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ABSTRACT

Fire is an important ecological driver and widely used land management tool that alters
habitats across the globe. Animals are often most affected by fire indirectly through its
effects on resources. However, the interrelationship between fire, resources and animals
is complicated as these phenomena interact at various spatial and temporal scales. This
thesis aims to determine the influence of fire, environmental gradients and habitat and
food resources on small mammals. | used complementary approaches to achieve this: |
investigated occurrence, diet and resource selection, and studied this at multiple spatial
scales. An introduction, three data chapters, and a synthesis make up my thesis;

summaries of each data chapter are as follows.

In Chapter 2, | investigated the influence of post-fire age, environmental gradients and
resources on the occurrence of small mammals. Elliott trapping and habitat surveys
were carried out, and Generalised Linear Models (GLMs) were used in analysing the
relationship between the variables across different spatial scales. Habitat resources
better predicted small mammal occurrence than time since fire or food availability
(invertebrate biomass). Strong environmental gradients and the weak relationships
between fire and resources likely drove the lack of fire responses. This chapter
highlights the importance of habitat resources in facilitating species persistence in fire-

prone landscapes.

In Chapter 3, I investigated the diets of small mammals and how the diets changed over
time after fire. I analysed small mammal scat using eDNA metabarcoding technology
to obtain high-resolution taxonomic information. The results showed a diverse array of

small mammal diet items, and overall diets were different for each species. | found out



that the diet of one predominantly insectivore focal species (yellow-footed antechinus,
Antechinus flavipes) also included substantial amounts of plant matter. Overall, the
diets of the three focal species changed to different degrees with respect to different
post-fire growth stages. This chapter provides insights into the dietary requirements of
three native mammal species and changes in resource use over time after a fire, guiding

land managers to reduce fire impacts on small mammals across the landscape.

In Chapter 4, | investigated the resources selected by yellow-footed antechinus in
foraging events within their home ranges. Individuals were radio tracked and foraging
locations compared to random locations in the landscape. Findings suggest that
individuals selected locations with denser vegetation for foraging, potentially as a
predator avoidance strategy. Further studies, such as experimental manipulations are
required to determine how study species use structural resources depending on changes

in vegetation cover caused by disturbances such as fires.

An understanding of the different resource requirements of animals is essential for
developing successful conservation and land management plans. This thesis
emphasizes the importance of acquiring comprehensive ecological information on
species resource selection, especially the importance of diet and dietary resources. This
thesis highlights the importance of using complimentary approaches such as live
trapping, radio tracking and novel eDNA metabarcoding to understand
interrelationships between resources and small mammals in post-fire environments at
multiple scales. The approaches and findings of this thesis can guide conservation

actions in post-fire environments.
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PREFACE

General Introduction

My thesis consists of three data chapters (Chapter 2, Chapter 3 and Chapter 4) an
introductory chapter (Chapter 1) and a synthesis chapter (Chapter 5). The three data
chapters have been prepared in manuscript format and one of which (Chapter 3) is
published in the journal Ecology and Evolution. I am the lead researcher and principal
author and | led field work data collection, analysis and writeup. My co-authors on each
paper all contributed to designing the study, planning field work, and collecting data,
carrying out statistical analysis, interpretation and consolidation and revising the
manuscripts (Table 1). Chapter 1 includes the introduction and the conceptual model
that binds the three data chapters within the thesis. Chapter 5 provides a synthesis where

the three data chapters are summarised and discussed in a broader perspective.

The thesis does not contain an initial chapter explaining the study sites and common
methodologies given that the data chapters (Chapter 2, Chapter 3 and Chapter 4) are
arranged and written in the manner of standalone papers. This resulted in somewhat of
an overlap among the three data chapters specifically regarding the study sites and
methodologies. Throughout Chapters 2 to 4 I used the plural pronoun ‘we’ to be aligned
with the contribution of co-authors for the three manuscripts. To ensure the stylistic
cohesion throughout the rest of the thesis, | used the first person pronounce ‘I’ in

Introduction (Chapter 1) and Synthesis (Chapter 5).



The research was carried out under the university of Melbourne Animal Ethics
Committee 1D 1614071 in compliance with the Australian Code for the Care and Use
of Animals for Scientific Purposes. Field work was conducted under the National Parks

Act (permit number 10008227).
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Table 1 The contribution to the three data chapters

Thesis Co-authors and manuscript title My contribution

Chapter

Chapter 2 Wanniarachchi, S., Smith, A., Sitters, H., Di Wanniarachchi, S. 70%
Stefano, J., York, A. and Swan, M. (In prep).

Small mammals respond more strongly to

environmental gradients and habitat resources

than fire history and foraging resources in a

woodland ecosystem.

Contributions: SW, AY and MS developed
the concept and the study design. AY, JD, HS
and MS developed the idea and secured
funding for the larger landscape scale project
wherein this project was nested. SW and AS
led the field work jointly for two separate
manuscripts and two data sets with an overlap.
SW analysed the data with assistance from MS
and AY. SW lead the writing of the manuscript

with the editorial guidance from AY and MS.

Chapter 3  Wanniarachchi, S., Swan, M., Nevil, P., and Wanniarachchi, S. 80 %

York, A. (2022) Using eDNA metabarcoding

to understand the effect of fire on the diet of

vii



small mammals in a woodland ecosystem.

Ecology and Evolution, 12, €9457. DOI:

10.1002/ece3.9457

Contributions: SW, AY and MS developed the
concept and the study design. SW led the field
work and data collection. SW, MS, PN and
AY contributed to funding acquisition for the
molecular work and creating the methodology.
SW analysed the data with assistance from AY
and MS. SW wrote the manuscript with

editorial assistance from MS, PN and AY.

Chapter 4  Wanniarachchi, S., York, A., and Swan, M. (In  Wanniarachchi, S. 80%

Prep). Fine-scale resource selection of Yellow-

footed Antechinus (Antechinus flavipes) in

south-west Victorian heathy woodlands.

Contributions: SW, MS and AY developed the
concept and study design. SW led the

fieldwork and data collection. SW analysed the
data with assistance from MS and AY. SW led
the writing of the manuscript with the editorial

guidance from AY and MS.
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My PhD was funded by a Melbourne Research Scholarship from the University of
Melbourne which included full tuition remission, living allowance, relocation
allowance and visa-length overseas student health cover. Additionally, I was able to
secure the following scholarships and research grants from multiple funding bodies to

carry out field work and laboratory work to complete my thesis.

e Parks Victoria Applied Park Management Research Scholarships — Granted
by Parks Victoria, State of Victoria (2019)

e Holsworth Wildlife Research Endowment (awarded to Australian
postgraduate students who are conducting field work on Australian native
plants and animals; conservation biology and biodiversity studies; or
wildlife management, Awarded by Ecological Society of Australia
partnered with Dr Bill Holsworth.) - (2019 Round 1, 2020 Round 1, 2021

Round 1)

Furthermore, | was able to secure the 2022 Science Abroad Travelling Scholarship
(SATS), awarded by the School of Ecosystem and Forest Sciences, The University of

Melbourne, to present findings of this thesis at an international conference (INTECOL).

The list of conferences | presented at are as follows.

e Wanniarachchi, S., Swan, M. and York, A., (2019). RESOURCE
SELECTION OF SMALL MAMMALS IN POST-FIRE
ENVIRONMENTS, SEFS (School of Ecosystem and Forest Sciences)

Graduate Student conference, Creswick, Australia (2019).



Wanniarachchi, S., Swan, M. and York, A., (2019). RESOURCE
SELECTION OF SMALL MAMMALS IN POST-FIRE
ENVIRONMENTS, Ecological Society of Australia (ESA) Annual
Conference: Poster Presentation, Open Forum. Launceston, Australia.
Wanniarachchi, S., Swan, M., York, A. and Nevil., P., (2020).
RESOURCE SELECTION OF SMALL MAMMALS IN POST-FIRE
ENVIRONMENTS, Ecological Society of Australia (ESA) Annual
Conference (Virtual): Symposium: Speed talk, Perspectives on a changing
landscape of fire. Australia.

Wanniarachchi, S., Swan, M. and York, A., (2021). FIRE AND HABITAT
RESOURCES INFLUENCE ON OCCURRENCE OF SMALL
MAMMALS IN AN AUSTRALIAN WOODLAND ECOSYSTEM,
Ecological Society of Australia (ESA) Annual Conference (Virtual): Open
forum: Speed talk, Fire Ecology. Australia.

Wanniarachchi, S., Swan, M., Nevil, P., York, A., (2022) USING E-DNA
TO UNDERSTAND THE EFFECT OF FIRE ON THE DIET OF THREE
SMALL MAMMAL SPECIES, International Association for Ecology

Conference (INTECOL), Geneva, Switzerland.



COVID 19 IMPACT STATEMENT

Due to the COVID 19 pandemic, significant disruptions occurred in completing this
thesis. In March 2020, restrictions were imposed throughout Victoria (Australia), with
travel restrictions and lengthy stay-at-home orders occurring during that time. This
resulted in campus closure with restriction on travelling for field work, recruiting
volunteers, using laboratory spaces and accessing field equipment. Additionally, one of
the most crucial aspects that affected this study was the cancellation of fieldwork

permits from Victorian Government authorities, which restricted access to study sites.

These restrictions resulted in major delays and ultimately a change in scope for the final
chapter of the thesis. Relevant disruptions and their impacts directly related to each of

the three data chapters (Chapter 2, Chapter 3 and Chapter 4) are listed below.

Chapter 2: Key experiments and data collection delayed

This chapter included an invertebrate counting, sorting and biomass weighing
component. Initially invertebrate counting was to be carried out by a Research
Assistant, yet with COVID 19 restrictions and campus closure they were unable to
access any facilities at the University, thus | needed to complete this task in my
accommaodation on campus (setting up a working station/laboratory at home following
safety guidance). Having to undertake this task in lieu of a Research Assistant led to

delays of two and a half months which impacted the progress of other chapters.
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Chapter 3: Major delays in data analysis due to changes of plans for data chapter 2.

COVID 19 did not directly influence this chapter, as the data had already been collected
before the pandemic. However, delays to the other two chapters led to delays in

finalising this chapter.

Chapter 4: Unable to undertake essential work due to travel restrictions. Key
Experiments delayed and analysis and writing delayed due to restrictions. Major

changes in the data chapter.

This chapter was the most significantly impacted chapter by the COVID 19 restrictions.
The radiotracking of yellow-footed antechinus was intended to occur in March 2020. |
was not able to carry this out due to fieldwork restrictions. | received approval to
recommence fieldwork from the University in June 2020. However, | was only allowed
to undertake research at a subset of study sites because of the cancellation of Parks

Victoria permits.

The late start resulted in a very short window to undertake the research. For ethical and

study design reasons | had to avoid spring and summer because,

. All male antechinus in the population die off in mid to late August leaving only
lactating females and pouch young.

. Ethics did not permit us to collar lactating females.

. Juvenile antechinus in summer were too small to radio collar as individuals
needed to be > 28g.

. Juveniles disperse in summer which would interfere with the results.

University requirements around volunteers were restrictive at this time — they had to be

University staff or students and needed additional COVID 19 training. It was a
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requirement of all fieldwork that | was accompanied; however, the restrictions made it
extremely difficult to recruit people. This, plus the frequently changing rules and
administrative hurdles, led to delays in multiple field trips. Also, low trapping rates
meant that | could not successfully collar sufficient numbers of animals in a timely
manner. This did not allow me to offset losses from collar failures which are common
in radiotracking studies. Furthermore, some animals were captured later in the season
than optimal, with some disappearing (predation, male die-off) before sufficient data

could be collected.

All of this resulted in a smaller sample size than | had hoped, and this reduced the
possible study scope. Therefore, | could not compare differences among fire treatments.
Also, a significant component of the planned research had to be abandoned. Initially, |
had two study designs with a correlative approach to identify the exact resources
selected within the home range, followed by an experimental design to understand the
mechanistic links between activity and resources. The planned experimental study was
to use a before-after control-impact (BACI) study, adding or subtracting relevant
resource attributes, thus enabling causative relationships between resources and home
range to be determined. Some comments on this abandoned research plan are provided
in the synthesis as future research ideas. Despite the delays and constraints, | was able
to carry out a suitable alternative to the planned analysis for Chapter 4. It was not
possible to attempt to redo the study in 2021 due to a limited time window | have as an

international student on a visa in Australia.
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measurement plots within the 200 m transect of each site. A-Twenty-five small
Elliott Traps (33cm x 10cm x 10cm) were placed approximately 8 m apart along
the transect while five pitfall traps were set up every 50 m and 10 m parallel to
the transect, b-Habitat structure attributes were measured using five 5x5 m2
plots, spaced at 50 m intervals, 5 m right and parallel to the transect that was
used for mammal trapping, in each habitat plot vegetation structure and logs
were measured using the point intercept method within 16 points along each arm.
Litter was collected 1 m away from the central point of three quarters within the
PLOT. bbbt 30

Figure 2. 5 Relationships between time since fire and habitat variables from
Generalized Additive Models. Only models that were statistically significant at
the 0.05 level are shown. The Solid line indicates the predicted values, grey
ribbon indicates the Cl 95%. Raw data are indicated by the blue dots................ 45

Figure 2. 6 Responses of top two Generalized Linear Models for yellow-footed
antechinus and bush rat. A and B = yellow-footed antechinus (YFA) top two
models, C and D = bush rat (BR) top two models (YFA PO — yellow-footed
antechinus probability of occurrence, BR PO — bush rat probability of
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1. INTRODUCTION

Fire is considered both a natural and an anthropogenic disturbance that is a fundamental part
of many ecosystems (Scott et al., 2013; Geary et al., 2020). Apart from natural ignition sources
such as lightning strikes creating fires (Yang et al., 2015; Bates et al., 2018), humans have been
using fire for managing the landscape for millennia (Gill, 1975; Bates et al., 2018; Gott, 2005).
At present, land managers and ecologists are using fire as a tool to reduce wildfires risks and
to promote biodiversity (Gill, 1975; Whitehead et al., 2003; Penman et al., 2011). Fire-
mediated landscapes are adapted to different fire regimes and retain a suite of fire adapted
plants and animals (Whelan, 1995; Burrows, 2008; Pausas & Parr, 2018), yet natural fire
patterns are changing due to human induced climate change (Ward et al., 2020; Abram et al.,
2021). Future climate models are predicting a continued trend of warm, dry climates with
longer fire seasons and more hazardous fire weather for next few decades (Clarke & Evans,
2019; State of the Climate, 2020). Many plant and animal species are nominally threatened by
inappropriate fire regimes yet the mechanisms by which fire contributes to population declines
are often unclear (Kelly et al., 2020). Therefore, a detailed understanding of how fires are

affecting flora and fauna is important for conservation in a rapidly changing world.

1.1. Fires, animals and resources

Landscapes that are adapted to frequent fires retain a suite of fire adapted plants and animals;
and the habitats will go through successional changes where resources are altered spatially and
temporally (Whelan, 1995; Burrows, 2008; Pausas & Parr, 2018; Smith, 2018). Fire can
directly affect animals through mortality, reduced reproduction, displacement and emigration
(Brown et al., 2013; , Dickman, 2021; Jolly et al., 2022). This will depend on the fire severity,
mobility and life-stage of the animal (Whelan, 1995; Kelly et al., 2017a). At the same time,
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some species can persist within post-fire habitats, although fire could reduce the habitat
attributes that provide food and shelter which will increase the predation risk (Swinburn et al.,
2007b; Flanagan-Moodie et al., 2018). However, some species are attracted to recently burnt
environments due to the newly shaped resources (e.g., certain invertebrates that feed and
reproduce in post-fire environments and insectivorous birds that prey on them; Whelan, 1995).
Thus, responses to fires vary among species according to their life-history strategies as well as

to components of the fire regime.

Spatial and temporal characteristics of fire such as frequency, severity, seasonality,
heterogeneity and magnitude that make up the fire regimes will facilitate resource changes;
with different regimes affecting the biota in different ways (Gill, 1975; Keeley et al., 2011;
York et al., 2012; Kelly et al., 2017a). Low severity fires occurring in the appropriate season
can bring short term increase in resource availability such as the growth and regeneration of
plants while preserving the canopy vegetation. In a study carried out in a mixed foothill forests
low severity spring burning increased the resprouting of plants and autumn burning favoured
the recruiting of reseeding plants (Management and Environment, 2003). Therefore, in short-
term, recovery will be much more rapid creating renewed resources for animals such as fresh
food sources. In contrast a severe fire can result in a large nutrient outflows creating nutrient
deficiencies in the landscape and causing mortality by tissue damage or suffocation from smoke
(Neary et al., 1999; Whelan, 1995). As examples, Persoonia hirsuta (Proteaceae) communities
subjected to high severity fires showed a significant increase in seedling dieback and mortality
(Andres et al., 2022) and smoke from bushfires caused mortality in a captive population of an
endangered Pseudomys fumeus (Smoky Mouse) (Peters et al., 2021). The change of season can
alter population dynamics by impacting adult survival, propagule availability, and the
establishment of seedlings after a fire (Platt et al., 2015; N’Dri et al., 2018; Miller et al., 2019).

For example, fire in spring and early summer can prevent seed production and recruitment of



the endangered Rutidosis leptorhynchoides (Button Wrinklewort) and Leucopogon exolasius
(Woronora Beard-heath) (Knox and Clarke, 2006; Mark et al., 2007). In environments where
fires are occurring at frequencies different to historical cycles, it is possible for subsequent fires

to disrupt this recovery process, resulting in population declines or extinctions (Keith, 2012).

Populations respond to individual fire events, whereas species assemblages respond to long-
term fire regimes (Whelan, 1995; Kelly et al., 2017a). The Habitat Accommodation Model
(HAM) was proposed by Fox (1982), which suggests that species enter succession after a
disturbance when the habitat resource conditions are adequate for them; eventually, when the
conditions no longer meet the requirements of the species, they are replaced by species that are
able to adapt to the changed conditions (Fox & Taylor, 2001). Therefore, in fire-mediated
landscapes, change in resources are influential in driving animal occurrence, abundance and
diversity (Zylinski et al., 2022). A comprehensive study of both resources and animals in fire-
mediated environments is therefore essential in order to understand the effects of fires on

animal communities.

1.2. Resource selection

Understanding interrelationships between fire, resources and animals is complicated by the
various scales at which these phenomena operate and interact. The resource selection process
is multi-scale or hierarchical in space and time (Mayor et al., 2009; Pavlacky et al., 2012).
These scales can vary from larger areas of landscapes where certain types of resources are
present or required in longer timeframes, to small-scale resources that are present and utilized

in shorter timeframes (Mayor et al., 2009).

A useful framework in this context is the different Orders of Resource Selection introduced by

Johnson (1980), whereby different spatial scales of resources are defined geographically



(Figure 1. 1). The First order of selection is the geographic range of a species, generally the
distribution of species defined by climatic and environmental conditions such as rainfall,
temperature, wind and soil conditions. Second order of selection is the selection of home range
of an individual or a social group (Meyer & Thuiller, 2006) within a landscape. Characteristics
of the home range could vary depending on the sex, maturity state and resource requirements
in the season (Haris et al., 1990). Third order of selection is the specific habitat resources an
individual uses within its home range; selection of this order will depend on the resource
heterogeneity of the home range patch. Fourth order of selection is the actual procurement of
a particular resource within the third order resource such as food items or the usage of a hollow

in a tree within the home range (Johnson, 1980; Brennan et al., 2019).

For example, the mountain caribou (Rangifer tarandus caribou) in British Columbia selects
northernly aspects or a northernly distribution at the larger geographical scale - First order.
Within that geographical range, animals were found in high elevation landscapes with low site
productivity - Second order. In these landscapes, this species selected the areas with high
canopy closure and older cedar and hemlock forests - Third order (Apps et al., 2001).
Therefore, resource selection of the same species could lead to varying conclusions, an animal
could be selecting different resources at different scales. Not all critical resources will be
detected when viewed at a specific scale (Johnson, 1980). Ecological relationships cannot be
scaled up or down, therefore resource selection should be studied at multiple levels in order to
understand the full characteristics of the resource usage of a species (Mayor et al., 2009). It is
common in landscapes that are subjected to disturbances that resources are arranged in patches
and as a result resources may not be distributed evenly (Mayor et al., 2009; Kolka et al., 2014,
Pellegrini et al., 2018; Dorph et al., 2021). As such, an individual must make decisions about

how to exploit the resource environment in various situations such as the presence of



competitors or predators in order to take advantage of the resources available (Arcis & Desor,

2003; Koike et al., 2008; Donihue, 2016).

First Order Selection
Physical and geographical range of species
(geographical range)

o
»

Regional distribution

Second Order Selection
Selection of use area conditional (home range)

Third Order Selection

Use of a component within the home range
(vegetation cover)

Spatial scale

Fourth Order Selection

Use of a particular resource within the home
range (nesting tree)

Patch within a home range

Figure 1. 1 Graphical representation of the four orders of resource selection; First order of
selection is the geographic range of a species, generally the distribution of species in this order
is defined by the climatic and environmental conditions such as rainfall, temperature, wind and
soil conditions. Second order of selection the selection of home range of an individual or a social
group. Third order of selection are the components within the home range that are being
selected and Fourth order of selection is the selection of a particular resource within the home
range (Johnson, 1980; Mayor et al., 2009).



