argentina  |captive
Nieuwenhove |control

etal., 2016

Wallach et al., |protected |na |Species conclusion decline -1 [na linter 3 food |multiple 'multiple multiple na field na 9 1476 |Australia multiple
2009 |species

Wallgren et al.,|protected |23  [Habitat conclusion displacement -1 |exploitative |inter community food |multiple 'multiple Mammalia 1year [field 40000 13 8409 |Botswana | savannah
2009 |area km~2

Walsh et al.,, |protected |0 Species conclusion density- -1 |na lintra 2 |space |[carnviore predator  |Actinopterygii 13 years field na 1 na Canada marine
2004 |species dependence

Walton et al., |restoration |9 Habitat linvestigated |displacement -1 |na linter 3 food |carnviore predator Malacostraca 3 years [field 147.5ha 4 810 Phillippines |mangrove
2007

Wang etal., |protected |na |Species linvestigated | displacement -2 |interference |inter 1 food |carnviore predator |Mammalia 120 field 4858 356 [85454 China heterogenous
2018 area days km”2
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Wang etal., |protected [na |Species conclusion displacement |2 -1 |interference |inter food |carnviore/predator | Mammalia 1year [field 5000 356 114854/China heterogenous
2017 area km~2

Wangdi et al., |protected |14 |Species conclusion displacement |1 -2 linterference |inter food |herbivore grazer Mammalia 5 field 740.60 |5 1520 |Bhutan heterogenous
2019 larea months km»2

Wolfenden et |protected |32 |Species linvestigated |decline 3 -2 linterference |inter Ispace |multiple 'multiple Aves 3 field na 3 82 Mauritius  [forest

al., 2015 |species months

Zhang et al., | Artificial 39 |Species linvestigated |coexistence |3 -2 linterference |intra other 'herbivore|grazer Mammalia 2 years |laboratory|na 2 18 China captive

2021

Zielinski et al., |protected na |Habitat linvestigated |decline 3 -2 linterference |inter both carnviore|predator |Mammalia 12 years field na 1 33519 USA na

2017 |area

Zuccarino- protected |0 Species conclusion decline 1 -1 na lintra food |multiple 'multiple Actinopterygii 28 years field 925 km~2 61 854 USA |freshwater
Crowe et al., |area

2016
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Appendix A.3. A bar graph detailing the number of taxa at the level of class that were recorded in the articles. The y-

axis shows the number of times that a class was the featured species in the articles.
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Appendix A.4. The reference list of articles analysed as part of the systematic review.
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Appendix B

Appendix for Chapter 3

Appendix B.1. The forest plot of bush rat model 4. The blue vertical line represents the zero-effect line. Red
horizontal lines on the negative side of the scale represent negative effects, blue horizontal lines on the positive side
of the scale represent positive effects. The black dot represents the posterior mean. Lines that cross the zero-effect
line represent non-significant results. The names for the variables match to the names used within the models, with
variables including “hu_" representing variables in the hurdle model (Table 3-1).
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Appendix B.2. The forest plot of common brushtail possum model 10. Red horizontal lines on the negative side of the
scale represent negative effects, blue horizontal lines on the positive side of the scale represent positive effects. The
black dot represents the posterior mean. Lines that cross the zero-effect line represent non-significant results. The
names for the variables match to the names used within the models, with variables including “hu_" representing
variables in the hurdle model (Table 3-2).
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Appendix B.3. The unconditional change in the abundance of common brushtail possums in response to the
increasing abundance of bush rats. The shaded regions represent the 95% credible intervals.
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Appendix C

Appendix for Chapter 4

Appendix C.1. The top variations of the 5 models within 2 AICc scores. The variable names match what was presented in Table 4-1. The AAICc column represents the

difference from the top-ranking model. The response variable with an asterix (*) represents the model variable that was selected as the most parsimonious (i.e., simplest of
the model variations within 2 AICc scores of the best fitting model). This model variation was the best fitting for all models except Model 4 (TV_time).