1.3. Australian context of fire, resources and animals

In Australia, fire has been used as a tool for shaping and manipulating the landscape for
millennia by the Indigenous Australians to create resource-rich habitats. Currently, prescribed
fires are carried out by many land managers to reduce the risk of wildfires and to promote
biodiversity (Gill, 1975; Whitehead et al., 2003; Cheal, 2010). With the adverse effects of
climate change, inappropriate fire regimes are an increasing risk (Hughes, 2010; McDonald,
2020), therefore, knowledge on successional processes after fires and how animals are
responding to resource changes across landscapes is critical for conservation management

(Browning et al., 2010).

Australian small mammals are an excellent group of animals to study changes following a fire,
with information on habitat selection revealing complex relationships between species,
resource partitioning, and competition between sympatric populations among small mammals
after a fire (Dickman, 1991a; Yunger et al., 2002; Menkhorst, 2011; Fordyce et al., 2016;
Nalliah et al., 2021). However, there has been changes in the distribution and population size
of many species, and niche utilization has been altered (Kelly & Bennett, 2008; Bilney, 2014;
Kelly et al., 2020). One key factor recognized as responsible for the decline is inappropriate

fire regimes (Converse et al., 2006; Di Virgilio et al., 2020).

Many studies have shown that the composition of animal communities and/or the abundance
of animals and their behaviour vary greatly between burned areas, regenerating areas and
unburnt areas (Gill et al., 1999; Dawson et al., 2007; Lees et al., 2021), however functional
mechanisms/ mechanistic links responsible for these patterns are still not well understood in
the context of fire resources (specifically food) and within the context of the hierarchical
manner of resource selection (Mayor et al., 2009, McElhinny et al., 2006 Pavlacky et al., 2012,

Southgate & Carthew, 2006).



Resource selection hierarchy could be a useful framework for understanding interrelationships
between fire, resources and different animal species (Pavlacky et al., 2012, Mayor et al., 2009).
Undertaking studies at multiple scales and considering the various resources that animals need

is important for generating information that can be used in conservation management.

Many studies have examined the relationships between fire, resources (especially habitat
structure) and small mammals (see (Flanagan-Moodie et al., 2018, Nalliah et al., 2021,
Gonzalez et al., 2021)). However, many studies utilise approaches that are consistent with the
second and third order of habitat selection. Fewer studies have investigated the fourth order of

habitat selection, especially regarding diet and the procurement of food resources.

Recent studies have indicated the importance of patch-scale habitat structure and food
resources in driving small mammal fire responses (Di Stefano et al., 2014, Swan et al., 2015,
Nalliah et al., 2021). Generally, habitat structure refers to the identity and spatial arrangement
of biotic and abiotic components that are important for a species. The selection of habitat
structures is an individual choice, but it will eventually be demonstrated in the distribution and
abundance of species (Stapp, 1997). Various structural characteristics directly affecting
animals will be determined by the forest strata in which the animal lives and the taxonomic
group to which it belongs (McElhinny et al., 2006). Similarly, the availability and selection of
food directly influences the survival and persistence of animals and, in turn, are reflected in
patterns of abundance in animals (Whittaker et al., 1973, Broughton & Dickman, 1991). A diet
analysis would provide us with the opportunity to directly identify the food usage of a given
animal, which can then be used to examine the fine-scale patterns of resource selection of the
species (Southgate & Carthew, 2006). However, very little is known about food acquisition
and the usage of structural resources at a fine scale within home ranges and how these resources

are utilized in different post-fire ages.



1.4. Thesis aims

The overarching aim of this thesis is to determine the influence of fire, environmental gradients
and habitat and food resources on small mammals. To accomplish this, a conceptual model was
created based on past literature, defining links between major drivers of small mammals at
multiple scales (Figure 1. 2). This model was then used to frame a series of questions relevant

to the aims.

Specifically in this thesis | address three key questions:

1. What are the links between time since fire, environmental gradients, habitat resources and

small mammal occurrence?

2. What are the diets of small in post-fire environments, are there any dietary changes post-

fire and what are the nature of these changes?

3. What are the fine-scale structural resources selected by small mammals while foraging?

Collectively the research carried out in this thesis is important in several reasons. Firstly, as the
assessment of the usage of resources across multiple scales is an important yet regularly
overlooked component, due to the time-consuming field-based data collection involved such
as live trapping of individuals and radio-tracking studies. | looked at multiple scales of resource
selection staring from the second order of resource selection to the fourth order of resource

selection.

Secondly, although diets are one of the crucial parts of animal ecology and could be a major
determinant in the persistence of populations, studies on diets of animals are limited, with few
studies on diets in post-fire environments. Studying animals inhabiting landscapes with

changing fire regimes require a lot of information about resource use, and one crucial factor to



understand is how fire might be influencing the diets. I carried out a novel and effective eDNA
metabarcoding study, which demonstrated the potential of incorporating diverse methods to
create more comprehensive studies in resource selection adding to the current body of

knowledge in ecology.

Focal species of this study belong to the family Muridae (bush rat, heath mouse and house
mouse) and Dasyuridae (yellow-footed antechinus) (Smith, 1984, Cockburn et al., 1981,
Kemper et al., 2014, Vaughan, 1972). Dasyurid marsupials are native to the Australian
continent while Muridae are a family later introduces to Australia (Vaughan, 1972). Therefore,
the evolutionary adaptation of these two families may lead them to have different responses to
the resource environments posing their differences in physiology (Fisher and Dickman, 1993,
Yunger et al., 2002). Furthermore, the response of different resources to fire varies creating
variable resource environments for species to navigate (Gill, 1975, Fox, 1982, Santos et al.,
2014). Thus, understanding the differences in how these species use resources will further help

in advancing the knowledge from an evolutionary perspective.



First Order Selection/ Second Order Selection

Soil Precipitation Temperature
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Figure 1. 2 Conceptual diagram showing the possible interactions between the small
mammals in the study area for food, structural resources, fire, and environment variables
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1.5. Thesis structure

This thesis does not contain an initial chapter explaining the study sites and common
methodologies, as the data chapters (Chapter 2, Chapter 3 and Chapter 4) are arranged and
written in a manner to be submitted to peer reviewed journals as stand-alone papers. This
resulted in somewhat of an overlap among the three data chapters specifically regarding the
study sites and methodologies. Within the three data chapters, Chapter 2 focusses on the
landscape scale (second and third order of resource selection) resource selection while Chapter
3 and Chapter 4 are focusing on the fine scale (fourth order of resource selection) resource

selection in the study area.

The focus of each data chapter is outlined below,

Chapter 2:

Chapter Title: Small mammals respond more strongly to environmental gradients and habitat

resources than fire history and foraging resources in a woodland ecosystem

In this chapter I determine the interrelationships between fire, resources, and small mammals
at a range of spatial scales from the larger landscape scale to the smaller scale relevant to the
home ranges of small mammals. The four Australian small mammal species selected for this
chapter were: yellow-footed antechinus (Antechinus flavipes), heath mouse (Pseudomys
shortridgei), bush rat (Rattus fuscipes) and house mouse (Mus musculus). | looked at small
mammal occurrences and how they are influenced by environmental gradients, structural
resources, food resources and fire. Both environmental variables and habitat structural
resources were considered, with invertebrate biomass as a proxy of food resources. Time since

fire was used as the variable regarding fire history. Generalized linear models (GLMs) were
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developed to determine the relationship between environmental variables, habitat resources,

fire and small mammals.

The key predictions for this chapter are,

i At the landscape scale the distribution of the small mammal species will respond to
the environment gradients.

ii. At smaller local spatial scale, the occurrence of the small mammals will respond to
the patch scale resource availability, with the different species responding
differently.

iii. Time since fire will be a poor predictor compared to the other variables in

explaining the occurrence of small mammals

Chapter 3:

Chapter Title: Using eDNA metabarcoding to understand the effect of fire on the diet of small

mammals in a woodland ecosystem

In this chapter | utilized eDNA metabarcoding to obtain an improved understanding of the diet
of three native Australian small mammal species: yellow-footed antechinus, heath mouse and
bush rat in the study area. Additionally, I investigated how diets are changing over time after

fire.

The key predictions for this chapter are,
i eDNA metabarcoding will result in disclosing cryptic food taxa in the diets of the
three species.
ii. The diets of the three small mammals will be fundamentally different.

iii. Diets of each species will change over time after fire.

This chapter has been published in Ecology and Evolution:
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e Wanniarachchi, S., Swan, M., Nevil, P. & York, A. 2022. Using eDNA metabarcoding
to understand the effect of fire on the diet of small mammals in a woodland ecosystem.

Ecology and Evolution, 12, e9457.

The author-accepted version of the manuscript is presented here with some modifications to
match the style and formatting of this thesis. The content remains unchanged from the

published article.

Chapter 4:

Chapter Title: Fine-scale resource selection of yellow-footed antechinus (Antechinus flavipes)

in south-west Victorian heathy woodlands

In this chapter | examined how structural resources are being utilized by yellow-footed
antechinus in their home ranges while foraging. Yellow-footed antechinus were radio-tracked
while foraging, and the relationship between animal movement and habitat resources

investigated.

Due to the COVID 19 restrictions data collection for this chapter was severely constrained,
resulting in only a small set of radio-tracking data as a consequence of the small-time window

that was available for fieldwork.

The key predictions for this chapter are:
I Individuals will select some variables disproportionately to their availability within
their home range.
ii. Individuals will select coarse woody debris as a foraging substrate and will select
areas associated more understorey and hollow bearing trees in preference to more

open areas.
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Chapter 5:

Synthesis

In this chapter the results of the three chapters are summarised and discussed in a broader

perspective. Limitations and potential areas of future research are discussed.
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2. SMALL MAMMALS RESPOND MORE STRONGLY

TO ENVIRONMENTAL GRADIENTS AND HABITAT

RESOURCES THAN FIRE HISTORY AND

FORAGING RESOURCES IN A WOODLAND

ECOSYSTEM

2.1. ABSTRACT

Insufficient knowledge of species’ resource use after fire limits effective fire management
planning, especially as fires become more frequent and intense under climate change. There is
a complex three-way relationship between fire, resources, and fauna; these are further
complicated by broad-scale environmental gradients such as rainfall and temperature. This
study aims to determine the interrelationships between fire, resources, and small mammals at
a range of spatial scales. Elliott trapping was used to capture four species: yellow-footed
antechinus (Antechinus flavipes), bush rat (Rattus fuscipes), heath mouse (Pseudomys
shortridgei) and house mouse (Mus musculus) across a time since fire gradient at 111 sites. We
quantified habitat (vegetation structure) and foraging resources (invertebrates) at each site.
Generalized linear models (GLMs) were used to determine relationships between fire,
resources, and small mammal occurrence. Habitat resources were better predictors of small
mammal occurrence than time since fire, and there was no relationship between invertebrate
biomass and any of the four species. Each species showed preferences for specific habitat
resources such as tree hollows for yellow-footed antechinus and dense low vegetation cover
for heath mouse. The lack of fire responses was likely driven by the strong environmental

gradients and the weak relationships between fire and resources. Our work highlights the
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importance of resources in facilitating species persistence in fire-prone landscapes. Fire
management will be improved by developing a greater understanding of the resources that

species rely on and ensuring that fire management protects and improves these resources.

2.2. Introduction

Fire can be considered both a natural and an anthropogenic disturbance which is an integral
part of many terrestrial biomes (Scott et al., 2013, He et al., 2019, Geary et al., 2020); yet
natural fire patterns are changing due to human-induced climate change (Prichard et al., 2017,
Ward et al., 2020, Abram et al., 2021). Prolonged high temperatures coupled with irregularities
in rainfalls are producing climate extremes and anomalies, resulting in severe droughts and
bouts of sudden heavy rainfall, leading to changes in vegetation and fuel loads which are
precursors of fire (Flannigan et al., 2006, Di Virgilio et al., 2020, Abram et al., 2021). Thus,
spatial and temporal characteristics of fire regimes, such as heterogeneity, magnitude,
frequency, severity and seasonality (Whelan, 1995) are changing with severe wildfires
becoming more common in many parts of the world, disrupting natural cycles (Neary et al.,
1999, Johnson, 2007, Heinrichs et al., 2016, Di Virgilio et al., 2020, Wilson & Garkaklis,
2020). Nevertheless, fire can be used as a successful tool to modify and manage landscapes to
reduce the risk from wildfires and promote biodiversity (Gill, 1975, Whitehead et al., 2003,

Penman et al., 2011).

Many animals are closely dependent upon plant communities that reflect past fire regimes
rather than responding to fire itself, creating a complex three-way interaction between fire,
resources, and animals. Following a fire, plant communities change over time in terms of
productivity, composition and structure, with animal communities responding to these changes
(Fox, 1982, Smith, 2018). Alterations to historical fire regimes can become threatening to some

plant communities, as tree mortality could promote habitat loss (Fairman et al., 2016),
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furthermore changes to soil seed banks could create shifts in plant community composition and
structure (Cary and Morrison, 1995, Chick et al., 2016, Gallagher et al., 2021). Plant-derived
old-growth elements such as logs, hollows and leaf litter layers require time to develop and
accumulate; repeated fires can significantly deplete these resources on the forest floor (Miehs
etal., 2010, Aponte et al., 2014, Flanagan-Moodie et al., 2018). Ultimately, many animals rely
on these resources to complete their life cycles; yet time for these elements to develop will
depend on the past fire regimes in the landscape (Fox et al., 1979, Garden et al., 2007, Miehs

et al., 2010, Seibold et al., 2015).

Furthermore, species’ fire responses are complicated by environmental gradients such as
rainfall and temperature that are primary drivers of the distribution and abundance of many
animal species through their effects on vegetation structure and function (Masters, 1993, Lada
etal., 2013, Sitters et al., 2014). Additionally, species’ responses to fire can change depending
on varying environmental conditions in space and time. For example, a study of small mammal
relationships with time since fire found vastly different responses in dry versus wet years (Hale
et al., 2016). Similarly, the properties of fire regimes can interact with environmental
conditions to influence resources. For example, carbon pools are higher in unburnt forest soils,
promoting soil moisture retention and soil structure, affecting habitat productivity and

suitability (Kolka et al., 2014: Pellegrini et al., 2018).

Altered fire regimes have played a key role in mammal decline in Australia, which is well
established as the country with the highest mammalian extinction rate globally (Woinarski et
al., 2015, Hradsky, 2020). Small mammals, defined as species weighing less than 5 kg
(Stoddart, 1979), within this group the species in the intermediate weigh range 35 g to 5500 g
are one of the most extensively threatened yet widely studied groups (Chishlom & Taylor,

2007; Bilney et al., 2010: Woinarski et al., 2010: Burns, 2020).
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are particularly vulnerable to extinction according to the critical weight range hypothesis for

Australian terrestrial mammals.

They have been used widely as a suitable group of model organisms in ecological studies due
to their short life cycles, high reproductive rates, and traceable responses to successional
changes (Fox, 1982, Abramsky and Rosenzweig, 1984, Burt, 1943, Sutherland and Dickman,
1999). Recent studies on small mammals in post-fire environments in Australia have given
insight into how large landscape-scale characteristics such as pyrodiversity, habitat mosaics,
habitat complexity, and fuel loads are influencing mammal populations (Letnic et al., 2004,
Nimmo et al., 2013, Bowman and Legge, 2016, Kelly et al., 2017b). However, mechanistic
links between patch-scale resources and small mammals in post-fire environments are less well
known or based on broad-scale assumptions from more extensive landscape-scale studies
(Jorgenson, 2004, Clarke, 2008). Recent studies have indicated the importance of patch-scale
habitat structure and food resources in driving small mammal fire responses (Di Stefano et al.,

2014, Swan et al., 2015).

Habitat structure is defined as the identity and spatial arrangement of components in a
landscape or a patch and can be considered a resource unit that is being repeatedly used by an
animal (Manly et al., 2004). The selection of habitat structures is a decision made by an
individual, yet this will be eventually transferred to patterns of species distribution and
abundance (Stapp, 1997). Key structural features directly affecting the animal will depend on
the forest strata the animal occupies (McElhinny et al., 2006). Essential structural resources
identified as important features for small mammals include shrub cover, coarse woody debris,
and litter (Swinburn et al., 2007a, Flanagan-Moodie et al., 2018, Fox and Monamy, 1999,

Monamy and Fox, 2010, Morris et al., 2000).
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Food availability and selection similarly directly influence the survival and persistence of
animals (Whittaker et al., 1973, Broughton and Dickman, 1991, Manly et al., 2004). Food
resources of small mammals vary from plant material such as seeds, flowers, nectar, leaves,
bark and roots to other vertebrates and invertebrates (Carron et al., 1990, Kelly, 2006, Lada et
al., 2008, Di Stefano et al., 2014). Among these resources, invertebrates are a crucial
component in food webs, having complex links with plants and vertebrates and make up a large
proportion of ecosystem diversity (DiCarlo et al., 2019). Although relationships between
invertebrates and fire have been well studied in a number of post-fire environments (e.g. Gill
et al., 1999, Driessen and Kirkpatrick, 2017, Robson et al., 2018, DiCarlo et al., 2019, New et
al., 2010), only few studies have focused on interactions between fire, small mammals and

invertebrates (Day et al., 2019).

To accomplish successful management strategies, a thorough understanding of how fauna
respond to post-fire environments is required. It is therefore essential to further investigate links
between fire, resources, and small mammals at a range of spatial scales in fire-mediated
environments to evaluate future risks and potentially manipulate habitats to better conserve
small mammals (Kelly et al., 2011, Kelly et al., 2017b, Ward et al., 2020, Wilson and

Garkaklis, 2020).

2.3. Aims

The aim of this study is to identify patch-scale resource requirements of small mammals in
post-fire environments, specifically to determine species responses to variation in habitat and
foraging resources after fire across environmental gradients. We predicted that at the landscape
scale, the distribution of species will be in part, a response to environmental gradients. At

smaller spatial scale, we expect the occurrence/abundance of species will response to the patch-
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scale resource availability with the species responding differently due to their varying life

history strategies.
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Figure 2. 1 Conceptual diagram showing the possible interactions between the small mammals in the study area

for food, structural resources, fire, and environment variables used in the analysis
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2.4. Methodology

2.4.1. Study area

The study area is located in south-western Victoria to the west of the town of Casterton, across
an area of ~50000 ha. It lies within a roughly rectangular region bordered by the towns of
Edenhope (37°02°24” S, 141°17°20” E) and Dartmoor (37°55’41” S, 141°16°21” E) in
Victoria, and Naracoorte (36°57°21” S, 140°44°23” E) and Mount Gambier (37°49°23” S,
140°46°54” E) in South Australia (Figure 2. 2). This area includes lands managed by Parks
Victoria, the Department of Environment, Land, Water and Planning (DELWP), plantation
companies and private landholders. This study forms a component of a larger, landscape-scale
project studying the effects of fire and fragmentation on biodiversity (Delaney et al., 2021,
Nalliah et al., 2021). The project team previously established 28 circular “landscapes”, each
with an area of 19.6 km? (5 km diameter). The landscapes are positioned across the study area

to sample variation in the time since fire and native vegetation cover.

The predominant vegetation type is open heathy stringybark woodland (Cheal, 2010). The
basic forest structure can be described as open woodland where the canopy is dominated by
Eucalyptus species such as brown stringybark (Eucalyptus baxteri) and desert stringybark (E.
arenacea), with a sparse understorey dominated by grass trees (Xanthorrhoea australis and X.
caespitosa), Acacia spp., Banksia spp., grasses, heath shrubs, sedges and forbs (Duff et al.,
2013b). These woodlands occur on sandy nutrient-poor soils, displaying very low growth and
decomposition rates (Cheal, 2010). The elevation above sea level varies between 75-131 m.
The climate of the region is cool temperate with warm summers and cool to cold winters with
a mean annual rainfall of 647.9 mm and mean annual maximum and minimum temperatures of

20.2 °C and 8.3 °C respectively (Bureau of Meteorology, 2022). The area is an ideal location
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for studying the effects of fire and resource availability on fauna as the native vegetation is
highly flammable and has been subjected to planned and unplanned burns in the past, creating

a range of habitats varying in respect to time since last fire.

2.4.2. Site selection

Five sites were established in each landscape using a restricted random protocol to sample a
range of post-fire growth stages. These included sites that are 0.5 to 79 years post-fire, within
three vegetation types representing the three EVDs. Following Cheal (2010), post-fire age
classes were defined as: Renewal/Juvenility 0-2.5 years, Adolescence 2.5-10 years, Maturity
10-35 years, Waning/Senescence 35+ years after fire. For this study, we selected a subset of
the established sites (111 sites in total) using Arc Map 10.5.1. In each site, a 200 m transect
was established on a random bearing with a distance of 50-200 m away from access tracks
within the study area. Each site was well away from each other with a minimal distance of 1.5

km.

2.4.3. Mammal surveys

Twenty-five small Elliott traps (33cm x 10cm x 10cm) were placed approximately 8 m apart
along the transect within each site (Figure 2. 3: A). A piece of unbleached cotton was placed
in the trap as insulating material and the trap was covered with a plastic bag to protect trapped
animals from moisture. Traps were baited with a mixture of oats, peanut butter, golden syrup,
and pistachio essence and checked between sunrise and 10 am then closed during the middle
of the day to reduce stress and by-catch. Trapping was carried out for five consecutive nights
between November 2018 and March 2019 (Austral summer/autumn). Individuals caught were
identified to species level, weighed, head-body and tail length measured, sexed, and identified

as juveniles or adults. Individuals were given a unique identifiable mark (correction fluid) on
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the base of the tail to identify recaptures. After processing, individuals were released at the site

of capture.

2.4.4. Environmental variables and Fire

Annual mean temperature (B1O 1) and annual precipitation (BIO 12) data were extracted from
BIOCLIM-World climate database (spatial resolution of 30 seconds) (~1 km?), using data
averaged over 1970-2000 (Fick and Hijmans, 2017). Annual mean temperature denotes the
total energy inputs for an ecosystem while annual total precipitation approximates the total
water inputs and is a useful indicator of species’ distributions (O’Donnell and Ignizio, 2012).
Soil carbon content data was extracted from ISRIC world soil information database SoilGrids
250 m 2.0 and topmost soil carbon stock layer (0.0 to 0.05 m depth) was used in the analysis
(Hengl et al., 2017). Time since fire (TSF) which is the number of years since the last fire
recorded at a site in years was extracted from the Spatial fire history data sets dating from 1939

obtained from the Victorian Government Data directory (Data. Vic, 2018).

2.4.5. Habitat variables

Habitat structure attributes (Table 1) were measured at five 5x5 m? plots for all 111 sites,
spaced at 50 m intervals along the 200 m transect; 5 m right of the Elliott trapping transect
setups (to avoid trampled vegetation) (Figure 2. 3: B). In each plot, vegetation structure was
measured using the point intercept method at 16 sampling points positioned at 2 m intervals on
a cross-section, starting from the centre of the plot and extending out 8 m. A 2-metre structure
pole was held vertically at each sampling point and the presence or absence of 10 vegetation
functional groups was recorded within five height classes (Table 1). Leaf litter (leaves and soft
woody debris <20mm in diameter) was collected using three 35 cm diameter circular quadrats

positioned within the plot (Figure 2. 3: B), one metre from each corner of the plot. Collected
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litter was stored in paper bags and tagged within the detailed location, then samples were
transported to the laboratory where they were oven-dried at 70°C (for 48 hours) and weighed
to obtain dry biomass. The presence and the diameter of logs (>5cm diameter and >50cm long)
were measured along the four log assessment arms within the plot (Figure 2. 3: B). The decay
state of the logs was assessed based on the ability to support weight, resistance to a kick,
presence-absence of the bark, twigs, cracks, fungi, and state of the sapwood using a 3—point
scale: 1-non-decayed to 3—substantially decayed. Information on presence/absence of hollows,
fissures and charring of logs was collected. The basal area of live and dead trees (minimum
diameter 10 cm) was calculated using a Kramer’s dendrometer and distance to the closest
hollows bearing tree within each quarter of the 5x5 m? plot was measured. All variables were
chosen a priori based on known requirements of small mammals and previously defined

resources in the region (Williams and Faunt, 1997, Di Stefano et al., 2011, Nalliah et al., 2021).

2.4.6. Invertebrate sampling

Terrestrial invertebrates were sampled using pitfall traps at the same time as small mammal
trapping was carried out, with five traps set up on each site (111 sites), 10 m parallel to the
marked 200 m transects (Figure 2. 3). Traps consisted of plastic jars with a diameter of 6.5 cm
and a depth of 10 cm containing 150 ml of propylene glycol and ethylene glycol solution (1:1)
and sunk flush with the ground surface. A roof was created for each trap using metal spikes
and plastic plates to reduce contamination and evaporation. Traps were left open for 5 days.
Samples were collected and transported to the laboratory, then stored in 90% ethanol. Material
was sorted and quantified at different taxonomic levels (Invertebrate Orders) using a binocular
microscope and invertebrate identification keys (Lawrence and Britton, 1994, Shattuck, 1999,
Stevens et al., 2007). To obtain the biomass of invertebrate taxa, samples were initially air-

dried for 24 - 48 hours and then oven-dried in 70°C for 12 - 24 hours and weighed using an
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electronic balance. For this component of the overall project, data for all taxa were bulked

across the 5 traps at each site to provide an index of invertebrate food availability.

2.4.7. Data analysis

Data analysis was carried out within the R 3.6.3 (R Core Team, 2018) statistical environment,
and using “Minitab 17 (Minitab Inc., 2010) and “IBM SPSS” Statistics 26 statistical software
(IBM Corp, 2019). Environmental data (derived spatial data), habitat and food resource data
(obtained by habitat and invertebrate surveys) and small mammal data (from live trapping)
were used in the analyses. Time since fire (in years) at each site was included as the fire
variable. An exploratory data analysis was carried out for environmental and habitat data to
investigate the distribution of the data, and to identify trends and outliers. Relationships
between variables were examined; where there were groups of correlated variables (Pearson’s
r >0.6), a single representative variable from each group was selected for subsequent analyses.
Three environmental variables and 15 habitat variables were selected (Table 2). Selected
environmental variables and the spatial distribution of the small mammal species were mapped

to understand landscape-scale patterns using R package “ggplot 2” (Wickham, 2016).

We used Generalized Additive Models (GAMS) to investigate relationship between time since
fire and resources using the R package “mgcv” (Wood, 2011). We used either gaussian or
negative binomial distributions. We checked for overdispersions and gaussian assumptions
using the R package “DHARMa” (Hartig, 2017) and found no departure from assumptions. To
understand the relationship between small mammal occurrence, habitat and foraging resources,
environmental variables, and fire we initially constructed GAMs but found no evidence of
nonlinear relationships. We instead used Generalized Linear Models (GLMs) as this allowed

us to incorporate models more easily with interactions between continuous variables.
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Presence or absence of each small mammal species was used as the response variable. We
calculated daily detection probabilities to determine the rate of false absence and tested if
detection probability varied with time since fire by comparing a model with no detection
covariates to a model with time since fire using AIC. For this analysis package unmarked (Fiske
and Chandler, 2011). Overall detection ranged from 0.80 to 0.65 (Appendix A, a-2) however
it did not vary with the covariates of the interest thus it is unlikely to have substantially biased

our results (Hutto, 2016).

2.4.8. Model building

We built models including response variables (probability of occurrence of yellow-footed
antechinus, heath mouse, house mouse and bush rat) and predictor variables (time since fire,
habitat resources and environmental variables). We included single variable models and
models with predictors in additive and interactive combinations. We only investigated pairs of
variables and not more complex models in model building to avoid overfitting (Binomial error

distributions were used in the analysis).

The model set included 96 models for each species including null models. Akaike information
criterion corrected for small samples (AlCc) was used to compare the GLMSs, model ranking
was completed using the R package “MuMIn” (Barton, 2020). Models were ranked from most
parsimonious to the least using delta AICc and Akaike weight (Burnham and Anderson, 2016).
We used the models within 2 AICc units of the best models for inference and created graphs
of these using the “ggplot2” (Wickham, 2016). We checked if spatial clustering of sites had an
effect on the variance structure by including landscape as a random effect and found that there
was no influence of spatial clustering on the response (Appendix A, a-1) thus models were built

without random error terms.
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Table 2. 1 Habitat attributes measured within the 200 m transect of each site

Habitat Attribute Description Measurement
Vegetation height class Five height classes, 0-0.5m, 0.5-1.0 m, 1.0 m-2.0 m, 2.0 m-canopy and canopy  Presence/Absence
Vegetation functional groups Sedge, Grass, Herb, Fern, Shrub, Rush, Xanthorrhoea australis (live and dead), Presence/Absence

Xanthorrhoea caespitosa (live and dead), Stringybark eucalypt (live, dead and

resprouting), Ribbonbark eucalypt (live, dead and resprouting)

Basal area of trees (dead and live) Basal area calculated using factor 1, 2 and 4 in the Kramer’s dendrometer m? hat

Tree hollows Distance to the closest hollow-bearing tree M

Log diameter Fallen logs not attached to roots that are >5 cm diameter and >50 cm length Cm

Decay classes Decay class 1- resistance to a kick, bark present Presence/Absence
Decay Class 2- Soft to kick, retains shape, degrading bark Presence/Absence
Decay Class 3- Soft to kick, loses shape Presence/Absence

Charring Evidence of the log being burnt, charred surface Presence/Absence

Hollows Presence of hollows >2 cm in diameter, >6 cm in depth Presence/Absence
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Litter weight Leaves, bark, soft woody material < 2cm diameter
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Figure 2. 3 Trap setup for Elliott traps, invertebrate pitfall traps and habitat measurement plots within the 200 m transect of each
site. A-Twenty-five small Elliott Traps (33cm x 10cm x 10cm) were placed approximately 8 m apart along the transect while five
pitfall traps were set up every 50 m and 10 m parallel to the transect, b-Habitat structure attributes were measured using five 5x5
m2 plots, spaced at 50 m intervals, 5 m right and parallel to the transect that was used for mammal trapping, in each habitat plot
vegetation structure and logs were measured using the point intercept method within 16 points along each arm. Litter was
collected 1 m away from the central point of three quarters within the plot.
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Table 2. 2 Variables selected to create models for selected species. These variables were selected from an initial set of variables by
creating a correlation matrix with all the candidate variables and examining Pearson’s correlation coefficients. Variables with a
correlation coefficient of < 0.6 were selected for constructing models, where there were groups of correlated variables, a single
representative variable was selected for further analysis

Variable Type Variable Description Mean (min - Units Abbreviation
max)
Fire Time since fire Fire chronosequence age from 0.5 to 79 years 30 (0.5-79) years Tsf
after a fire
Environmental Annual precipitation Sum of all total monthly precipitation values 684 (644-772) mm App
Carbon content Soil surface carbon content 62 (38-94) g Kg* cC
Temperature Average temperature for each month is 13.5(13.0-14.0) °C AMT
averaged across the year
Vegetation cover 0 to 50 cm vegetation cover Frequency of vegetation (out of 80 points) 0.86 (0.3—1.0) Proportion Veg 0-50
(Ground cover)
50 cm to 100 cm vegetation Frequency of vegetation (out of 80 points) 0.4(0.11-1.0) Proportion  Veg 50-100

cover
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(Small shrub layer)

100 cm to 200 cm vegetation Frequency of vegetation (out of 80 points) 0.12 (0-0.58) Proportion  Veg 100-200
cover
(Medium shrub layer)
200 cm to Canopy vegetation Frequency of vegetation (out of 80 points) 0.21 (0-0.57) Proportion  Veg 200-Can
cover
(Understory layer)
Canopy vegetation cover Frequency of vegetation (out of 80 points) 0.29 (0-0.71) Proportion Veg Can
(Canopy)

Tree attributes Basal area of trees Basal area of all the trees (dead and live) 15.52 (0-36.80) m?ha? BA
Xanthorrhoea Total counts of Xanthorrhoea spp. in each 46 (0-169) Counts Xanth

vegetation height class

Stringybark trees Total counts of stringybarks in each vegetation 6 (0-14) Counts STR

height class
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Hollow bearing tree density Number of hollow-bearing trees per a unit area 0.002(0-0.008) m* Tree hollows

Logs Volume of logs Log volume per unit area calculated using the 0.24 (0-1.4) m3ha? Log_vol

diameter of the logs and the length of the

transect
Total number of logs Total counts of logs along the transect 14 (0-57) Counts Log total
Hollow logs Total counts of hollow-bearing logs along the 4 (0-17) Counts Log-h
transect
Decay class 3 logs Total counts of decay class 3 logs along the 3(0-19) Counts Dc3
transect
Litter Litter weight Dry biomass of the litter averaged across the 4.36 (0.72-10.20) Mghat Litter w
transect
Invertebrates Invertebrate biomass Dry biomass of the invertebrate samples 0.30 (0.02-1.48) ¢ Invert_bm

collected from pitfall traps
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2.5. Results

2.5.1. Small mammals

Elliott trapping was carried out for 13,865 trap nights, resulting in 110 captures of small mammals
belonging to 10 species from three Orders (Rodentia, Diprotodontia and Dasyuromorphia) (Table
2.1). Among the detected species, yellow-footed antechinus, bush rat, heath mouse and house

mouse were captured in sufficient numbers to analyse reliably.

2.5.2. Responses of habitat and foraging resources to time since fire

There were relationships detected between time since fire and seven habitat variables (Table 3).
For six of these, vegetation cover of the 100 to 200 cm layer (medium shrub layer), vegetation
cover of 200 cm to canopy layer, total number of logs, total number of logs in decay class 3, and
total number of log hollows and tree basal area the relationship was positive, or hump-shaped
(Figure 2. 4). The remaining variable, Xanthorrhoea cover, had a U-shaped relationship (Figure 2.

4).

2.5.3. Response of small mammals to environment variables, habitat and foraging

resources and time since fire

The spatial patterning of the occurrence of small mammals indicated that species were not evenly
distributed across the landscape; A. flavipes showed a more northern distribution while R. fuscipes
showed a more southern distribution, with P. shortridgei found in both northern most and southern

most ends of the study area. M. musculus showed no spatial trend (Appendix A, a-3).
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Compared to time since fire, habitat and environmental variables were better predictors of the
probability of occurrence for yellow-footed antechinus, bush rat, heath mouse and house mouse.
For all four species, null models ranked higher than the time since fire variable (Table 5). Although
it was expected that invertebrate biomass would have a significant effect on the occurrence of
small mammals there was no significant effect detected for yellow-footed antechinus, bush rat,
heath mouse; however, there was a negative, statistically significant correlation for house mouse,

yet the model was not among the top models.

For the yellow-footed antechinus, hollow-bearing tree density, 50 to 100 cm vegetation cover and
annual precipitation were significantly better predictors than time since fire (Table 5). The best
model included number of hollow bearing trees and annual precipitation in additive combination;
the second-best model was the 50 to 100 cm vegetation cover with annual precipitation in additive
combination (Figure 2. 5). Hollow-bearing tree density and 50 to 100 cm vegetation cover showed
a positive correlation with yellow-footed antechinus occurrence, while annual precipitation had a

negative correlation (Figure 2. 5).

The best model for bush rat included 100 to 200 cm vegetation cover and annual precipitation in
interactive combination (Table 5). The second-best model was 100 to 200 cm vegetation cover in
a single variable model, which showed a positive correlation. Additionally, 100 to 200 cm
vegetation cover with soil carbon content in additive combination and 50 to 100 cm vegetation

layer with annual precipitation in additive combination (Figure 2. 6).

The best models for heath mouse included single variable models, and the top model was 100 to
200 cm vegetation cover. Other top-ranked models included litter weight, 200 cm to canopy

vegetation cover (Table 5), 100 to 200 cm vegetation cover. All the variables showed a positive
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correlation with the probability of occurrence of heath mouse. Although there were some
statistically significant models for heath mice, the variance explained was very low for all models,
indicating the variables we have used are not predicting the species well. Furthermore, the null
model with just over 2 AIC units higher than the top-ranked model indicating that all models did

not fit this species well.

The best model predicting the probability of occurrence for house mouse was the litter weight in
interactive combination with the soil carbon content (Table 5) and the second-best model was the
number of stringy bark trees at each site (Figure 2. 6), both models showed a negative correlation

with the probability of occurrence of house mouse.
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Table 2. 3 Elliott trap captures, and modelling information and error distributions used in modelling

Order Species Number  Number of Used in Error Daily detection Overall detection
of sites individual modelling distribution used probability
S Y/N in Modelling

Dasyuromorphia Agile antechinus (Antechinus agilis) 1 3 N NA NA NA
Swamp antechinus (Antechinus minimus) 1 1 N NA NA NA
Yellow-footed antechinus (Antechinus 25 35 Y Binomial 0.278 0.80
flavipes)

Diprotodontia Eastern pigmy possum (Cercartetus nanus) 2 2 N NA NA NA
Ringtail possum (Pseudocheirus peregrinus) 1 1 N NA NA NA

Rodentia Bush rat (Rattus fuscipes) 13 31 Y Binomial 0.204 0.68
Heath mouse (Pseudomys shortridgei) 9 7 Y Binomial 0.193 0.65
House mouse (Mus musculus) 13 20 Y Binomial 0.190 0.65
Silky mouse (Pseudomys apodemoides) 7 13 N NA NA NA
Swamp rat (Rattus lutreolus) 1 1 N NA NA NA
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Table 2. 4 Results of Generalized Additive Models for relationships between time since fire and
resource variables.

Predictor Response Variable Distribution Estimated p Proportion
Variable degrees of deviance
Freedom explained

Time Since Fire 0 to 50 cm vegetation cover Gaussian 3.71 0.38 0.06

50 to 100 cm vegetation Gaussian

cover 6.94 0.06 0.16

100 to 200 cm vegetation Gaussian

cover 1.00 0.02* 0.05

200 cm to canopy vegetation ~ Gaussian

cover 2.27 0.05* 0.08
Canopy vegetation cover Gaussian 1.86 0.26 0.04
Volume of logs Gaussian 6.18 0.07 0.14
Total number of logs Negative Binomial  1.63 0.05* 0.05
Decay class 3 logs Negative Binomial  1.56 0.02* 0.07
Hollow logs Negative Binomial ~ 1.00 0.04* 0.03
Litter weight Gaussian 1.76 0.11 0.05
Invertebrate biomass Gaussian 1.00 0.71 0.00
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Table 2. 5 Linear Models built for 4 species and responses. Models were ranked using Akaike’s Information Criterion (AICc) and
selected the top ranked models that are within 2 delta AICc units. Null models are included for each species, resource, and
environment variables (Annual precipitation, Annual Mean Temperature and Soil Surface Organic Carbon content) as predictor
variables. Additionally, environment variables were combined with resource and fire variables using interactive and additive terms

Response Variable Predictor variable/s AAICc  Akaike Weight R? Term Estimate Cl 95%
(Species)
Yellow-footed antechinus Tree hollows + App 0 0.32 0.18

(Antechinus flavipes)

Tree hollows 0.84 0.34,1.44  0.00**
App -1.06 -1.85,-045  0.00**
Veg 50-100 + App 0.08 0.21 0.18
Veg 50-100 0.84 0.033,1.41  0.00**
App -1.22 -2.05,-0.56  0.00**
Tree hollows x App 0.19 0.12 0.18 Tree hollows x App -0.20 -0.95,055 0.61
Tree hollows 0.78 022,142 0.01
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App -0.96 -1.86,-0.35  0.00**
Null model 18.59 2.89e-05 0
Tsf 35.28 4.28e-09 0.00 -0.14 -0.58,0.26  0.49
Invert_bm 29.85 6.46e-08 0.04 -0.02 -0.46,0.37  0.91
Bush rat Veg 100-200 x App 0 0.17 0.27 Veg 100-200 x App -0.45 -0.98,0.07  0.09
(Rattus fuscipes)
Veg 100-200 1.32 0.40, 2.22 0.00**
App 0.62 0.01,1.23  0.04*
Veg 100-200 0.39 0.14 0.10 0.92 0.35,1.48 0.00*
Veg 100-200 + App 0.84 0.11 0.11
Veg 100-200 0.75 0.16,1.33  0.01*
App 0.40 -0.19,0.99 0.18
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Veg 100-200 + CC 171 0.08 0.11
Veg 100-200 0.96 0.38,1.54  0.00**
cC -0.29 -0.95,0.36  0.38
Veg 50-100+ App 1.97 0.07 0.11 Veg 50-100 0.75 014,136 0.16
App 0.50 -0.03,1.04 0.064
Null model 10.27 0.00 0.00
Invert_bm 10.89 0.00 0.01 -0.45 -1.38,0.23  0.27
Tsf 11.62 0.00 0.01 0.24 -0.33,0.79  0.39
Heath mouse Veg 100-200 0.00 0.05 0.03 0.64 0.02,1.27 0.03*
(Pseudomys shortridgei)
litter weight 0.33 0.05 0.03 0.72 2.8e-04,1.49  0.05
Veg 200-can 0.40 0.04 0.03 0.74 6.9e-03,1.57  0.05
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litter weight + App 0.68 0.04 0.04
litter weight 0.64 -0.08, 1.40 0.08
App 0.47 -0.24,1.15 017
Null model 2.09 0.01 0
Tsf 1.99 0.02 0.02 0.54 -0.18,1.31  0.14
Invert_bm 3.74 0.01 0.00 -0.30 -152,047 054
House mouse Litterw x CC 0 0.24 0.13 Litterw x CC 0.91 0.31,1.56 0.00 **
(Mus musculus)
Litterw -1.37 -2.50,-0.49  0.00 **
cC 0.42 -0.28,1.19 0.25
STR 0.75 0.17 0.09 -1.06 -1.84,-040  0.00 **
Tsf 5.50 0.02 0.00 -0.05 -0.69,0.51  0.85
Null model 9.48 0.00 0
Invert_bm 11.52 0.00 0.05 -1.17 -2.51,-0.19 0.04*
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Figure 2. 5 Relationships between time since fire and habitat variables from Generalized
Additive Models. Only models that were statistically significant at the 0.05 level are shown. The
Solid line indicates the predicted values, grey ribbon indicates the Cl 95%. Raw data are

indicated by the blue dots.
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Figure 2. 6 Responses of top two Generalized Linear Models for yellow-footed antechinus and
bush rat. A and B = yellow-footed antechinus (YFA) top two models, C and D = bush rat (BR)
top two models (YFA PO — yellow-footed antechinus probability of occurrence, BR PO — bush
rat probability of occurrence). Solid lines and dotted lines are generated from the GLMs,
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dots represent the presence and absence of each species.
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2.6. Discussion

Understanding both landscape- and patch-scale resource requirements in post-fire environments is
an essential component in protecting areas containing critical resources for different small
mammals and ensuring their persistence (Kelly et al., 2015, Wilson and Garkaklis, 2020). In this
study we identified links between habitat resources that are important for foraging and shelter for
small mammals in post-fire environments. We found that time since fire was a poor predictor of
habitat and foraging resources, with only a small subset of habitat variables related to time since
fire as we predicted, small mammal species responded better to resources than time since fire. At
a larger landscape scale, rainfall influenced species occurrence, while at the small scale, species

responded to different habitat resources.