Response
Model 1
*RF_count

RF_count
RF_count
RF_count
Model 2
*RF_time
RF_time
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Model Format

~TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + lllumination + Rainfall

Zi = TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + lllumination + Rainfall

~TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + lllumination + Rainfall + years.since.fire
Zi =TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + lllumination + Rainfall

~TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + Illumination + Rainfall + TWI
Zi =TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + Illumination + Rainfall
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Model 4

TV_time ~ RF_count*Bin.Type + RF_time*Bin.Type + Time.Since.Rat*Bin.Type + lllumination + Rainfall + TWI

*TV_time ~ RF_count*Bin.Type + RF_time*Bin.Type + Time.Since.Rat*Bin.Type + lllumination + Rainfall

TV_time ~ RF_count*Bin.Type + RF_time*Bin.Type + Time.Since.Rat*Bin.Type + lllumination + Rainfall + TWI + years.since.fire
TV_time ~ RF_count*Bin.Type + RF_time*Bin.Type + Time.Since.Rat*Bin.Type + lllumination + Rainfall + years.since.fire
Model 5

*RF_eat ~TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + lllumination + Rainfall

RF_eat ~TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + Illumination + Rainfall + TWI

RF_eat ~TV_count + TV_time*Bin.Type + Time.Since.Possum*Bin.Type + lllumination + Rainfall + years.since.fire
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Appendix C.2. The summary GLMM results for model 1 (number of bush rat visits as the response variable). Term is
the variable of interest (Table 3.1), estimate is the estimated mean, std.error is the standard error. The confidence
levels correspond to the lower and upper 95% confidence intervals. The wrap.facet column informs whether the

variable was in the conditional or zero-inflated steps of the model.

term

scale(TV_count)
scale(TV_time)

Bin. Typesmall
scale(Time.Since.Possum)
scale(lllumination)
scale(rainfall)
scale(TV_time):Bin. Typesmall
Bin.Typesmall:scale(Time.Since.Possum)
scale(TV_time)

Bin.Typesmall
scale(Time.Since.Possum)
scale(lllumination)
scale(rainfall)
scale(TV_count)
scale(TV_time):Bin. Typesmall

Bin.Typesmall:scale(Time.Since.Possum)

estimate |std.error

-0.186

-0.023

-0.154

-0.073

-0.118

-0.185

0.0145

0.083

-0.448

1.676

-6.079

0.096

0.531

-1.262

0.356

5.061

0.005

0.002

0.291

0.004

0.002

0.003

0.006

0.005

0.055

1.455

0.455

0.038

0.035

0.055

0.082

0.491

conf.low

-0.195

-0.027

-0.725

-0.080

-0.123

-0.190

0.004

0.073

-0.557

-1.176

-6.972

0.022

0.463

-1.370

0.196

4.098

conf.high |[p.value

-0.177

-0.019

0.4168

-0.065

-0.114

-0.180

0.026

0.094

-0.339

4.527

-5.186

0.170

0.599

-1.154

0.516

6.024

0

1.06E-32

0.596

3.01E-75

0

0

0.007

7.96E-55

6.90E-16

0.249

1.29E-40

0.011

3.87E-53

1.15E-116

1.27E-05

6.96E-25

wrap.facet
conditional
conditional
conditional
conditional
conditional
conditional
conditional
conditional
zero_inflated
zero_inflated
zero_inflated
zero_inflated
zero_inflated
zero_inflated
zero_inflated

zero_inflated
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Appendix C.3. The summary GLMM results for model 2 (length of bush rat visits as the response variable). Term is
the variable of interest (Table 3.1), estimate is the estimated mean, std.error is the standard error. The confidence
levels correspond to the lower and upper 95% confidence intervals.

term estimate |std.error [conf.low |conf.high |p.value
scale(TV_count) -0.117 0.010 -0.136 -0.097 4.76E-33
Bin.Typesmall -0.133 0.138 -0.404 0.138 0.336
scale(TV_time) 0.173 0.006 0.1617 0.184 7.00E-197
scale(Time.Since.Possum) 0.092 0.011 0.070 0.113 3.49E-17
scale(lllumination) 0.024 0.007 0.011 0.037 0.0002
scale(rainfall) -0.059 0.006 -0.072 -0.047 2.16E-21
scale(TV_count):Bin.Typesmall 0.219 0.032 0.155 0.282 1.30E-11
Bin.Typesmall:scale(TV_time) -0.143 0.012 -0.167 -0.119 1.64E-32
Bin.Typesmall:scale(Time.Since.Possum) |-0.094 0.014 -0.122 -0.066 4.47E-11
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Appendix C.4. The summary GLMM results for model 3 (number of possum visits as the response variable). Term is
the variable of interest (Table 3.1), estimate is the estimated mean, std.error is the standard error. The confidence
levels correspond to the lower and upper 95% confidence intervals. The wrap.facet column informs whether the
variable was in the conditional or zero-inflated steps of the model.