2.6.1. Responses of habitat and foraging resources to time since fire

Models containing logs and their characteristics showed a significant positive relationship with
time since fire, particularly log decay class 3, the total number of logs and the presence of hollows.
Fires can affect the formation of coarse woody debris by partially burning root systems and branch
attachments. Additionally, fires can burn already decomposing tissues creating fissures and
hollows that will further disintegrate the log (Harmon et al., 1986). Thus, fire can act as a precursor
for log formation in post-fire environments as well as augmenting the availability of hollows in
logs (Mac Nally et al., 2001). Thus, we can assume that time since fire is moderately important in
understanding relationships with coarse woody debris such as logs and log attributes. The 100-200
cm vegetation layer showed a significant positive relationship with time since fire; in the study
area this layer consisted of plants such as Acacia, Banksia, and Leptospermum species.
Additionally, the Xanthorrhoea sp. cover showed a decrease and a subsequent increase over time.
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Immediately after a fire the vegetation structure can become simplified due to the burning of much

of the structural attributes and vegetation structure doesn’t show a linear response to time since

fire (Swan et al., 2015, Bassett et al., 2017).

Overall, very few resources were predicted strongly by time since fire in our study. Other elements
in fire regimes such the extent and patchiness of fires could play a role in creating resource
dissimilarities that are not reflected through time (Cheal, 2010, Hollis et al., 2011). The overstory
eucalypts in this system resprout after fire so the effect of fire on many habitat features is transient
(Rainsford et al., 2020b) and the dominant overstory resprouts after fire, thus succession is not
reset as strongly as it is in other systems. The lack of strong relationships between time since fire
and habitat and foraging resources may help to explain the poor performance of time since fire in

predicting small mammal occurrence (Dorph et al., 2020, Kelly et al., 2017b).

2.6.2. The response of small mammals to variation in habitat and foraging

resources after fire across environmental gradients

As we expected time since fire was a poor predictor in explaining the distribution and abundance
of small mammals consistent with the literature (Di Stefano et al., 2011, Swan et al., 2015, Burns
et al., 2019). At a landscape scale, broad patterns in vegetation communities and associated
resources that are a response to environmental variability would appear to be primary drivers of
individual mammal species’ distributions. Vegetation communities in this landscape is primarily
a response to environmental variability, rather than fire history (Duff et al., 2014). At landscape
scales, small mammal communities have previously been shown to respond to gradients of
temperature and rainfall (Catling and Burt, 1995); influenced by plant community composition

(Braithwaite et al., 1978, Fox, 1982). However, it should be noted that this analysis resulted in
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models with low explanatory power and predictive models cannot be always used for (Arif and

MacNeil, 2022).

In this study, broad-scale distribution patterns varied between the four focal species. The
probability of occurrence of the yellow-footed antechinus showed a negative correlation with
annual precipitation, which exhibits a north-south trend (Appendix A, a-3). These results are
consistent with previous literature, where they tend to be found in localities with lower
precipitation (Dickman et al., 1998, Crowther, 2002). Bush rats were more commonly found in
the southern end of the study area, reflecting a preference for moister parts of the landscape. This,
and a positive relationship with soil carbon levels, suggest a preference for areas of higher
productivity with associated denser understorey vegetation. Heath mice were quite localised in

their distribution, being found only in the very north and south of the study area.

At the patch scale, habitat resources that are related to structure such as vegetation cover, tree
hollows and dry litter biomass, were found to be better predictors for small mammals than time
since fire itself. At the local scale, yellow-footed antechinus showed a positive correlation with the
number of hollow bearing trees, consistent with earlier findings (Dickman, 1991b, Kelly, 2006),
with this species utilizing hollows as communal nesting sites, as places for rearing young and
avoiding predators (Marchesan, 2002). The vegetation cover 50 cm to 100 cm was another
important resource that had a positive correlation with the presence of yellow-footed antechinus.
This feature is likely to be used for multiple reasons; for foraging as small shrubs are likely to be
host plants of food species and shelter, with dense low shrubs providing a lower predation risk
(Stokes et al., 2004). Our results for this species are consistent with the known habitat responses
of yellow-footed antechinus, but also highlights the diversity of habitats that this species can

utilise. For example, several studies have shown that yellow-footed antechinus has a positive
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response for coarse litter, rock cover, hollow tree density, coarse woody debris and other
microhabitat tree conditions like tree leaf litter, and grass trees (Marchesan and Carthew, 2004,

Swinburn et al., 2007b, Kelly and Bennett, 2008, Lada et al., 2008, Moore et al., 2014).

The best predictor of occurrence of the bush rat was the 100-200 cm vegetation cover which is the
medium shrub layer. These results are consistent with past literature where bush rats preferring
complex vegetation structure with dense undergrowth (Braithwaite et al., 1978, Fox et al., 1979,
Swan et al., 2015, Fordyce et al., 2016, Swan et al., 2018). Preference of a denser understory could
be related to avoiding predators while moving and foraging. Studies have indicated that bush rats
use shelter structures and ground cover more often in the presence of predators in the habitat
(Strauf? et al., 2008). Although time since fire was not a successful predictor in explaining the bush
rat abundance, some studies have shown a correlation of the resources that are related to fire (Swan
et al., 2015). Similarly, the 100 to 200 cm vegetation cover indicated a significant positive

relationship suggesting the three-way interactions between small mammals resources and fire.

The occurrence of heath mouse was strongly positively correlated to the amount of vegetation in
the 100 to 200 cm shrub layer, which is consistent with other studies where it was shown that heath
mice are generally confined to vegetation with a dense understorey, such as wet heaths, which are
floristically diverse, with a dense understorey of Leptospermum sp. and Melaleuca sp. (Cockburn,

1981, Nalliah et al., 2021, Di Stefano et al., 2011).

The house mouse is an introduced species that is considered invasive in some situations. Similar
to the other species, house mouse did not show a direct relationship with the time since fire, and
preference was for sites with low litter biomass and lower number of stringybark trees. These

findings are consistent with the literature; many previous studies have found the house mouse to

o1



prefer early post-disturbance habitats (Williams and Bradstock, 1996, Wilson and Garkaklis, 2020)
and are associated with recently burnt or cleared areas where vegetation and litter cover is sparse

(Chambers et al., 2000, Kelly et al., 2011).

We investigated interactions between all four species and invertebrate biomass as a potential food
source. Populations of small mammals are potentially limited by food supply (Dickman et al.,
1999). With yellow-footed antechinus being considered predominantly an insectivore we expected
a strong positive correlation with invertebrate biomass since the diet mainly consists of spiders,
cockroaches and small vertebrates (Menkhorst, 2011). Yet there was no significant correlation,
with the model ranked below the null model. This suggests that either the invertebrate biomass as
a coarse measurement does not sensitively capture the relationship between the diets of yellow-
footed antechinus or the functional group represented in its diet of has not been effectively sampled
by the data collecting method. Although the bush rat is considered an omnivore consuming plant
material, invertebrates, and fungi (Braithwaite et al., 1978, Straul3 et al., 2008), bush rat occurrence
did now show any relationship with the invertebrate biomass. As the house mouse is an omnivore,
we expected invertebrate biomass to have a positive correlation with the occurrence, yet models
showed a weak negative correlation, this needs to be further investigated to understand the
mechanistic reasons behind this interaction. After a fire event generally, there is an invertebrate
population decline initially, however post-fire adapted species will colonize and species
composition will change with the recovery of the habitat (Wikars, 1997, New et al., 2010, Robson
et al., 2018). As the data in this study was collected at a single point of time, seasonal variations
of the invertebrate communities could be influencing the occurrence of small mammals in diverse

yet unknown ways.
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Habitat resources such as vegetation, leaf litter, logs, and other factors may predict the occupation
of small mammals differently after a fire event due to factors such as fire severity, post-fire
precipitation, topography, and fire history specifically with different legacies being left behind.
These factors can significantly impact post-fire recovery and the availability of resources for small
mammals. Therefore, an all-inclusive approach considering multiple factors will inform effective
management strategies and promote the long-term ecosystem resilience of the ecosystems and

species.

2.7. Conclusion

This study showed that time since fire does not predict mechanistic links between resources and
animals in post-fire environments because it is only weakly correlated with the resources that
species rely upon. Furthermore, both landscape- and patch-scale resource requirements can vary
between species. It is therefore important to understand the particular resources that individual
species rely upon in fire-prone landscapes and tailor management actions towards individual
species where they occur in the landscape. It is unlikely that a single approach will benefit all
species equally. Fire management will be improved by developing a greater understanding of the
resources that drive species persistence and ensuring that fire management protects and improves
these resources. Understanding how aspects of fire regimes can be manipulated to positively affect

resources for particular species should be a key focus of research and management.
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3. USING eDNA METABARCODING TO UNDERSTAND

THE EFFECT OF FIRE ON THE DIET OF SMALL

MAMMALS IN A WOODLAND ECOSYSTEM

3.1. Abstract

Food acquisition is a fundamental process that drives animal distribution and abundance,
influencing how species respond to changing environments. Disturbances such as fire create
significant shifts in available dietary resources, yet, for many species, we lack basic information
about what they eat, let alone how they respond to a changing resource base. In order to create
effective management strategies, faunal conservation in flammable landscapes requires a greater
understanding of what animals eat and how this change following a fire. What animals eat in post-
fire environments has received little attention due to the time-consuming methodologies and low-
resolution identification of food taxa. Recently, molecular techniques have been developed to
identify food DNA in scats, making it possible to identify animal diets with enhanced resolution.
The primary aim of this study was to utilise eDNA metabarcoding to obtain an improved
understanding of the diet of three native Australian small mammal species: yellow-footed
antechinus (Antechinus flavipes), heath mouse (Pseudomys shortridgei) and bush rat (Rattus
fuscipes). Specifically, we sought to understand the difference in overall diet of the three species
and how diet changed over time after fire. Yellow-footed antechinus diets mostly consisted of

moths, and plants belonging to myrtles and legume families while bush rat consumed legumes,
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myrtles, rushes, and beetles. Heath mouse diet was dominated by rushes. All three species shifted
their diets over time after fire, with most pronounced shifts in the bush rats and least for heath
mice. Identifying critical food resources for native animals will allow conservation managers to
consider the effect of fire management actions on these resources and help conserve the species

that use them.
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3.2. Introduction

Understanding how animals utilise resources in different ecosystems is essential to ensure effective
conservation practices. Food is a direct resource utilised by an animal in real-time, making diet a
robust indicator of resource usage; furthermore, food availability and selection directly influence
the survival and persistence of animals which subsequently will be reflected in patterns of co-
occurrence (Whittaker et al., 1973, Broughton and Dickman, 1991, Di Stefano et al., 2014).
Variations in diet will depend on food availability, species dietary preferences and life-history
strategies (Ozaki et al., 2018). Thus, accurate information on diet helps identify how species
interact with their environment and persist under changing conditions (Clare, 2014, Monterroso et

al., 2018).

Fire is a disturbance that can change food availability in time and space by altering nutrient cycles,
community assemblage and habitat structure (Gill, 1975, Bowman et al., 2016). Fires consume
above-ground vegetation, but in fire-adapted ecosystems, most organisms survive or recolonize
when resource requirements are met, responding to different successional stages as habitat
suitability changes (Whelan, 1995, Brown et al., 2013). In many fire-prone environments, fire is
used as a land management tool to promote biodiversity and to lower wildfire risk (Gill, 1975,
Whitehead et al., 2003). Several studies have indicated the importance of understanding the
influence of fire on food resources of animals as fire can alter or limit critical food reserves
(Valentine et al., 2014, Stojanovic et al., 2020, Lashley et al., 2015). However, insufficient
knowledge on what food resources animals consume in post-fire environments limits the effective

usage of fire for faunal conservation in flammable landscapes (Kelly et al., 2017a, Driscoll et al.,
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2010). Notably, as managers strive to maintain a diversity of post-fire habitats across the landscape

(‘pyrodiversity’), we need to better understand how resource use changes over time.

What animals eat in post-fire environments has been given little attention compared to studies of
their responses to other resources such as vegetation structure and shelter (Southgate and Carthew,
2006, Dawson et al., 2007, Di Stefano et al., 2014, Anderson et al., 2018, Geary et al., 2020). This
lack of information could be attributed to the time-consuming identification of food items or
ethical concerns related to methodologies (Klare et al., 2011). Traditional methods of assessing
diets include direct observations, analysis of prey remains, stomach content or scat (Stoddart,
1979). Scat analysis is an extensively used, non-invasive method to assess animal diet (Dickman
and Huang, 1988). For animals caught in traps, food items present in scat are likely to express
foraging events close to an animal's capture time, making scat analysis an effective method to
disclose information on diets (Dickman and Huang, 1988, Di Stefano et al., 2014). A well-
established method of analysing scat involves macro and micro-histological identification (Storr,
1961); however, physical digestion through mastication and chemical digestion in the gut can
result in diet items that are difficult to differentiate using histological methods. Thus, histological
samples cannot be identified to a finer taxonomic resolution in many cases (Storr, 1961, Klare et
al., 2011, Zeale et al., 2011). Furthermore, soft tissue and liquid food items (e.g., nectar) can
remain unnoticed in histological analysis (Taberlet et al., 2018). Methods such as stable isotope
identification, macromolecule analysis, and DNA-based identifications can address this disparity
(Nielsen et al., 2017). Animal scat is a combination of different diet items or, more clearly, a
partially digested mixture of DNA from different food species; thus, investigating the DNA in scat
samples could result in a higher resolution of taxonomic information than histological methods.

Modern molecular tools have facilitated the analysis of mixed samples, typically from the
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environment, for the identification of species present via their DNA. Trace amounts of DNA
isolated and characterised from biological substrates including scats, soil, water, or air, are
collectively referred to as environmental DNA (eDNA) (Taberlet et al., 2012a). When combined
with Next Generation Sequencing (NGS) technologies, eDNA metabarcoding (Taberlet et al.,
2012b). can provide information on, for example, community composition, food web dynamics,
animal diet, and invasive or pest species presence/absence (Ruppert et al., 2019, Taberlet et al.,
2012b). Thus, eDNA metabarcoding is an ideal method to identify what animals eat in post-fire
environments with high resolution and precision. From the handful of studies investigating animal
diets post-fire, metabarcoding work is rare (Anderson et al., 2018). Nevertheless, metabarcoding
technology is rapidly developing with a wide range of molecular databases and can be used to

better understand the role of fire in determining resource use.

The aim of this study is to utilise eDNA metabarcoding to obtain an improved understanding of
the food resources and effects of fire on diets of three native Australian small mammal species:
yellow-footed antechinus (Antechinus flavipes), heath mouse (Pseudomys shortridgei) and bush
rat (Rattus fuscipes). Previous work on the diets of these species is limited but in general yellow-
footed antechinus diet predominantly consists of invertebrates gleaned from ground litter, logs,
tree trunks and stumps (Hindmarsh and Majer, 1977, Kelly, 2006, Lada et al., 2008). Individuals
are also reported to consume nectar from the flowers of a range of shrubs and trees (Menkhorst et
al., 1995). The heath mouse is a generalist herbivore, feeding predominantly on plant stems,
flowers, and seeds, although some insect and fungal material are also consumed (Watts, 1977,
Braithwaite et al., 1978). The bush rat is an opportunistic omnivore, eating arthropods, seeds, fruits
and other plant tissue stems and leaves, and fungi (Carron et al., 1990). The diets of these species

vary seasonally (Cheal, 1987, Carron et al., 1990, Di Stefano et al., 2014), however, little is known
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about how disturbance such as fire affects their diets. Here we use an emerging methodology,
eDNA metabarcoding, to determine: (i) How do the overall diets of the three small mammal
species differ? (ii) Does diet change over time after fire? An improved understanding of resource

requirements will assist land managers to better conserve these species at a landscape scale.

3.3. Methodology

3.3.1. Study area and site selection

The study area is located in south-western Victoria, Australia, across ~150,000 ha. It lies within a
roughly rectangular region marked by the towns of Edenhope (37°02'24" S, 141°17'20" E) and
Dartmoor (37°55'41" S, 141°16'21" E) in Victoria and Naracoorte (36°57'21" S, 140°44'23" E)
and Mount Gambier (37°49'23" S, 140°46'54" E) in South Australia. Area includes parks and
reserves containing native vegetation, extensive tracts of pasture, and privately managed eucalypt
and pine plantations. This study forms a component of a larger project studying the responses of
animals to fire in a fragmented landscape (Delaney et al., 2021, Nalliah et al., 2021). In parks and
reserves, the predominant vegetation type is open heathy woodland where the canopy is dominated
by Eucalyptus species such as Brown Stringybark (Eucalyptus baxteri) and Desert Stringybark (E.
arenacea), with a sparse understory dominated by Grass Trees (Xanthorrhoea australis and X.
caespitosa), Acacia spp., Banksia spp., shrubs, sedges and forbs (Duff et al., 2013a). These
woodlands occur on sandy, nutrient-poor soils, displaying deficient growth and decomposition
rates (Cheal, 2010). The elevation above sea level lies between 75-131 m. The region's climate is
cool temperate with warm summers and cool to cold winters with a mean annual rainfall of 647.9
mm and mean annual maximum and minimum temperatures of 20.2 °C and 8.3 °C, respectively
(Bureau of Meteorology, 2018). The area is ideal for studying the effects of fire and resource use
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on fauna as the native vegetation is highly flammable and has been subjected to prescribed burns

and wildfires in the past, creating a range of habitats varying in time since the last fire.

We used a GIS layer accessed from the local land management agency to define four temporal
categories representing time since the last fire: Renewal/Juvenility 0-2.5 years, Adolescence 2.5—
10 years, Maturity 10-35 years, Waning/Senescence 35+ years after fire. Within these areas we
used a number of criteria to define specific locations for study: (a) to remove the potentially
confounding effect of vegetation type, we only considered areas of stringybark woodlands, (b) to
reduce edge effects, we only used patches >20 ha, (c) whenever possible we only used areas that
had been burnt once during the last 40 years (the extent of accurate records) to reduce the
potentially confounding effect of fire frequency, and (d) we selected sites across the study area
using a restricted random protocol across the range of post-fire growth-stages. Each site was set
up to be 1 km apart to promote independence and 200-500 m away from vehicle tracks to reduce

the disturbances. A 200 m transect was established on a random bearing for small mammal

trapping.
3.3.2. Mammal surveys and scat collection

Trapping was carried out in the Austral summer (December 2018 to February 2019) with sites
selected haphazardly during this period to reduce temporal bias. Twenty-five small Elliott traps
(33 cm x 10 cm x 10 cm) were placed approximately 8 m apart along the transect. A piece of
unbleached cotton was placed in the trap as an insulation, and the trap was covered with a plastic
bag to protect animals from moisture. Traps were baited with a mixture of oats, peanut butter,
golden syrup, and pistachio essence which has been shown to be useful for capturing a wide range

of small mammals (Paull et al., 2011). Traps were checked between sunrise and 10 am and closed
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during the middle of the day to reduce stress and by-catch. Trapping was carried out over five
consecutive nights except when interrupted by adverse weather. Individuals caught were identified
to species level, weighed, head-body and tail length measured, sexed, and identified as juveniles
or adults. Individuals were given a unique identifiable mark on the base of the tail using liquid
paper to identify recaptures, then individuals were released at the site of capture. Occupied traps

were replaced with clean traps.

Elliott traps were checked for scats each morning, with scats collected on the first capture of each
individual of the target species using a pair of sterilized tweezers and stored in 5 ml vials containing
~ 99% ethanol. The driest pellets were selected (as an indication of the earliest defecation upon
capture and least likely to contain digested bait), scats with visible bait contamination were
avoided. Each vial was given an identifier tag corresponding to the animal and was stored below

4 °C until analysed.

3.3.3. Sample processing

Scat samples were analysed by eDNA Frontiers, Curtin University, Western Australia. Initially the
ethanol was removed from each vial and samples were left overnight, packed in ice in a fume
cabinet allowing to evaporate the remaining ethanol. Following the evaporation scats were cut in
half and weighed. Half of each scat was processed to extract DNA and remainder was stored at -
20°C. DNA was extracted using a Qiagen Powerfecal Pro kit, following the manufacturer’s
instructions and eDNA frontiers laboratory standard operating procedures, and extraction controls
(n=6) were included to detect the presence of cross contamination. Quantitative PCR (gPCR) was
done at three concentrations for all extractions (neat,1/10 dilution, and 1/100 dilution) to see if

samples exhibited inhibition, and to determine optimal DNA input for PCR, for each sample to
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maximize input relative to any inhibitors (Murray et al., 2015). Two assays were used in this study
to target invertebrates and plants. For the detection of arthropods (in this study defined as Insecta
and Arachnida), the assay ZBJ-ArtF1c/R2c was used; this assay targets a highly variable region in
the cytochrome c oxidase | (COI) gene from the mitochondria DNA 16S rRNA gene (Zeale et al.,
2011). For plants we used the trnlg/h primers (Taberlet et al., 2007) which targets the chloroplast
trnL (UAA) intron. We did not include an assay for fungi as scat samples were collected in summer
when the likelihood of feeding on sporocarps is low (Braithwaite et al., 1978, Cheal, 1987, Di

Stefano et al., 2014, York et al., 2022).

The gPCRs were run on a StepOne Plus (Applied BioSystems) real-time qPCR instrument with
the following conditions: 5 min at 95°C, 40 cycles of 95°C for 30 s, 30 s at 52°C, and 45 s at 72°C,
a melt curve stage of 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C, ending with 10 min elongation
at 72°C. The PCR mix for quantitation had a 25 pul volume and contained: 2 mM MgCI2 (Applied
Biosystems), 1x PCR Gold buffer (Applied Biosystems), 0.25 mM dNTPs (Astral Scientific), 0.4
mg/ml bovine serum albumin (Fisher Biotec), 0.4 umol/l forward and reverse primer, 1 U
AmpliTaq Gold DNA polymerase (Applied Biosystems), 0.6 pl of a 1:10,000 solution of SYBR
Green dye (Life Technologies), and 2 pl of DNA template. Extraction controls, non-template

controls, and positive controls were included for all PCR runs.

After optimal DNA input was determined by gPCR, each sample was assigned a unique
combination of multiplex identifier (MID) tags for each primer assay. These MID tags were
incorporated into fusion tagged primers, and none of the primer-MID tag combinations had been
used previously in the laboratory to prevent cross contamination. Fusion PCRs were done in
duplicate and to minimize PCR stochasticity, the mixes were prepared in a dedicated clean room

before DNA was added. The PCRs were done with the same conditions as the standard gPCRs
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described above, although with 50 cycles performed and the melt curve analysis omitted. Samples
were then pooled into approximately equimolar concentrations to produce a PCR amplicon library
that was size-selected to remove any primer-dimer that may have accumulated during fusion PCR.
Size selection was performed (160-400 bp) using a PippinPrep 2% ethidium bromide cassette
(Sage Science). Libraries were cleaned using a QIAquick PCR Purification Kit (Qiagen) and
quantified using Qubit Fluorometric Quantitation (Thermo Fisher Scientific). Single-end
sequencing was performed on the Illumina MiSeq platform using the 300 cycle V2 as per

manufacturer's instructions.

Bioinformatic tools were used to analyse raw sequence data. Results were demultiplexed and
trimmed using Obitools and quality filtered with USEARCH v11 for sequencing errors; (maxee =
1) and minimum length (COIl minlength = 135, trnl minlength = 30). Sequences were then
dereplicated and unique sequences were transformed into zero radius operational taxonomic units
(ZOTUs) to provide sensitive taxonomic resolution (USEARCH v11) (Edgar, 2018). ZOTUs, in
contrast to operational taxonomic units (OTUSs) are a more exact sequence variant. Generated
ZOTUs were queried against the nucleotide database NCBI (GenBank) and assigned to the species
level. The taxonomic assignment was based on an eDNA Frontiers in—house python script
(Mousavi-Derazmahalleh et al., 2021); which further filter of NCBI Blast results (evalue < 1e-5,
%identity > 90 and qCov > 100), combines it with ZOTU table results and produces a table
containing the taxonomic information available from the Blast taxonomy database (accessed
February 2020). The final table was curated to remove singleton assignments, duplicate taxa, non-
target taxa (not targeted by assay) and taxa found in the bait and cotton in Elliott traps (Avena sp.
and Gossypium sp.). Three non-arthropod taxa were detected by the COI insect assay (yellow-

footed antechinus, a slug Ambigolimax valentinanus and a nematode Rhabditda sp.) and they were
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removed from the results. The COI insect assay was developed to detect specific arthropod taxa,
thus any detections of non-insect taxa using this assay are possibly caused by errors in the NCBI
database or misassignment of tag sequences (tag jumping). The PCR controls were not opened in
the laboratory where DNA was added, so the presence of sequence reads may be due to tag
jumping. Tag jumping can occur during the sequencing step as a result of mixed cluster on the
flow cell (Kircher et al., 2012, Schnell et al., 2015). The presence of misassigned tags to the
extraction controls and one of the PCR controls was very low compared with the overall number
of sequence reads obtained, and it is not considered to have affected the results of the study. In
eDNA metabarcoding results, the number of sequence reads obtained do not represent the
abundance of particular ZOTUs present in the sample (Deagle et al., 2018, Verkuil et al., 2020)
thus all data were converted to presence/absence before further analysis and ZOTUs that were

present in the extraction controls were removed from the dataset.

3.3.4. Data analysis

We first created a dissimilarity matrix (Jaccard index) using the ZOTU presence/absence and
individual mammal data and analysed the matrix using nonmetric multidimensional scaling
(NMDS) in the R package “vegan” (Oksanen et al., 2020). NMDS results were graphically
represented as biplots, showing the placement of major groups (species/growth stages) relative to
each other in ordination space. Due to small sample size in the youngest age class (5 sites), we
combined the 0.5-2.5 years and 2.5-10 years post-fire categories, resulting in three post-fire
growth stages changing the terminology to: recent (0.5 to 10 years post-fire), mid (11 to 35 years
post-fire) and late (35+ years post-fire) for further analysis. Diet data were then analysed using

two-way permutational analysis of variance, PERMANOVA (Anderson et al., 2008), with species
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and growth stage as fixed factors, to test for differences in composition and any interaction between
the factors. To further explore the potential effect of growth stage, separate one-way
PERMANOVAs were then undertaken for each species independently. If significant effects were
detected, then pairwise tests were carried out between levels of each factor. ZOTUs contributing
to observed patterns of similarity/dissimilarity between groups were identified using Similarity
Percentages, SIMPER (Clarke, 1993) analysis in “PRIMER 7” (Clarke and Gorley, 2016). Results
for these analyses are presented and analysed as the sum of frequency of occurrence across

individuals within each mammal species (hereafter denoted as frequency).

3.4. Results

From the Elliott trapping carried out over 15,750 trap nights (126 sites x 25 traps x 5 nights), we
captured 153small mammals (in 57 sites out of 126 sites) belonging to 10 species from three Orders
(Rodentia, Diprotodontia and Dasyuromorphia). We collected 122 scat samples (yellow-footed
antechinus; n = 42, bush rat; n = 49 and heath mouse; n = 31) (Appendix B, b-1). The plant assay
trnLg/h detected 102 plant taxa belonging to 5 Classes, 34 Orders and 55 Families. Only 27 named
species could be identified due to the poor taxonomic resolution of trnLg/h and/or incomplete
barcode database. There were 62 arthropod taxa detected using the ZBJ-ArtF1c/R2c assay
comprising of 3 Classes, 7 Orders, 26 Families and 44 Genera. Forty-five taxa could be reliably

assigned to recognized species.

For the yellow-footed antechinus, 92 food items were detected (38 arthropod species and 54 plant
species) (Appendix B, b-3), for the bush rat, 101 food items were detected (36 arthropods and 65
plants) (Appendix B, b-4), and for the heath mouse 77 food items (15 arthropods and 62 plants)

(Appendix B, b-5). The mean number of food items per scat was similar for all species: bush rat
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11.5, yellow-footed antechinus 10.9 and heath mouse 10.5 (Figure 3. 1, Appendix B, b-1). For all
three species some of the scat consisted only of plant species (niyra) = 3, n@r) = 9, NHm) =15) while

no arthropod-only samples were detected.

The two-dimensional representation of NMDS results (Figure 3. 3) and pairwise comparison of
diets (Table 1) suggests gross differences in overall diet between the three species, with differences
among post-fire vegetation growth stages for each species less pronounced (Figure 3.4). While
2D stress values are relatively large, 3D representations (with lower stress) did not improve clarity,
so we have used the 2D diagrams for simplicity. Two-way PERMANOVA results indicated a
significant effect of species (pseudo-F = 5.8, P < 0.001, df = 2, r>= 0.08) and vegetation growth
stage (pseudo-F = 1.6, P < 0.001, df = 2, r>= 0.02), and a significant interaction between these two

factors (pseudo-F = 2.34, P < 0.001, df = 4, r>= 0.06).
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Figure 3. 1 Mean number of ZOTUs per species that was detected from the COI and trnL
metabarcodes. Error bars represent Standard Error.
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Figure 3. 3 Two-dimensional ordination diagram representing the diets of the three species Bush rat

(BR, n = 49), Heath mouse (HM, n = 31) and Yellow-footed antechinus (YFA, n = 42). Ellipses

represent the 95% confidence interval around the centroid for each species.
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3.4.1. Diets of the three species

The yellow-footed antechinus and bush rat consumed a diverse array of plants and arthropods,
while heath mouse diets consisted predominantly of plants and comparatively a low number of
arthropod taxa (Figure 3. 1). Of the three species, the yellow-footed antechinus had a higher
frequency of occurrence of arthropod food taxa across individuals while, for other two mammal
species, plants were found in higher frequency of occurrence across individuals. However, there

was a considerable variation among the diets of individuals within species (Figure 3. 2).

For the yellow-footed antechinus arthropod food items consisted of 37 insect taxa (moths, beetles,
cockroaches, flies, lacewings) and a species of spider (Cheiracanthium sp.). Moths (Order
Lepidoptera) constituted the bulk of the dietary ZOTUs, with the painted cup moth Doratifera
oxleyi the most frequently detected, followed by two bracken moths from the family Geometridae
(Idiodes siculoides and Idiodes apicata) and Thoracolopha spilocrossa from the family Noctuidae
(Appendix B, b-3). A species of cockroach, (Calolampra sp., was also frequently detected.
Overall, 54 species of plants were detected (myrtles, pines, ferns, daisies). Species belonging to
Myrtaceae, Fabaceae (Acacia sp. and Kennedia sp.), Asteraceae and Proteaceae were among those

detected at the highest frequency.

Overall, bush rat arthropod food items consisted of 35 insect taxa (moths, flies, beetles) and a
crustacean (yabbie). The most frequently detected insect was a species of carabid beetle,
additionally beetles belonging to the family Dermestidae, dipterans belonging to the family
Phoridae, and family Chironomidae (non-biting midges, Polypedilum sp.) were detected at high
frequencies. A wide variety of moths were detected in low frequencies. Overall, plants consisted

of 65 species With unidentified plant ZOTU162 the most frequently detected. Species belonging
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to the families Myrtaceae, Asteraceae, Fabaceae, and Acacia sp., Pultenaea sp.). Leptocarpus sp.,
Hypolaena sp. and Centrolepis monogyna were found at the highest frequencies. A wide variety

of other plant species was found at low frequencies (Appendix B, b-4).

Overall, heath mouse arthropod food items consisted of 14 taxa including moths, beetles, flies, and
spiders. The most frequent insect detected was the same species of carabid beetle identified in the
other two small mammals, with other taxa detected at low frequencies. A large number of plant
species belonging to a broad range of families was detected in heath mouse scats, comprising 62
plant taxa (primarily rushes, Gentianales and myrtles). The most frequent plant species was an
unidentified plant ZOTU162. Heath mouse scats contained a high frequency of occurrence of
plants belonging to the rushes of the family Restionaceae (Hypolaena sp., Leptocarpus sp.)

(Appendix B, b-5).

Differences in diet between species were a consequence of cumulative small differences across a
range of ZOTUs. While SIMPER results (Table 2) reflect some overlap in diet items, it is clear
that species have, overall, distinctive diet items based on variation in their frequency of occurrence
across individuals. Based on the results of the SIMPER analysis, the highest contribution to the
difference of the diets of three species is given by a Fabaceae plant species (ZOTU99) and a
Myrtaceae plant species (ZOTU115) that were not able to be classified beyond the class level. A
Magnoliopsida (ZOTU154) plant contributed to the highest dissimilarity between yellow-footed
antechinus and bush rat. Additionally, a plant species belonging to the family Pinaceae (most likely
Pinus radiata) contributed to the dissimilarity among yellow-footed antechinus and the other two
species. Only two insect species (the painted cup moth (Doratifera oxleyi) and a beetle species
belonging to the family Carabidae contributed substantially to the dissimilarity between yellow-

footed antechinus and other two species, although yellow-footed antechinus is considered an
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insectivore. An unidentified plant species (ZOTU154) and a daisy belonging to the family
Asteraceae (ZOTU78) contributed to the highest dissimilarity among bush rat and other two
species. Plant species belonging to the family Rubiaceae and a rush (Hypolaena sp.) contributed
to the highest dissimilarity between heath mouse and the other two species. The plant ZOTU162
(unidentified plant species) also contributed to the dissimilarity of diets between heath mouse and

the other two species.

3.4.2. Diet change over time after fire

Species specific PERMANOVA results indicated an effect of post-fire growth stage for all three
species (bush rat; pseudo-F= 2.5, P < 0.001, yellow-footed antechinus; pseudo-F= 1.5, P < 0.017,
heath mouse; pseudo-F= 1.4, P < 0.022). The diet of yellow-footed antechinus changed
incrementally from the recent to the late post-fire growth stage, with a statistically significant
difference between recent and late growth stages (P = 0.013) (Figure 3. 4, Appendix B, b-1: Table
S2). In contrast, the bush rat diet was significantly different among all growth stages (recent vs
late - P =0.002, recent vs mid- P = 0.001, late vs recent - P = 0.023) (Figure 3. 4, Appendix B, b-
1: Table S2). Pairwise analysis results indicated that the heath mouse diet in the mid post-fire
growth stage differed from the recent post-fire growth stage (P = 0.025) (Figure 3. 4, Appendix B,
b-1: Appendix B, b-2). Again, differences in diet between growth stages for each species was a
consequence of cumulative small differences across a range of ZOTUs. While SIMPER results
(Tables 3-5) reflect some overlap in diet items, it is clear that species have, overall, distinctive diet

items based on their frequency of occurrence across individuals.

For the yellow-footed antechinus, the plant species that contributed most strongly to the pairwise

dissimilarities among growth stages were unidentified plant species ZOTU162, Myrtaceae plant
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species ZOTU115, Asteraceae species ZOTU78. Additionally, a bracken moth species (ldiodes
siculoides) and a cockroach species (Calolampra sp.) contributed to this diet difference. For the
bush rat both plants and arthropods contributed to the dissimilarities between the diets of the three
growth stages. Some of the prominent contributions to this dissimilarity were Asteraceae species,
Magnoliopsida species and a beetle species belonging to the family Dermestidae. For the heath
mouse, a plant species belonging to the family Rubiaceae and Tetracera sp. showed the highest
percent contribution to the difference between growth stages. Arthropods did not contribute to this

difference among growth stages for the heath mouse.
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Figure 3. 4 Two-dimensional ordination diagram representing the diets of the three species separately for three post-
fire growth stages, R = recent (0.5 to 10 years post-fire), M = mid (11 to 35 years post-fire) and L = late (35+ years
post-fire). Ellipses represent the 95% confidence interval around the centroid for each species. In the pairwise analysis
box continuous lines that connect letters indicate no significant difference between levels of the factor (see Table 2).
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Table 3. 1 Pairwise comparison of diets (ZOTUs) from PERMANOVA for the three small mammal

species and for the three growth stages.

Pairwise comparison of diets for each species

Pairs df Sums of squares Pseudo-F R? P
Yellow-footed antechinus vs bush 1 1.87 7.70 0.08 0.001**
rat
Yellow-footed antechinus vs heath 1 2.96 12.58 0.15 0.001**
mouse
Bush rat vs heath mouse 1 1.57 6.83 0.08 0.001**
Pairwise comparison of diets for each growth stage
Pairs df Sums of squares Pseudo-F R? P
Mid vs late 1 0.66 2.57 0.031 0.003**
Mid vs recent 1 0.57 2.15 0.029 0.023*
Late vs recent 1 0.33 1.24 0.01 0.211
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Table 3. 2 Mean frequency of occurrence of ZOTUs identified by similarity percentages (SIMPER) as
contributing to the overall compositional dissimilarity between the three mammal species fire). YFA-

yellow-footed antechinus, BR — bush rat, HM- heath mouse.

ZOTU Family/Genus/Species name (if

Average frequency of

Percentage contribution to

identified) occurrence pairwise dissimilarity
YFA BR HM YFA-BR YFA-HM  BR-HM
162 Plant (Unidentified) 0.88 0.80 0.87 25 1.9 2.3
114 Myrtaceae 0.88 0.76 0.61 2.7 3.3 3.3
115 Myrtaceae 0.71 0.78 0.55 3.1 3.5 35
28 Doratifera oxleyi 0.38 0.12 0.03 2.9 2.7 0.8
160 Dennstaedtiaceae 0.38 0.18 0.00 2.7 2.3 11
157 Pinaceae 0.38 0.08 0.06 2.3 2.2 0.8
78 Asteraceae 0.33 0.61 0.39 3.9 2.9 3.7
154 Plant (Unidentified) 0.33 0.59 0.16 38 2.1 38
99 Fabaceae 0.36 0.43 0.52 34 34 35
138 Leptocarpus sp. 0.05 0.35 0.74 24 4.7 4.0
77 Aster sp. 0.14 0.45 0.29 3.3 2.2 3.3
104 Rubiaceae 0.12 0.20 0.65 1.7 4.3 4.1
100 Casuarina sp. 0.02 0.31 0.42 2.1 2.6 3.1
4 Carabidae 0.17 0.43 0.13 3.0 1.7 2.9
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Table 3. 3 Mean frequency of occurrence of ZOTUs identified by similarity percentages (SIMPER) as
contributing to the overall compositional dissimilarity between growth stages for the yellow-footed
antechinus.

ZOTU Family/Genus/Species name (if ~ Average frequency of Percentage contribution to
identified) occurrence pairwise dissimilarity
Recent Mid Late R-M R-L M-L
162 Plant (Unidentified) 0.91 1.00 0.83 1.0 3.2 2.1
114 Myrtaceae 0.91 0.88 0.87 2.8 2.6 2.3
115 Myrtaceae 0.73 0.88 0.65 3.9 4.4 3.4
28 Doratifera oxleyi 0.45 0.25 0.39 41 4.6 3.5
157 Pinaceae 0.36 0.38 0.39 4.2 3.9 2.9
3 Calolampra sp. 0.27 0.00 0.30 2.7 4.0 2.5
57 Plant (Unidentified) 0.27 0.00 0.17 21 25 0.9
4 Carabidae 0.18 0.50 0.04 4.9 1.8 3.7
141 Persoonia sp. 0.18 0.38 0.26 35 2.4 2.9
35 Thoracolopha spilocrossa 0.18 0.00 0.43 1.7 3.3 2.3
78 Asteraceae 0.00 0.50 0.43 3.9 2.6 3.4
23 Idiodes siculoides 0.09 0.38 0.39 4.7 2.5 3.8
66 Hydrocotyle sp. 0.09 0.38 0.09 3.2 0.9 2.5
160 Dennstaedtiaceae 0.09 0.25 0.57 2.8 4.4 3.7
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99 Fabaceae 0.09 0.38 0.48 2.9 4.0 3.5

154 Plant (Unidentified) 0.09 0.38 0.43 3.3 3.0 3.1

Table 3. 4 Mean frequency of occurrence of ZOTUs identified by similarity percentages (SIMPER) as
contributing to the overall compositional dissimilarity between growth stages for the bush rat.

ZOTU Family/Genus/Species name (if Average Frequency of % Contribution to pairwise
identified) Occurrence dissimilarity
Recent Mid Late R-M R-L M-L
78 Asteraceae 0.88 0.44 0.53 4.2 3.8 3.4
154 Plant (Unidentified) 0.88 0.38 0.53 4.4 3.9 33
77 Asteraceae 0.75 0.38 0.24 4.1 5.0 2.7
114 Myrtaceae 0.81 0.69 0.76 2.9 3.0 2.9
115 Myrtaceae 0.75 0.81 0.76 2.6 3.1 2.8
162 Plant (Unidentified) 0.75 0.75 0.88 2.9 2.8 24
6 Dermestidae 0.31 0.06 0.06 2.0 2.1 0.6
75 Iridaceae 0.00 0.63 0.00 4.1 0.0 41
100 Casuarina sp. 0.06 0.63 0.24 3.9 2.0 3.7
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Table 3. 5 Mean frequency of occurrence of ZOTUs identified by similarity percentages (SIMPER) as
contributing to the overall compositional dissimilarity between growth stages for the heath mouse.