term estimate |std.error iconf.low iconf.high |p.value |wrap.facet
scale(RF_count) -0.111 0.008 -0.127  -0.096 2.19E-45 |[conditional
Bin. Typesmall -1.165 0.755 -2.644 0.315 0.123 conditional
scale(RF_time) -0.130 0.006 -0.142  -0.118 2.40E-104 |conditional
scale(Time.Since.Rat) -0.050 0.002 -0.054 -0.045 2.22E-93 |conditional
scale(lllumination) 0.075 0.005 0.066 0.084 3.21E-59 |conditional
scale(rainfall) -0.052 0.005 -0.062 -0.042 4.09E-23 |conditional
scale(RF_count):Bin.Typesmall -0.066 0.023 -0.112  |-0.020 0.005 conditional
Bin.Typesmall:scale(RF_time) 0.131 0.013 0.106 0.155 3.31E-25 |conditional
scale(RF_count) -0.417 0.063 -0.540 }-0.293 3.81E-11 |zero_inflated
Bin.Typesmall 2.315 1.161 0.039 4,592 0.046 zero_inflated
scale(RF_time) 0.033 0.038 -0.042 |0.108 0.386 zero_inflated
scale(Time.Since.Rat) -5.275 0.384 -6.028 -4.522 6.72E-43 |zero_inflated
scale(lllumination) 0.524 0.037 0.451 0.597 7.26E-45 |zero_inflated
scale(rainfall) 1.275 0.031 1.214 1.335 0 zero_inflated
scale(RF_count):Bin. Typesmall 1.962 0.164 1.641 2.283 4.38E-33 |zero_inflated
Bin.Typesmall:scale(RF_time) -0.178 0.069 -0.314  -0.043 0.010 zero_inflated

Bin.Typesmall:scale(Time.Since.Rat) |0.143 0.875 -1.573 |1.859 0.870 zero_inflated
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Appendix C.5. The summary GLMM results for model 4 (length of possum visits as the response variable). Term is
the variable of interest (Table 3.1), estimate is the estimated mean, std.error is the standard error. The confidence
levels correspond to the lower and upper 95% confidence intervals.

term

scale(RF_count)

Bin.Typesmall

scale(RF_time)

scale(Time.Since.Rat)

scale(lllumination)

scale(rainfall)

scale(RF_count):Bin. Typesmall

Bin.Typesmall:scale(RF_time)

Bin.Typesmall:scale(Time.Since.Rat)
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estimate

-0.026

-0.126

0.174

-0.077

-0.158

-0.104

0.060

-0.115

0.094

std.error

0.011

0.140

0.006

0.007

0.007

0.007

0.035

0.017

0.014

conf.low

-0.047

-0.401

0.162

-0.090

-0.173

-0.118

-0.008

-0.149

0.066

conf.high |p.value

-0.005

0.148

0.187

-0.064

-0.143

-0.091

0.129

-0.081

0.121

0.017

0.367

2.72E-168

9.10E-32

2.77E-99

8.43E-49

0.084

2.39E-11

2.11E-11



Appendix C.6. The summary GLMM results for model 5 (length visits when bush rats are eating bait as the response
variable). Term is the variable of interest (Table 3.1), estimate is the estimated mean, std.error is the standard error.

The confidence levels correspond to the lower and upper 95% confidence intervals.

term

scale(TV_count)

scale(TV_time)

Bin. Typesmall

scale(Time.Since.Possum)

scale(lllumination)

scale(rainfall)

scale(TV_time):Bin.Typesmall

Bin.Typesmall:scale(Time.Since.Possum)

estimate |std.error

-0.075

0.218

-0.280

0.137

-0.062

-0.101

-0.180

-0.150

0.009

0.006

0.125

0.011

0.006

0.006

0.012

0.014

conf.low [conf.high |p.value

-0.093

0.207

-0.525

0.117

-0.074

-0.113

-0.203

-0.177

-0.058

0.229

-0.035

0.158

-0.049

-0.089

-0.157

-0.124

3.45E-17

0.025

2.03E-38

4.94E-22

1.17E-61

3.46E-53

2.38E-28
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Appendix C.7. Forest plots of the best fitting subsets of model 5 (length visits when bush rats are eating bait as the
response variable), showing the effect sizes and confidence intervals. Estimates in purple show negative effects and
estimates in yellow show positive effects. Error bars are the 95% confidence intervals, and bars that cross the vertical
prediction line demonstrate non-significant effects.
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Appendix C.8. A set of histogram plots detailing the spread of the raw data for each of the continuous selected
variables (RF_count, RF_time, TV_count, TV_time, Time.Since.Possum, Time.Since.Rat, RF_eat_time, lllumination,

rainfall).
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Appendix D

Appendix for Chapter 5

Appendix D.1. The number of samples collected by species, age, sex, and vegetation type.