ZOTU Family/Genus/Species name (if Average Frequency of % Contribution to pairwise
identified) Occurrence dissimilarity
Recent Mid Late R-M R-L M-L
104 Rubiaceae 0.93 0.33 0.50 54 4.2 3.8
162 Plant (Unidentified) 0.86 0.89 0.88 2.1 2.0 2.0
138 Leptocarpus sp. 0.71 0.78 0.75 3.3 3.4 3.2
137 Hypolaena sp. 0.64 0.67 1.00 3.6 35 3.1
99 Fabaceae 0.57 0.33 0.63 3.8 4.0 4.3
140 Isopogon anemonifolius 0.43 0.11 0.38 3.0 3.7 2.9
100 Casuarina sp. 0.43 0.22 0.63 3.1 4.2 4.3
114 Myrtaceae 0.43 0.78 0.75 4.3 4.7 3.0
115 Myrtaceae 0.36 0.67 0.75 4.0 4.9 35
74 Xanthorrhoea sp. 0.29 0.44 0.13 3.2 2.4 3.2
77 Asteraceae 0.29 0.33 0.25 3.3 3.0 3.4
78 Asteraceae 0.43 0.33 0.38 35 3.7 3.6
141 Persoonia sp. 0.36 0.11 0.38 24 3.8 34
91 Tetracera sp. 0.07 0.00 0.38 0.5 3.0 2.8
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3.4. Discussion

It is important to understand how diet is influenced by disturbances such as fire as this will help
conservation management in the future when fires are predicted to be larger and more frequent
(Flannigan et al., 2000). Our focal species: the yellow-footed antechinus, the bush rat, and the
heath mouse, have been studied extensively in other ecological aspects such as genetics, population
structure, landscape, and fire ecology (Cockburn et al., 1981, Smith, 1984, Marchesan and
Carthew, 2004, Flanagan-Moodie et al., 2018, Nalliah et al., 2021). However, there is a paucity of
in-depth information on their diets. In this study, we used faecal eDNA metabarcoding to
determine differences in the diets of these three small mammal species and changes in their diets
over time after fire. Our focus was on longer-term effects, with sites ranging from 1-79 years since
last burnt. We obtained a robust set of data on diets at a high taxonomic resolution. eDNA
metabarcoding allowed new insight into the dietary patterns of these species, such as the yellow-
footed antechinus consuming a wide variety of plants and moths. Overall, the diets of the three
species were fundamentally different from each other, as was the nature of diet changes after a
fire. The bush rat showed the most pronounced diet changes throughout the post-fire vegetation

growth stages, while the heath mouse showed the least.

3.4.3. Diet of the three species

The rate of passage of food in small mammals is fast, generally within few hours of the food intake
(Karasov et al., 1986), thus detected food species detections in scat can be inferred as items
ingested in a foraging bout close to the time of capture. The average number of food items per scat
for individuals of all three species was similar suggesting that in a single foraging bout all three
species consumed a high variety of food species from several broad types of food. Being a
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generalist is an advantageous foraging strategy in a fire prone environment where resource
availability is unpredictable or variable after fires (Sutherland and Dickman, 1999, Di Stefano et

al., 2014, Cruz-Rivera and Hay, 2000).

We expected to find gross dietary differences between the three species and our results largely
agree with previous work (Hindmarsh and Majer, 1977, Cheal, 1987, Di Stefano et al., 2014).
Yellow-footed antechinus and bush rat consumed a diverse array of plants and arthropods, while
heath mouse diet consisted of prominently plants and comparatively a low number of arthropod
taxa. Braithwaite et al. (1978) suggested five food niches for the small mammals in heathland
environments, and their activity patterns are directly related to the diet and predation pressure.
Here we can broadly classify the three species into that categorization: bush rat - omnivore, heath
mouse - generalist herbivore, and yellow-footed antechinus - scansorial insectivore, however our
results indicate that yellow-footed antechinus diet shows considerable plasticity compared to that

of an exclusive insectivore.

Surprisingly, there were many plants detected in the diet of yellow-footed antechinus in contrast
to earlier microscopic work that found only invertebrates and vertebrates (Hindmarsh and Majer,
1977). One likely explanation for this is that the metabarcoding analysis is detecting plant products
such as nectar, pollen and plant sap that would not be detected in microscopic analysis. There have
been records of yellow-footed antechinus feeding on the nectar of Banksia flowers and sap of the
sticky hop bush Dodonaea viscosa (Goldingay, 2000, McCreadie, 2017); similarly we suspect that
yellow-footed antechinus could be feeding on the sap of pine wildlings (Pinus radiata) which was
frequently recorded. Our findings on plant matter are further confirmed by a micro-histological
study (York et al., 2022) carried out in the same landscape indicating that there is a considerable

amount of plant matter such as leaves, seeds and flowers in yellow-footed antechinus diet. Thus,
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we suggest that this species is not solely insectivorous, and individuals often supplement their diet
with plant material. Many diet studies have reported plant material in carnivore and insectivore
stomach content and scats (Yoshimura et al., 2021). Carnivorous mammals such as foxes, badgers
civets, and insectivorous mammals such as aardvarks, and bats are reported to seasonally augment
their diets with plant material such as berries, roots, nectar and in some instances, foliage (Milton
and Dean, 2001, Koike et al., 2008, Mudappa et al., 2010, Frick et al., 2014). Berries, nectar, and
seeds contain high carbohydrate levels, amino acids, and other micronutrients (Ball and Golightly
Jr, 1992, Venjakob et al., 2022) substantially contributing to an animal’s nutritional requirements.
Furthermore, acquiring nutrient-rich sessile plant material while actively foraging for arthropod
prey could be an energy optimizing strategy. Thus, utilizing supplementary plant material in order
survive in a patchy resource environment could be a strategy that helps antechinus complete its

dietary requirements while looking for arthropod prey.

We recorded more lepidopterans in the diet of yellow-footed antechinus than previous studies
(Kelly, 2006, Lada et al., 2008). The difference could be due to the soft body parts of lepidopterans
remaining undetected in micro-histological analysis. Due to the nature of the metabarcoding
results, it was not possible to conclude which developmental stage (eggs, larvae, pupae, or adults)
of moths yellow-footed antechinus preyed on. Being nocturnal and scansorial in nature we assume
they could be foraging on resting adult moths (Kawahara et al., 2017). For the moth species that
was detected in the highest frequency, Doratifera oxleyi (painted cup moth), the larval host plants
are Eucalyptus trees, the dominant canopy species at our sites. For two bracken moth species
detected at a high frequency (ldiodes siculoides and Idiodes apicata) larval host plants included
ferns such as Pteridium esculentum, a common element of the heathy woodland understory. Semi-

arboreal nature of yellow-footed antechinus is reflected in the diet with the presence of both
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arboreal and understory-dwelling arthropods. Similar to earlier records (Hindmarsh and Majer,
1977), cockroaches were found in the diet of several individuals. Although we expected to see
more Arachnida in the diets of yellow-footed antechinus see (Hindmarsh and Majer, 1977,
Dickman, 1986, Dickman and Happold, 2022), there was only a single record of that Class.
However, in our study sites arachnids were found abundantly based on the invertebrate surveys; it
is possible that arachnida species that yellow-footed antechinus prey on are sparsely represented
in our study sites or underrepresented by the eDNA metabarcoding because of mismatches
between the arthropod primers and template sequence. The assays were not designed to detect
vertebrate prey items; thus, there is a possibility that diet information on vertebrates is lacking in
our set of results. We suspect that this could be the case for one yellow-footed antechinus scat for
which we did not detect any food items. We assume that this individual recently consumed a diet

of vertebrates and as such were not identified in the metabarcoding process.

For the bush rat, our observations were similar to that reported in the literature, where rats are
following an opportunistic foraging pattern (Cheal, 1987, Carron et al., 1990). This could be an
indicator that bush rats have the ability to adjust their diets according to the resource availability
and successfully utilizing the most optimal strategy of foraging according to different resources
available (Kelt et al., 2004, Dickman and Happold, 2022) Bush rat diets consisted of the highest
number of unique ZOTUs (n = 101) including different types of arthropods as well as plants,
making its diet more diverse compared to the other two species. Some of the major arthropod food
types found in bush rat diets were ground beetles (family Carabidae) and skin beetles (family
Dermestidae), which feed on dry and dead plant materials. Furthermore, a wide variety of moths
were recorded in bush rat diets. This dietary flexibility is most likely one of the reasons for its

large geographic distribution. Given that bush rats have been reported consuming considerable
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amounts of fungi in wet sclerophyll forests in south-eastern Australia (Vernes et al., 2015) their
diet in these drier woodlands may be even broader than the metabarcoding results suggest.
However, in this study fungi was not added as an assay due to logistic reasons and the samples

being collected in the summer where sporocarps are less likely to be found.

Compared to other two species, the heath mouse diet consisted predominantly of plant species and
a very low numbers of arthropods. Plants of family Restionaceae which include Hypolaena sp.
(possibly Hypolaena fastigiate —a common species in heathlands of the region (Duff et al., 2013a))
and Leptocarpus tenax which are found in wet soils and seasonal swamps, formed a major
component of their diet. Heath mice were generally confined to vegetation with a very dense
understory such as wet heaths and prefers floristically diverse habitats (Nalliah et al., 2021), our
finding suggests that these species are consuming the plant species that are commonly found in
wet heath and confirms that this species can be classified as a generalist herbivore within the

specific habitat in which it occurs.

3.4.4. Effect of post-fire growth stage on diet

After a fire, habitats often progress through a series of successional stages where productivity and
species composition change over time (Smith, 2018). Thus, fire changes the distribution and
abundance of numerous resources including plants and arthropods that are commonly consumed
by small mammals (Fox, 1982, Kelly et al., 2011, Pulsford et al., 2014, Dickman and Happold,
2022). Luo and Fox (1994) found that the diet of the eastern chestnut mouse Pseudomys
gracilicaudatus varied with post-fire successional stage; initially consuming a high proportion of
leaf material, then stem, seeds, fungi and insects, then as vegetation matured into the old stage, the

composition of seeds, fungi and insects was reduced. At the landscape scale, multiple post-fire
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ages are often available for small mammal species, providing a greater diversity of habitats and
potential food items (Kelly et al., 2017a, Jones and Tingley, 2021). Different dietary strategies
may make species more or less vulnerable to post-fire changes and can potentially influence the

ability of species to exploit the resources available in a mosaic of post-fire ages.

Here, we found that the three species shifted their diets in response to post-fire growth stage, with
this pattern being most pronounced for the bush rat and least for heath mice. This may be because
bush rats are generalist omnivores that can shift their diet in response to local abundance of
resources. In this study they frequently consumed plants of the genus Asteraceae in the recently
burnt growth stage. This could indicate that that they are feeding on flowers of annual plants or
small shrubs that may be locally abundant after fires, while later in the succession woody shrubs
such as Casuarina and sedges were more commonly detected, highlighting a shift with changing
resource availability. As such, dietary plasticity may allow this species to persist immediately after
fires and throughout long-term succession (Sutherland and Dickman, 1999, Di Stefano et al.,

2014).

Yellow-footed antechinus diet shifts were most pronounced when comparing recent compared to
late successional stages. The plants that changed in frequency over time included plants of the
families Myrtaceae and Asteraceae and this could be due to yellow-footed antechinus targeting
certain resources that may be abundant at different times in the post-fire succession. Fire could
change the time of seedling recruitment and the time of flowering and nectar production thus
changing the resource available at different post-fire ages (Benwell, 1998, Pyke, 2017). However,
we were not able to identify to defined species many of the particular plant resources that were
being utilised by yellow-footed antechinus and further work needs to be done to identify the tissue

types consumed by these species.
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In contrast to the yellow-footed antechinus and bush rat, the heath mouse is a generalist herbivore,
thus may be more limited in their options in change in their diets in response to changing resources.
We only found a small dietary shift from early to the mid post-fire age in the heath mouse. This
could be because they eat common plants that are present at all stages of the succession (Di Stefano
etal., 2014). For example, Hypolaena fastigiata is a common plant present in all the growth stages
of post-fire ages in treeless heath (Duff et al., 2013a). Thus, the feeding strategy of heath mice
appears to rely on a common plant species that are found in these areas, where they do not have to
change their diets substantially in response to fire. Furthermore, wetter heath areas regenerate
rapidly after fires creating ideal environments for heath mouse (Benwell, 1998). Our conclusions
are well aligned with the confined distribution of these species in wet heath areas, and they are
already selecting for habitats that provide them with preferred diet items. This clearly contrasts
with other two species with a broader distribution and more prominent change of diets in response
to changing conditions in post-fire environments. Determining species dietary plasticity in
response to disturbance would be further enhanced by pairing a diet study with an assessment of
how food availability and quality changes over time (e.g., (Di Stefano and Newell, 2008)). While
we have, general knowledge of the shifting post-fire food resource base in these ecosystems (Duff
et al., 2013a) we lack detailed information about how the availability of different food species

changes over time.

3.4.5. Metabarcoding considerations

While we were able to gain powerful insights into the diets of the three species in this study, there
were examples where we could not identify common plant species beyond the class level. eEDNA

metabarcoding is only as good as the target taxonomic libraries that underpin them
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(Rathnasingham and Hebert, 2007, Dormontt et al., 2018), thus it is important to create complete
metabarcoding libraries for different taxa in order to increase the accuracy of results.
Metabarcoding will become even more powerful as libraries become more complete, as
demonstrated by our ability to detect moths at the species level, where well-developed libraries

exist.

As the number of sequence reads obtained in eDNA metabarcoding results do not represent the
abundance of particular ZOTUs present in the sample, the relative proportions (e.g., volume) of
individual food species cannot be determined. As such the importance of particualr food types (e.g.
by volume) cannot be determined. While this places some constraints on interpretation, our results

have shed new light on the breadth of food items consummed by our three target species.

Paradoxically, the power of the technique can create issues whereby secondary predation is
detected in diets. Generally, when DNA-based diet studies are carried out for omnivores, multiple
makers for different taxa such as plants, arthropods and fungi are used to obtain an understanding
of the range of diets (Robeson et al., 2018, Taberlet et al., 2018, Bonin et al., 2020). In this study
we used two markers to identify plants and arthropods as our study species consume a wide variety
of dietary items in both categories. Thus, there is a possibility for secondary predation to be
detected in diets (Taberlet et al., 2018, Tercel et al., 2021, Berman and Moshe, 2022). For example,
it is possible that some plant material detected in yellow-footed antechinus scat were originally
eaten by invertebrates. However, we consider it likely that most of the ZOTUs in our diet results
were a consequence of primary predation, as they showed similar trends as past records and earlier

data from the same study area (York et al., 2022).
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Animals can select highly nutritious tissues over less nutritious tissues of the same plant or animal
(Deagle et al., 2010). Understanding which functional parts of plants and what larval stages of
arthropods are being consumed is an important aspect of understanding small mammal-habitat
interactions. Such information can provide important insight into animal behaviour such as
predator-prey interactions, and ecological functions performed by species such as seed dispersal
and pollination (Gende et al., 2001, Klare et al., 2011, Tercel et al., 2021). However, eDNA
metabarcoding alone cannot differentiate between the tissue types that are consumed (Tercel et al.,
2021). For example, micro-histological analysis of silky mice (P. apodemoides) diet showed that
they ate more seeds in recently burnt compared to older post-fire stages (Di Stefano et al., 2014),
a finding that would have been missed if metabarcoding alone had been used. For yellow-footed
antechinus questions remain to be explored on what type of plant tissue and what developmental
stage of arthropods are consumed in order to get a complete understanding of diets. Thus,
incorporating micro-histological methods with eDNA metabarcoding studies will give better

insight on how animal diets are changing in response to changing environments.

3.5. Conclusion

Analysis of animal diets sheds light on critical ecological interactions and is beneficial in
conservation management decision making. For example, new information on the diets of flying
foxes improved the understanding of how they function as pollinators and seed dispersers (Bell et
al., 2020). However, information regarding diet changes over time after disturbance is lacking for
many animals living in habitats prone to disturbances such as fire. Using eDNA metabarcoding of
scat samples, we obtained high taxonomic resolution data on the diet of three species and identified

cryptic taxa that would have gone unnoticed if conventional dietary analysis methods were used.
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Although eDNA metabarcoding is a powerful biodiversity monitoring tool, in dietary analysis it
cannot differentiate different tissue types such as seeds, flowers, foliage or development stages of
arthropod species which are essential in understanding ecological interactions. The use of
complementary biodiversity monitoring methods has been recommended in many eDNA
metabarcoding studies (Tordoni et al., 2021, Valdivia-Carrillo et al., 2021, Ryan et al., 2022),
similarly dietary analysis can be improved in future by combining molecular and histological

methods (Deiner et al., 2017, Shutt et al., 2020).

From a land management perspective, this study revealed important information about changes of
diet over time after fire, highlighting differences among the three species which reflect their life
history strategies. Through identification of critical resources, appropriate conservation
management actions can be undertaken to protect and augment such resources. For example, in
this woodland ecosystem, after the critical nesting (hollows) and food (seed) resources for the
south-eastern red-tailed black-cockatoo (Calyptorhynchus banksii graptogyne) were identified,
appropriate conservation measures have been implemented to sustain these endangered bird
populations (Maron et al., 2008). The three species studies here do not specialise in individual
food sources, however information gleaned from metabarcoding can be used to guide future
research and management. For example, determining how the quality and quantity of important
food sources, such as the sedges for heath mice and moths for yellow-footed antechinus, are
affected by variation in fire regimes will help to determine appropriate fire management actions
for these species. Furthermore, determining fire management strategies that promotes a diversity
of food resources at both local and landscape scales would be beneficial, especially to species with
broad diets such as bush rats and yellow-footed antechinus. By shedding light on the dietary

requirements of three native mammal species and changes in resource use over time after fire, this
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study provides guidance to land managers to conserve populations of small mammals across the

landscape through appropriate fire management.
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4. FINE-SCALE RESOURCE SELECTION OF YELLOW-
FOOTED ANTECHINUS (Antechinus flavipes) IN

SOUTH-WEST VICTORIAN HEATHY WOODLANDS

4.1. Abstract

Understanding how animals select resources is essential in ecology in order to gain important
insights into the survival and persistence of animal populations. Resource selection is hierarchical
in nature, and various factors can drive patterns of species occurrence and abundance at different
scales. For many species research data on drivers of distribution at landscape scales is abundant,
but studies are scarce on which resources are selected for at a fine scale (e.g., within individual
home ranges for foraging). Structural resources such as vegetation and vegetation-derived
attributes are used by small mammals as foraging substrates as well as refuges to avoid predators.
Therefore, exploring foraging movements of small mammals can provide insights on the structural
resources that individuals select for while foraging. We aimed to identify the resources that are
utilized by yellow-footed antechinus (Antechinus flavipes) in foraging events within their home
ranges. Individuals were live trapped and radio transmitters were attached to healthy individuals,
movements were detected, and habitat resource assessments were carried out. We utilized the
‘Resource Selection Study Design III” for this study, which identifies individuals, and resource
use and resource availability is defined at the individual level. Our findings indicate that the

foraging behaviour of yellow-footed antechinus is influenced by the density of the understory;
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consistent with the findings of previous studies on similar-sized mammals. Our data suggests that
individuals tend to choose locations with denser vegetation for foraging as a predator avoidance
strategy. However, the understorey vegetation of the study area is affected by seasonal natural fires
as well as planned fires. Therefore, further studies are critical to identify what structural resources
are used by species in response to the changes of vegetation cover due to disturbances such as

fires.

4.2. Introduction

Understanding how animals select resources in their habitats and investigating the underlying
mechanisms can provide insights into how patterns of resource selection can influence the survival
and persistence of animal populations. Resource selection is a spatially and temporally scale-
sensitive process where each order of selection is constrained on selection made in former levels
(Mayor et al., 2009, Brennan et al., 2019, Johnson, 1980). In order to understand the relationship
between animal species and their environment, it is important to recognise the hierarchical nature
of resource selection, because different factors can affect a species at different scales which can

be misleading (Mayor et al., 2009, Johnson, 1980).

To further clarify the selection of resources, multiple orders of selection have been defined based
on scale. The First order of selection is defined as the geographic range of a species, the Second
order of selection is defined by the selection of home range within a landscape, and the Third order
of selection is defined by the specific habitat resources an individual selects within its home range.
The Fourth order of selection is the actual procurement of a particular resource within the Third
order resource (Brennan et al., 2019, Johnson, 1980). Therefore, Third and Fourth order of

resource selection occurs within the home range of individual animals. The habitat resources that
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an animal uses within a home range can broadly be categorised into structural resources in the
context of the Fourth order of selection of resources. Habitat structure can be defined as the
amount, composition and three-dimensional spatial arrangement of resources in a location (McCoy
et al., 1990, Byrne, 2007, Manly et al., 2007). In a forest or a woodland, habitat structure can be
represented as the arrangement of vegetation and vegetation-derived resources such as understorey
vegetation, dead wood and leaf litter (McElhinny et al., 2005). Animals associate their movements
with the habitat resources in order to acquire food, shelter and mates (Stapp, 1997, Wells et al.,

2008).

Moving to search for food is carried out regularly by active foraging animals to meet their daily
energy requirements (Donihue, 2016). Therefore, an individual is required to make decisions on
exploiting the resource environment under different situations such as the presence of competitors
or predators (Arcis and Desor, 2003, Donihue, 2016, Koike et al., 2008). Such movements will
depend on habitat features as well as the life-history strategies of the species (Wells et al., 2008,
Nams, 2005). Studying the habitat attributes directly associated with animal movement is usually
an effective approach to obtain data on how resources are selected within the home ranges of

animals.

Australian ground-dwelling small mammals are a group of animals that are highly dependent on
habitat structure for movement, survival and reproduction (Marchesan and Carthew, 2004, Spencer
et al., 2005, McElhinny et al., 2005, McElhinny et al., 2006). Important habitat structures include
components such as shrub cover, coarse woody debris, tree hollows and leaf litter. Such features
provide shelter, refuge from predators, nesting sites, nesting materials, foraging sites and food
(Swinburn et al., 2007a, Flanagan-Moodie et al., 2018, Fox and Monamy, 1999, Morris et al.,

2000). However, many identified relationships between small mammals and habitat structure have
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been primarily assessed by relating animal abundance or occurrence to variation in structure across
multiple scales (Masters, 1993, Rader and Krockenberger, 2006, Tokushima and Jarman, 2008,
Swan et al., 2015). Fewer studies have investigated habitat relationships at scales smaller than the
home range where a more detailed understanding of resource selection by individuals can be
obtained (Nimmo et al., 2013, Jorgenson, 2004, Clarke, 2008). Individuals will have variations in
perceiving the resource environment and differences in decision making (Mazza et al., 2019).
Therefore, individual variations in resource selection will be reflected in the persistence of the

population (Haus et al., 2020).

The yellow-footed antechinus (Antechinus flavipes) is a marsupial commonly found throughout
eastern Australia, ranging from north-east Queensland to extreme south-east South Australia, with
a disjunct population found in southwestern Australia (Crowther, 2002, Sumner and Dickman,
1998). At the landscape scale (Second order of resource selection), forest structure appears to have
a strong correlation to the distribution of yellow-footed antechinus, with several studies showing
that it has a positive response to coarse litter, rock cover, hollow tree density, coarse woody debris
and other microhabitat vegetation conditions (Dickman, 1991b, Kelly and Bennett, 2008, Lada et
al., 2008, Moore et al., 2014). However, except for information on the usage of den sites and tree
hollows as shelters by individuals (Flanagan-Moodie et al., 2018), little is known about the specific
habitat resources individuals select within the home range (Third order of resource selection);

specifically, the structural resources utilized by individuals while foraging.
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4.2.1. Aims

We aimed to identify the resources that are utilized by yellow-footed antechinus in foraging events
within their home ranges. Informed by past literature and the results from Chapter 2, we selected
three main structural resource variables that may be associated with movements and foraging
patterns of yellow-footed antechinus. The structural resources that were assessed in this study are
vegetation structure, hollow bearing trees and logs (coarse woody debris). We hypothesised that,
(i) some variables will be selected disproportionately to their availability in the landscape, and
individuals will select foraging locations nonrandomly and (ii) species will select for coarse woody
debris as a foraging substrate, favour areas with denser understory, and associate with hollow-

bearing trees in preference to more open areas.

4.3. Methodology

4.3.1. Study area

This study forms a component of a larger project investigating the responses of animals to fire in
a fragmented landscape (Delaney et al., 2021, Nalliah et al., 2021). The study area is located in
south-western Victoria to the west of the town of Casterton (37°27°26” S, 141°2°13” E). The
predominant vegetation type in this region is Heathy Woodland (Ecological Vegetation
Community 48), where the canopy is dominated by Eucalyptus species such as brown stringybark
(Eucalyptus baxteri) and desert stringybark (E. arenacea), with the sparse understory dominated
by grass trees (Xanthorrhoea australis and X. caespitosa), Acacia spp., Banksia spp., shrubs,
sedges and forbs (Duff et al., 2013a). These woodlands occur on sandy nutrient poor soils,

displaying very low growth and decomposition rates (Cheal, 2010). The elevation above sea level
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lies between 75-131 m. The climate of the region is cool temperate with warm summers and cool
to cold winters, with a mean annual rain fall of 647.9 mm and mean annual maximum and

minimum temperatures of 20.2 °C and 8.3 °C respectively (Bureau of Meteorology, 2022).

4.3.2. Site Selection

The selected sites were a subset of sites from the larger landscape-scale study where sites were
established using a restricted random protocol to sample a range of post-fire growth stages. These
included sites that were 0.5 to 79 years post-fire, within three vegetation types following Cheal
(2010). We initially selected a total of six sites; three sites from long-unburnt (time after fire 58
years to 79 years) and, as a contrast, three sites more recently burnt (time after fire nine years to
15 years), informed by the results from previous yellow-footed antechinus captures and habitat

resource surveys (Chapter 2).

4.3.3. Elliott trapping, fitting radio collars and radio tracking

Trapping and radiotracking was carried out in the Autumn and winter of 2020. At each site 100
Elliott traps (33 cm x 10 cm x 10 cm) were deployed 10 m apart in a grid pattern. A piece of
unbleached cotton was placed in the trap as an insulating material and the trap was covered with a
plastic bag to protect animals from moisture. Traps were baited with a mixture of oats, peanut
butter, golden syrup, and pistachio essence and checked between sunrise and 10 am for five to
seven consecutive nights (500-700 trapping nights at each site), depending on rates of yellow-
footed antechinus capture. Traps were closed during the daytime to reduce the stress on animals
and bycatch. Individuals caught were identified to species level, weighed, head-body length and

tail length measured, sexed, and identified as juveniles or adults and marked with a unique
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identifier using white correction fluid. We fitted 1 g Lotek© cable tie radio collars to individuals
that weighed more than 20 grams so that collars were < 5% of the body weight. We only fitted the
collars to individuals if they were alert, responsive and visibly healthy. Collars were fitted in the
morning between 6 am and 10 am. All collared animals were released at the site of the capture.
Individuals were tracked using R—1000 Radio telemetry receiver and a VHF Yagi Directional

Antenna (148 — 174 MHz frequency).

Tracking was conducted a maximum of three times per night between dusk and dawn for 5-6
consecutive nights per tracking week for 3 to 4 weeks. There was at least a four-to-five-days gap
between the tracking weeks to reduce the stress on animals. An animal was identified and detected
using the homing-in technique where a signal is followed towards the signal’s greatest strength
(Fattebert et al., 2015). Additionally, we attempted to circle around the animal at an approximate
distance of 2-5 m to determine the precise location and used the signal direction to recognise if the
animal moved while being tracked. Once the animal was located, the location was saved using a
Garmin GPS. Initially a set of points were obtained for each animal to locate their den sites during
the daytime (3 to 5 fixes for each animal). However, the main focus of the study was to obtain
night-time foraging locations, rest of the sampling points were obtained at the night-time. At the
end of the tracking period, Elliot traps were placed at each individuals’ activity centre to recapture

individuals and remove collars.

4.3.4. Resource variable selection and habitat surveys

We considered the GPS points obtained for each individual as ‘used’ points (Appendix B, b-1),
and a random set of similar number of points were created as ‘available’ points. To define a

practical area for the available points with the assumption that all areas within the home range

99



were available, we created potential home ranges (polygons) for each individual by producing a
minimum convex polygon, using the minimum bounding geometry function in data management
toolbox in Arc GIS software (ArcMap 10.8). A 20-m buffer was added to each polygon margin.
This minimum convex polygon was used as the initial reference for creating available points. To
this aim, a set of random points were generated using the data management toolbox in Arc Map.

Habitat assessments were carried out by referencing these used and available GPS points.

An earlier study (Chapter 2) suggested that the probability of occurrence of yellow-footed
antechinus in the study area was related to the presence of hollow-bearing trees and vegetation
cover. Informed by these results and previous literature (Kelly and Bennett, 2008, Moore et al.,
2014, Lada et al., 2008) we selected three major habitat attributes overall: vegetation, trees and

logs (coarse woody debris) (Table 1).

At each used or available point, habitat assessments were conducted within 5 m radius plots (Figure
4. 1). Vegetation structure was measured using the point intercept method at 20 sampling points
(total of 100 points collectively in each plot) positioned at 1 m intervals along a cross-section
centred on each point and extending 5 m out. Each arm extended along cardinal bearings for
consistency. A 2-metre structure pole was held vertically at each sampling point and the presence
and absence of vegetation functional groups (Table 1) was recorded within five height classes (0-
50 cm, 50-100 cm, 100-200 cm, 200cm-canopy and canopy). A densitometer was used to record
vegetation above 200 m. Logs (coarse woody debris, >5cm diameter and >50cm long) were
measured along each arm of the cross (Figure 4. 1). Each quarter of the plot was used to record
tree and tree hollow attributes, the diameter at the breast height was recorded for each tree, and the

presence and absence of tree hollow classes (hollow class 1—tree hollows diameter <5 cm, hollow
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class 2—tree hollows with diameter 5 cm - 10 cm, hollow class 3—tree hollows diameter > 10

cm) for each tree was recorded.
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Figure 4. 1 Structural attributes were measured using a 5 m radius plot, in each plot
vegetation assessments were carried out on vegetation assessment points (Arm1, Arm2,
Arm3, Arm4) and logs were assessed along log assessment transects (Arm 1, Arm 2, Arm 3,
Arm 4). Diameter of trees in each quarter in the plot was measured at 1.3 m height and all
trees were scanned for hollows and Prescence and absence of tree hollow classes (Hollow
class 1—tree hollows diameter < 5 cm, hollow Class 2—tree hollows with diameter 5 cm to
10 cm, hollow Class 3—tree hollows diameter > 10 cm) for each tree was recorded.
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Table 4. 1 Habitat variables measured during the survey

Habitat Measured Description Measurement
Attribute characteristic
Overall Vegetation height class  Five height classes, 0 to 50 cm, 50 to 100 cm, 100  Presence/Absence
Vegetation cm to 200 cm, 200 cm to canopy and canopy
Trees Diameter at the breast Diameter of the tree cm
height
Tree hollow classes  Hollow Class 1—tree hollows diameter <5 cm Presence/Absence
Hollow Class 2—tree hollows with diameter 5 cm  Presence/Absence
to 10 cm
Presence/Absence
Hollow Class 3—tree hollows diameter > 10 cm
Logs Log diameter Fallen logs not attached to roots that are >5 cm cm
diameter and >50 cm length
Charring Evidence of the log being burnt- charred surface Presence/Absence
Hollows Presence of hollows in logs Presence/Absence
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4.3.5. Data analysis

In traditional resource selection studies, the resources that are assumed to be accessible to animals
are denoted as the available resources and within these accessible resources, resources that are
being actually acquired are denoted as used resources (Johnson, 1980, Manly et al., 2004, Thomas
and Taylor, 2006). The sampling protocols of resource selection studies are generally based on
four designs explained by Johnson (1980). We used ‘Resource Selection Study Design III’, where
individuals are identified and resource use and resource availability is defined at the individual
level (Manly et al., 2004). Data analysis was carried out within the R statistical environment (R
Core Team, 2018) using two approaches: (i) nMDS ordination and PERMANOVA to compare
used and available resource locations, and (ii) generalised linear models (GLMs) to explore the
relationship between the habitat resources and used and available resource locations for

individuals.

4.3.6. Exploratory data analysis

Initially, exploratory data analysis of habitat variables was undertaken to investigate the
distribution of data and to identify trends and outliers. These variables were converted into suitable
values such as proportions or counts for further analysis. Relationships between resource variables
were explored using correlation analysis; where there were groups of correlated variables
(Pearson’s r > 0.6), a single representative variable from each group was selected for subsequent

analysis (Table 2).
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4.3.7. Ordinations

We created a dissimilarity matrix (Euclidean distances) of selected variables after standardising
the data (Table 2). The matrix was analysed using nonmetric multidimensional scaling (NMDS)
using the R package “vegan” (Oksanen et al., 2020) and results displayed graphically as two-
dimensional representations of the NMDS results (bi-plots). Initially, we pooled the data from the
two sites in the analysis; however, the bi-plot indicated a clear separation of sites (site 1: 4
individuals and site2: single individual), so we subsequently created separate matrices for each
site. The used and available resources were compared using two-way permutational analysis of
variance (PERMANOVA - (Anderson et al., 2008) with site (1, 2) and resources (used, available)

as orthogonal factors.

4.3.8. Generalized linear models

We created generalized linear models (GLMs) for each individual animal to understand the
selection patterns for and against selected habitat variables. We included multivariate models for
the three types of resources (vegetation structure, tree and tree hollow attributes and log attributes
(Table 2)) in additive combinations. The Akaike Information Criterion corrected for small sample
size (AlICc) was used to compare the GLMs, and model ranking was completed using the R
package MuMIn (Barton, 2020). Models were ranked from most parsimonious to the least
parsimonious using delta AICc and Akaike weight. Individual animals were included as the
random effect for GLMMSs, and binomial error distribution was used in the analysis. GLMMs were
created using the package Ime4 (Bates et al., 2015) and GLMs were created and analysed using

the base R package.
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4.4. Results

Elliott trapping resulted in the capture of 15 individuals at three sites (Appendix C, c-1),
comprising 10 females and five males. We attached radio transmitters to 11 individuals. However,
six of these animals could not be located soon after collar attachments. Eventually we were able
to collect data from five individuals (three females and two males) with 180 radio tracking points
collectively using the homing-in method. Of the five individuals, four were captured at one study
site (site 1), whereas the remaining female was captured in a separate site (site 2). For the ease of
identification henceforth the five yellow-footed antechinus individuals will be termed as YFA1
(15 radio tracking points with 15 random points), YFAZ2 (15 radio tracking points with 15 random
points), YFA3 (15 radio tracking points with 15 random points), YFA4 (15 radio tracking points)

(from site 1), YFADS (30 radio tracking points with 30 random points) (from site 2).

4.4.1. Ordinations

Bi-plots indicated a low level of separation of centroids with considerable overlap between used
and available locations (Figure 4. 2). The PERMANOVA results indicated a strong effect of site
(pseudo-F = 384.77, P = 0.001) (where points cluster separately on initial ordination) and a weak
difference between used and available locations (pseudo-F = 3.62, P = 0.03) (Table 3). This pattern
is consistent at both sites as indicated by the non-significant interaction term (pseudo-F = 0.91 P

=0.37).
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4.4.2. Generalized linear models

Compared to the tree and log attributes, the vertical vegetation layer was a better predictor of
individual yellow-footed antechinus overall foraging resource usage (Figure 4. 3). Specifically, for
YFAL, the 50cm to 100 cm vegetation layer was significantly a better predictor, whereas for YFA2,
the 200 cm to canopy layer was a better predictor. For YFAS3, the 0 cm to 50 cm vegetation layer
was a better predictor and it correlated positively, whereas the 50 cm to 100 cm vegetation layer
correlated negatively for YFA3 (Table 4) (Figure 4. 3). The best model describing YFA4 included
tree attributes, however interactions were not statistically significant. Nevertheless, vertical
vegetation cover 0-50 cm and 200 cm to canopy layers were selected as the second-best models
with a statistically significant positive interaction for YFA4 (Table 4) (Figure 4. 3). Although the

best model for YFAS included log attributes, none of the models were statistically significant.
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Table 4. 2 Variables used in model building, these variables were selected from an initial set of variables by creating a correlation
matrix with all the candidate variables and examining Pearson’s correlation coefficients. Variables with a correlation coefficient of <
0.6 were selected for constructing models, where there

Variable Description Mean (min - max)  Units Abbreviation
0 to 50 cm Vegetation cover Frequency of vegetation (out of 20 points) 13.92 (6.00 - 16.00)  Proportion 050
(Ground cover)

50 to 100 cm Vegetation cover Frequency of vegetation (out of 20 points) 9.05(0.00 - 17.00)  Proportion 50_100
(Small shrub layer)

100 to 200 cm Vegetation cover Frequency of vegetation (out of 20 points) 2.35(0.00 - 8.00)  Proportion 100_200
(Medium shrub layer)

200 cm to Canopy vegetation cover Frequency of vegetation (out of 20 points) 5.13 (0.00 — 19.00)  Proportion 200 _Can
(Understory layer)

Canopy vegetation cover Frequency of vegetation (out of 20 points) 5.91 (0.00 — 19.00)  Proportion Can
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(Canopy)

Hollow log volume

Charred logs

Hollow bearing tree density

Stem Basal area

Log volume per unit area calculated using the diameter

of the logs and the length of the transect

Total counts of charred logs

Number of hollow-bearing trees per a unit area

Sum of the stand basal areas of all trees (live and dead)
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0.96 (0.00 — 10.00)

0.45(0.00 — 5.00)

0.72 (0.00 — 4.00)

0.002 (0.00 - 0.01)

m?® ha!

Counts

m2hat

hollow_logs

charred_logs

tree_hollows

stand.dbh



Table 4. 3 two-way PERMANOVA results with site (1,2) and resources (used, available) as orthogonal factors

Terms df Sums of squares Mean of Pseudo-F R? P
squares

Used and available points 1 860 860 3.62 0.06 0.03*

Site 1 91485 91485 384.77 0.68 0.00***

Used and available points site 1 217 217 0.91 0.00 0.37

Residuals 176 41846 238 0.31

Total 176 134408 1.00
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Table 4. 4 Habitat selection models for individual yellow-footed antechinus derived from generalized linear models Akaike’s
information criterion was used to (AICc) rank the models. Model 1 includes the predictor variables of vertical vegetation, Model 2
incudes the predictor variables of logs attributes and Model 3 includes the predictor variables of tree attributes and tree hollows.

Model AAICc r2 Term Estimat Cl 95% p
e
Individual (variables)
YFAl Model 1 0.00 0.33

(0_50+ 50_100+ 100_200+ 200_can+ can)

0_50 0.19 -0.85,1.33 0.73
50_100 2.24 1.01, 3.87 0.00 **
100_200 -0.47 -1.37,0.368 0.27
200_can -0.65 -1.57,0.09 0.11

can -0.51 -1.33,0.23 0.18
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Model 3 17.24

(tree_hollows + stand.dbh)

Model 2 22.38

(hollow_logs + charred_logs)

YFA2 Model 1 0.00

(0_50+ 50_100+ 100_200+ 200_can+ can)
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0.07

0.00

0.14

tree_hollows

stand.dbh

hollow_logs

charred_logs

0_50

50_100

100_200

-1.20

0.42

-0.15

0.22

0.64

-0.58

-0.26

-2.67,-0.16

-0.37,1.18

-0.94, 0.50

-0.46, 0.87

-0.11, 1.53

-1.55,0.32

-1.24,0.60

0.06.

0.26

0.67

0.49

0.11

0.21

0.55



Model 2 2.50

(hollow_logs + charred_logs)

Model 3 2.54

(tree_hollows + stand.dbh)

YFA3 Model 1 0.00

(0_50+50_100+ 100_200+ 200_can+ can)
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200 can

can

0.01
hollow_logs
charred_logs
0.01
tree_hollows
stand.dbh
0.24

0.80

-0.23

-0.32

-0.00

0.33

-0.20

0.13,1.60

-0.94, 0.43

-1.39, 0.50

-0.94,0.73

-0.41, 1.06

-1.11,0.53

0.03*

0.50

0.49

0.98

0.36

0.62



Model 2 9.89

(hollow_logs + charred_logs)

Model 3 13.51

(tree_hollows + stand.dbh)
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0_50

50_100

100_200

200_can

can

0.04

hollow_logs

charred_logs

0.00

tree_hollows

stand.dbh

1.58

-1.64

0.79

0.26

-0.44

-0.31

-0.65

-0.03

-0.02

0.62,2.92

-2.99, -0.60

-0.26, 1.97

-0.589, 1.10

-1.33,0.31

-1.46, 0.60

-2.18, 0.32

-0.87,0.71

-0.89,0.70

0.00 **

0.00 **

0.15

0.53

0.28

0.54

0.29

0.95

0.95



Model 3 0.00 0.12
YFA4

(tree_hollows + stand.dbh)

Model 1 0.74 0.19

(0_50+ 50_100+ 100_200+ 200_can+ can)

Model 2 9.59 0.00

(hollow_logs + charred_logs)
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tree_hollows

stand.dbh

050

50_100

100_200

200 _can

can

0.36

0.59

1.26

-0.11

-0.95

0.90

0.16

-0.39,1.12

-0.13,1.36

0.38,2.45

-0.91, 0.66

-2.07, -0.06

0.21,1.72

-0.45, 0.79

0.32

0.12

0.01*

0.77

0.06.