188

Bush Rat Possum
Total 78 57
Sex
Male 27 Male 23
Female 39 Female 31
Not Recorded 12 Not Recorded 3
Age
Adult 46 Adult 50
Juvenile 9 Juvenile 1
Subadult 14 Subadult 3
Not Recorded 9 Not Recorded 3
Habitat
Casuarina 0 Casuarina 4
Forest 20 Forest 32
Heathland 4 Heathland 2
Rainforest 11 Rainforest 4
Scrubland 3 Scrubland 1
Sedgeland 6 Sedgeland 0
Shrubland 19 Shrubland 8
Woodland 15 Woodland 6




Appendix D.2. The list of identified diet items, separated by plant, invertebrate, and fungi, detailing the level of
resolution we were able to identify diet items to (i.e., species, genus, order).

Plant Invertebrate Fungi
Species Level Species Level Species Level
Avena genus Arthropoda phylum | Hysterangium genus
Rhithrogena Russula
Fabaceae family | hageni species | vinaceocuticulata | species
Hysterangium
Poales order Neuroptera order pterosporum species
Chondrogaster
Acacia genus Sciaridae family | pachysporus species
Schelhammera Mesophellia
undulata species | Pheidole genus oleifera species
Proteaceae family | Coleoptera order Cortinarius genus
Orchidaceae family Hymenoptera order Scleroderma genus
Russula
Poaceae family | Diptera order floriformis species
Protoglossum
Bossiaea genus | Anonychomyrma | genus | niphophilum species
Apiaceae family Phoridae family | Mesophellia genus
Thaxterogaster
Patersonia glabrata | species | Araneae order dulciorum species
Pittosporaceae family | Olios genus Russula genus
Symplecta
Pinus genus | pilipes species | Timgrovea genus
Russula
Rutaceae family | Hemiptera order purpureoflava species
Cortinarius
Oleaceae family | Solenopsis genus clelandii species
Rubiaceae family | Apis mellifera species | Russula foetens species
Dracaena genus Cecidomyiidae family | Austrogautieria genus
Glycine genus | Diplonevra genus | Hallingea genus
Camponotus
Elaeocarpus genus | intrepidus species | Chondrogaster genus
Malajczukia
Eustrephus latifolius | species | Chloropidae family | amicorum species
Diarsia Cortinarius
Viola genus | intermixta species | beeverorum species
Zoysia macrantha Persectania
subsp. walshii species | ewingii species | Gymnomyces genus
Asparagus
aethiopicus species | Idiodes apicata species | Russula sinuata species
Liparophyllum Arcangeliella
exaltatum species | Tetranychidae family | claridgei species
Acacia Ixodes
nematophylla species | holocyclus species | Gyroporus genus
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Octaviania

Crassula genus Braconidae family tasmanica species
Mimaglossa Inocybe

Casuarina genus | nauplialis species | bulbinella species
Sphaleractis

Smilax genus eurysema species | Fistulinella genus

Myrtaceae family

Spiranthes sinensis

var. amoena species

Asparagales family

Acacia bellula species

Cinnagrostis viridis | species

Asteraceae family

Caryophyllales order

Eucalyptus

vernicosa species




Appendix D.3. The Principal Component Analysis (PCA) plots detailing the clustering of samples based on if they are
either bush rats or possums to demonstrate the similarities between the diets of each species. Each point represents
an individual animal’s diet, with colours and shapes indicating if the animal is a bush rat or possums. The axis (PC1
and PC2) represents the first two principal components, highlighting the main sources of variation in the dataset. (a)
The overall PCA, with PC1 explaining 24.1% of the variance, and PC2 explaining 16.6% of the variance. (b) The plant
diet PCA, with PC1 explaining 40.5% of the variance, and PC2 explaining 16.4% of the variance. (c) The invertebrate
diet PCA, with PC1 explaining 33.4% of the variance, and PC2 explaining 22.3% of the variance. (d) The fungi diet

PCA, with PC1 explaining 53.3% of the variance, and PC2 explaining 9.7% of the variance.
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