0.02 *

0.60



YFAS Model 2 0.00 0.01

(hollow_logs + charred_logs)

Model 3 0.45 0.00

(tree_hollows + stand.dbh)

Model 1 5.22 0.03

(0_50+ 50 _100+ 100_200+ 200_can+ can)
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hollow_logs

charred_logs

hollow_logs

charred_logs

tree_hollows

stand.dbh

050

0.02

-0.04

0.24

-0.05

0.15

-0.20

0.32

-0.78,0.73

-0.89, 0.64

-0.38, 0.95

-0.70, 0.57

-0.70, 1.00

-1.10, 0.63

-0.24,0.95

0.95

0.91

0.45

0.85

0.73

0.63

0.28
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50_100

100_200

200_can

can

-0.30

0.00

-0.15

0.16

-0.89, 0.26

-0.52, 0.53

-0.78, 0.38

-0.36, 0.70

0.31

0.99

0.60

0.544



NMDS2

NMDS2

NMDS1

NMDS1

Figure 4. 2 A —site 1, B —site 2: Two-dimensional ordination diagram for used (U) and available (A) resources. Ellipses

represent the 95% confidence interval around the centroid for each variable.
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YFA3

YFA1 YFA2
X0_50 X0_50 X0_50
X50_100 X50_100 X50_100
X100_200 X100_200 X100_200
X200_can X200_can X200_can
X_can X_can X_can
hollow_logs hollow_logs hollow_logs
charred_logs charred_logs charred_logs
tree_hollows tree_hollows tree_hollows
stand.dbh stand.dbh stand.dbh
2 0 1 0 3 2 -1 0
Estimate Estimate Estimate
YFA4 YFAS
X0_50 X0_50
X50_100 X50_100
X100_200 X100_200
X200_can X200_can Model
X_can X_can Model 1
Model 2
hollow_logs hollow_logs Model 3
charred_logs charred_logs
tree_hollows tree_hollows
stand.dbh stand.dbh
2 1 0 1 2 -1.0 -0.5 0.0 0.5 1.0
Estimate Estimate

Figure 4. 3 Parameter estimates with 95% CI limits for individuals for different variables. Model 1 includes the predictor variables of
vertical vegetation, Model 2 incudes the predictor variables of logs attributes and Model 3 includes the predictor variables of tree
attributes and tree hollows. Where confidence limits don't overlap zero, we considered a resource to be selected. A positive effect

indicates selection for, and a negative effect indicates selection against a particular resource.
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4.5. Discussion

Understanding which structural resources animals utilize in foraging environments can provide
critical insights into animal behaviour (Forester et al., 2009). This information can be useful in
conservation and land management, specifically in environments subject to regular disturbance
events such as seasonal fires (Nimmo et al., 2018). In this study we utilized radio tracking to
understand the structural resources that yellow-footed antechinus individuals use while foraging.
We focused on three habitat resources: overall vegetation; trees and logs (coarse woody debris) as
the most prominent set of resources associated with the foraging movement. Our findings suggest
that individuals move nonrandomly while foraging, and preferentially associate their movements

with locations that has dense vegetation cover, compared to other resources.

The ordinations and the associated PERMANOVA results showed that there were differences
between the locations individuals used and locations that were defined as available. This
observation indicates that individuals utilise habitat nonrandomly while they moved for foraging.
Non-random selection of foraging locations are related to the way resources are scattered
throughout a foraging patch (Abrahms et al., 2021). Therefore, selecting the locations that include
preferred resources involves a series of behavioural choices of an individual, and it is related to
the survival of the animal and, subsequently the persistence of the population (Orians and

Wittenberger, 1991, Stapp, 1997, McElhinny et al., 2006, Forester et al., 2009).

When individual resource selection was examined, we observed that some habitat features were
being consistently selected for and against. Results showed that individuals were using locations

that had a disproportionately high vegetation density, and different individuals were associated
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with vegetation at different heights. When small mammals are foraging there is a risk of individuals
being subjected to predation, particularly from introduced predators (Hradsky et al., 2017).
Individuals are more likely to use denser vegetation as a predator avoidance strategy, and this
could be the driver of selecting locations with denser vegetation for foraging (Chute et al., 1974,
Glen et al., 2009, Stokes et al., 2004). This is consistent with a previous giving-up density
experiment (Stokes et al., 2004) on yellow-footed antechinus which reported that the number of
meal worms consumed were higher under artificial netting provided to imitate shelter compared
to open areas. Similar studies have indicated the preference of other small mammals to associate
with cover that provides shelter when foraging. For example, a study carried out by Orrock et al.
(2004) demonstrated that old-field mice (Peromyscus polionotus) removed more seeds from trays

beneath sheltered areas compared to exposed areas.

Our study further confirms the importance of a dense understory for the yellow-footed antechinus
foraging, consistent with the findings of past studies on other similarly-sized mammals (Marchesan
and Carthew, 2004, Swinburn et al., 2007b, Kelly and Bennett, 2008, Lada et al., 2008, Moore et
al., 2014). Similar patterns of resource selection have been observed in the threatened heath mouse
(Pseudomys shortridgei), which selected dense understorey in wet heaths (Cockburn, 1981,
Nalliah et al., 2021, Di Stefano et al., 2011). Furthermore, in Chapter 3, we observed that yellow-
footed antechinus consumes a diverse array of plant matter, in addition to invertebrate prey.
Associating foraging with vegetation could facilitate an additional advantage where dietary
requirements as well as predator avoidance can be obtained from the same resource. However, it
should be kept in mind that this study is correlative, and there may be other factors that are

correlated with dense vegetation that drive the observed patterns, such as specific food resources.
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Although overall foraging location selection was associated with density in vertical vegetation
layers, different individuals were associated with vegetation density at different heights. The two
females (YFA2 and YFAA4) at the same site were associated with both near-ground and near-
canopy vegetation cover, whereas location selection for the two males (YFAL and YFA3) was
associated with the vegetation layers closest to the ground. However, the sample size was not
sufficient to generalize the patterns observed between male and female individuals. It should be
noted that although these relationships are a good fit for individuals, the causative relationship of
these individual variations could be related to other vegetation layers, even though it was not

evident from the models that were selected (Arif and MacNeil, 2022).

The lone female (YFADS) that was tracked at the second site did not show any significant selection
to any of the resources. We observed that this individual was foraging in the daytime while other
four individuals were observed foraging between the dusk and dawn. One possible reason for this
variation could be different behavioural choices of an individual and differences in decision
making due to variations in their cognitive perceptions depending on their age, sex and experiences
within the home range (Mazza et al., 2019, Haus et al., 2020). Information about the heterogeneity
of resource selection in individuals can help in understanding the plasticity of populations to
changes in resource environments, since ultimately, individual variations will aid in shaping the
population (Houston et al., 1988, Haus et al., 2020). However further investigation is required to
determine if the differential selection of vegetation layers is a patch-related factor or related to

population demographics of the yellow-footed antechinus.

Hollows are ideal structures for avoiding predators, and provides foraging patches containing
invertebrates and fungi, therefore we expected yellow-footed antechinus to be associated with

hollow bearing trees and hollowed logs while they are foraging within their home range (Dickman,
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1986, Westerhuis et al., 2019, Korodaj, 2007). In past studies, some of the yellow-footed
antechinus populations were found to be foraging most frequently in areas with a high density of
logs, and where rock crevices are present (Moore et al., 2014, Lada et al., 2008). In Chapter 2, the
probability of occurrence for yellow-footed antechinus was associated with the presence of
hollow-bearing trees; past studies have also indicated that they select hollow bearing trees for
nesting (Kelly and Bennett, 2008, Moore et al., 2014, Lada et al., 2008, Flanagan-Moodie et al.,
2018). In the study site, coarse woody debris (logs) and hollow bearing trees are abundant, and
these resources are seemingly used, but only in proportion to their availability in the landscape.
Further study of fine-scale resource selection in landscapes where these resources are more limited

in abundance would be valuable to determine their importance in different ecological contexts.

Although we were unable to incorporate fire into the study design due to low capture rates, the
study area is subjected to planned and natural fires. In habitats mediated by disturbances such as
fires, structural resources alter as the patch goes through regeneration, requiring animals to
likewise alter their movement and behaviour regularly (Fisher et al., 2009, Miehs et al., 2010,
Flanagan-Moodie et al., 2018, Fox, 1982, Fox and Monamy, 2000). The information obtained
from the resource selection of yellow-footed antechinus indicates that, within the home range
scale, individuals require dense vegetation for the foraging movements, a resource that is impacted
by fire. Fire regimes in naturally fire-mediated environments are changing due to climate change;
and as a consequence, severe unprecedented wildfires are becoming more common (Di Virgilio et
al., 2020, Ward et al., 2020, Abram et al., 2021). For example, the megafires in Australia during
2019 to 2020 were the largest fire events that occurred since the establishment of European
settlements, with many species losing at least half of their habitat and some species over 80% of

their habitat (Wintle et al., 2020). Therefore, natural responses to changes that populations have
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adapted to may not be sufficient for the survival of populations, and research data on the resources

that animals use within their home ranges is critical to identify and conserve refugia for animals.

4.5.1. Limitations of the study

In this study, we employed radio tracking to locate foraging yellow-footed antechinus; a technique
that has been used for tracking small mammals and other animals in ecological studies for over
fifty years (Tremblay et al., 2017). However, the process of obtaining locations for animals is time
consuming and resulted in low numbers of GPS points available for individual animals.
Furthermore, there is a potential for animals to perceive the tracker as a predator or a threat and
this could bias the results towards potential anti-predator behaviours. However, this is an important
aspect of the movement of individuals, and therefore the GPS points that are obtained via field
trials would be related to a valid behaviour. Furthermore, animals did not appear to flee when the
trackers approached them, and therefore we can infer that individuals were not disturbed to an
extent that affected the pattern of their general and regular movements. Recent developments in
the Unmanned Aerial Vehicles technology have facilitated the development of novel and
sophisticated methods to obtain radio signals from collared individuals within shorter timeframes,
however pinpointing the exact locations an animal has used is more difficult (Tremblay et al.,
2017, Muller et al., 2019). To further understand the usage of space withing the home range in a
finer scale, fluorescent powder markers and spool and line tracking could be employed, however
these techniques have some drawbacks as well (Kalcounis-RUPpell et al., 2001, Kearney et al.,

2007, Lees et al., 2022).
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4.6. Conclusion

The findings of this study demonstrates that the most important structural resource for yellow-
footed antechinus foraging is understory vegetation. The study area is subjected to natural as well
as planned fires, with fire events substantially altering the density and spatial patterning of
understorey vegetation (Penman et al., 2008, Holland et al., 2017). Furthermore, temporal changes
in habitats are affected by numerous independent and interacting environmental variables such as
fire severity, inter-fire intervals, rainfall and herbivory (Whelan, 1995, Flanagan-Moodie et al.,
2018, McLauchlan et al., 2020, Klop et al., 2007). Therefore, further studies are essential to
identify the critical structural resources utilized by yellow-footed antechinus, and how spatial
arrangement of vegetation cover responds to disturbance events, in order to implement effective

conservation and management strategies for this species.
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5. SYNTHESIS

Inappropriate fire regimes are altering fire-mediated habitats globally and are creating altered
resource environments, threatening flora and fauna (Kelly et al., 2020). Although the direct effect
of fire is often mortality, in environments where fires are occurring these disturbances affect
resource availability and hence can influence species long after a fire has passed through a habitat
(Smith, 2018, Fox, 1982, Fairman et al., 2016, Chick et al., 2016, Miehs et al., 2010). Therefore,
understanding how animals are using resources in post-disturbance environments such as fire-

mediated habitats is important for both conservationists, wildlife biologists and land managers.

The selection of resources by animals is a spatially and temporally hierarchical process (Pavlacky
et al., 2012, Mayor et al., 2009). Resources selected at one level might not be selected in another
level and studying only one spatial level of a resource might lead into inaccurate conclusions of
the links between animals and habitats (Kolka et al., 2014, Pellegrini et al., 2018). Links between
resources and animals should be analysed at multiple levels to gain a more complete understanding
of resource selection. Johnson (1980) introduced four levels of resource selection: first order
selection (range of the species), second order selection (selection of the home range), third order
selection (specific habitat resources selected within a home range), fourth order of selection (actual

resource procurement within the home range).

In this thesis | have set up a framework to investigate resource selection of small mammals after
fire at multiple spatial scales. Details of resource selection was undertaken using both conventional
methods such as live trapping and radiotracking, as well as a novel molecular analysis method,

eDNA metabarcoding.
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The overarching aim of this thesis is to find links between fire, environmental gradients, resources
and small mammals at multiple scales. In this chapter | summarise the findings of the three data
chapters (Chapter 2, 3 and 4) and discuss the results of my work connecting the three data chapters

in a broader perspective, considering possible future directions. Summary of key findings of each

chapter are as follow (Table 5.1).

Table 5.1 The key findings of the three data chapters

Chapter 2

Title:

Small mammals respond more strongly to environmental gradients and habitat resources than fire
history and foraging resources in a woodland ecosystem

Obijectives Key Findings
To determine the interrelationships
between fire, resources, and small 1. Distribution of three species was not uniform

mammals at a range of spatial scales
from the larger landscape scale to the
smaller scale relevant to the home
ranges of small mammals.

The four Australian small mammal
species selected for this chapter were:
yellow-footed antechinus (Antechinus
flavipes), heath mouse (Pseudomys
shortridgei), bush rat (Rattus fuscipes)
and house mouse (Mus musculus).

throughout the landscape, with yellow-footed
antechinus having a more northerly distribution, the
bush rat a more southernly distribution, and heath
mouse found in both northern most and southern
most ends of the study area. The house mouse
showed no spatial trend.

Fire had a clear effect on some of the habitat
resource variables such as the medium shrub layer,
canopy layers, hollowed logs and tree size.
Compared to time since fire, habitat and
environmental variables were better predictors of
occurrence for all four small mammal species.

The spatial distribution of annual rainfall was
negatively correlated with the occurrence of the
yellow-footed antechinus and positively with the
bush rat. Surface soil carbon content was positively
correlated with the occurrence of the bush rat and
house mouse. However, heath mouse occurrence did
not correlate with any of the environmental
variables that were considered in this study.
Yellow-footed antechinus occurrence was positively
correlated to the presence of tree hollows in its
home range. Occurrences of all three species of
native small mammals (yellow-footed antechinus,
bush rat and heath mouse) were positively
correlated with the vegetation cover within their
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home ranges; however, the introduced house mouse
occurrence was negatively correlated with litter
biomass.

6. Surprisingly none of the small mammals responded
to invertebrate biomass as we expected.

Chapter 3

Title:

Using eDNA metabarcoding to understand the effect of fire on the diet of small mammals in a
woodland ecosystem

Objectives Key Findings

To utilize eDNA metabarcoding to 1. 1was able to obtain a robust set of information on
obtain an improved understanding of the diets of the three species in high taxonomic

the diet of three native Australian small resolution, demonstrating that eDNA metabarcoding
mammal species: yellow-footed can be successfully employed to understand the
antechinus, heath mouse and bush rat in diets of small mammals. This is the first known

the study area and how diets are study that used eDNA metabarcoding to describe
changing over time after fire. the diets of small mammals in fire-prone

environments. The metabarcoding data allowed new
insight into patterns of diet preferences of the three
species.

2. All three species were found to be consuming high
variety of food taxa within a single foraging bout.
While the average number of diet items found in the
scats of each species was similar, overall, the diets
of the three species was different, with all three
species consuming arthropods as well as plants. For
all three species, in some individuals, diets were
detected as plants-only. However, there were no
individuals found with detected diets of arthropods-
only.

3. he three species shifted their diet in response to
post-fire growth stages, with yellow-footed
antechinus diet changing incrementally from the
recent post-fire growth stages to the late post-fire
growth stage. In contrast bush rat diet was different
between the three growth stages, whereas for the
heath mouse the mid post-fire growth stage was
different from the recent post-fire growth stage,
Again the differences between the growth stages for
all three species was a cumulative differences
between the detected food taxa.

4. A set of cryptic taxa was identified within the diet
of the three species which would have gone
unnoticed if histological analyses were carried out;
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10.

specifically, if animals are foraging on arthropods
with soft body parts such as moths or feeding on
plant sap, nectar or in some cases pollen.
Yellow-footed antechinus consumed a wide array of
arthropod taxa, specifically moths, beetles,
cockroaches, flies and lacewings. Moths consisted
of the bulk of the consumed arthropods; however, it
was surprising to not detect arachnids in antechinus’
diets as suggested by past literature. Myrtles, pines,
ferns and daisies were among the top plant material
consumed.

One of the key novel factors resulted from this
study was the detection of high number of plant taxa
in the predominantly insectivorous yellow-footed
antechinus diet.

Much of the micro-histological studies on yellow-
footed antechinus scat did not report any plant
matter in the antechinus diet and yellow-footed
antechinus was deemed as an insectivore generally.
However, results from my study indicated that scats
of yellow-footed antechinus contained a high
diversity of plant. One of the key issues with
analysing scat samples that have both plant and
animal material (specifically of omnivores) is
secondary predation. In metabarcoding studies,
multiple markers for different taxa such as plants,
arthropods and fungi are used detect the range of
diets. Due to the high detection precision of the
eDNA metabarcoding, it is possible that some of the
plant matter that has been consumed by
invertebrates could be detected in the final analysis.
Therefore, it is important to examine if the scat
contained plant material as primary prey specifically
in instances where past records are limited.
However, one micro histological study carried out
in the same landscape (York et al., 2022) indicated
that yellow-footed antechinus scat containing a
considerable proportion of plant tissue.

Bush rats consumed moths, flies and beetles, with
the most frequent arthropod a species of a carabid
beetle. Plants such as myrtles, daisies and legumes
were found in high frequencies.

Heath mouse diet predominantly consisted of plants
such as rushes and sedges, with the arthropod
consumption low, including species of moths,
beetles, flies and spiders.

Although there was an overlap between the diets of
the three species to some extent, it was found out
that species have, overall, distinctive diet items
based on variation in their frequency of occurrence
across individuals. This difference was a
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consequence of cumulative differences from a range
of different diet taxa.

Chapter 4
Title Fine-scale resource selection of Yellow-footed Antechinus
(Antechinus flavipes) in south-west Victorian heathy
woodlands
Objectives Key Findings

To examine how structural resources
are being utilized by yellow-footed
antechinus in their home ranges while
foraging.

1. There were differences between the locations
individuals used for foraging compared to the
random resource locations, which suggests that
individuals are moving nonrandomly through their
home ranges while foraging.

2. Compared to the other resources vertical vegetation
layers were a better predictor of individual yellow-
footed antechinus overall structural foraging
resource usage. Although in Chapter 2 the
occurrence of yellow-footed antechinus was
predicted by abundance of hollow bearing trees (in
the third order of resource section), in the fourth
order of resource selection at the home range scale
this was not consistently selected. This indicates
that yellow-footed antechinus selects different
resources at different levels demonstrating the
importance of investigative the resource selection in
different levels.

3. Allindividuals preferentially selected locations with
high vegetation cover compared to other resources
while foraging. This pattern was consistent between
individuals. However, all individuals did not select
the same vegetation layer and there were differences
between males and females. However, sample size
was insufficient for further analysis of the
preference based on sex of animals.
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5.1. Structural and foraging resources of small mammals at landscape

scales

In Chapter 2 small mammals were live trapped and habitat assessments were carried out to
understand the influence of fire, environmental variables, structural resources and food
(invertebrates) resource on small mammal occurrence. The four species studied for this chapter
were: yellow-footed antechinus (Antechinus flavipes), heath mouse (Pseudomys shortridgei) and
bush rat (Rattus fuscipes) and house mouse (Mus musculus). Presence and absence of species was
analysed against time since fire, environmental and resource variables using generalized linear

mixed models (GLMs).

Results of Chapter 2 (Table 5.1) supports previous findings in the literature where time since fire
was a poor predictor for the occurrence of small mammals (Di Stefano et al., 2011, Swan et al.,
2015, Burns et al., 2019, Rainsford et al., 2020a). This is most likely related to the variable
relationship between fire and habitat resources in heathy woodlands, a pattern also seen in other

forests where the dominant regeneration strategy is resprouting (Rainsford et al., 2020a).

Furthermore, the findings of Chapter 2 and in combination with those of the other data chapters
suggest that animals are associating with available resources at different spatial scales. This further
confirms that single management approaches are highly unlikely to benefit all the species within
fire-prone landscapes. Therefore, plans to manage fire within the landscape should incorporate as
many studies as practically feasible on different scales of resource requirements for different fauna
within a landscape. Subsequently these can be used to tailor more comprehensive species-specific

management actions in fire-mediated environments.
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This study incorporated invertebrate biomass as a proxy for food resource availability for small
mammals, as food resource selection has been often overlooked in studies carried out in post-fire
environments. Invertebrates are an important resource and a crucial component in food webs, and
three study species (yellow-footed antechinus, bush rat and house mouse) out of the four are known
to feed on invertebrates, | expected a significant correlation with the invertebrate food resource
availability. The lack of effect of biomass on species occurrence could be because biomass is a
coarse measurement and does not sensitively capture food availability. This prompted the
motivation for Chapter 3 to better understand what the small mammals are actually consuming in
fire prone landscapes. Future study could investigate different indicators of invertebrates such as
functional diversity, relative abundance of different groups or nutritional quality. Furthermore,
now we have a higher resolution picture of what these species eat from Chapter 3. As such different
collecting methods could be trialled (such as catching moths or other flying insects) to see if
abundance of different invertebrate taxonomic groups is associated with small mammal

distribution and abundance.
5.2. Foraging resources of small mammals; diets

In Chapter 3 | used novel eDNA metabarcoding technology to understand the effect of fire on the
diet of the selected three small mammals: the yellow-footed antechinus (Antechinus flavipes), the

bush rat (Rattus fuscipes) and the heath mouse (Pseudomys shortridgei).

Although exploring what animals are foraging on is one of the most crucial and elementary factors
to explore in ecology, obtaining accurate information on what animals are eating in their natural
habitats is time consuming and can give low taxonomic resolution when traditional micro

histological methods are used. However recent molecular biology advancements have permitted
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identifying food DNA in scats which can be used as an appropriate proxy to explore what animals
are eating. This method is less time consuming compared to the micro-histological methods and
can create high resolution taxonomic data if the reference libraries for metabarcoding are robust
and complete. Scats were collected during live trapping of small mammals, then samples were
analysed using the novel eDNA metabarcoding to understand the differences among the diets of
the three species as well as the differences of diets between post-fire age classes. The eDNA
metabarcoding detected the presence of different food species (ZOTUs- zero oriented operational
taxonomic units) within each scat sample (individual) (Table 5.1). I used post-fire growth stages
to characterise fire history. A combination of non-metric multidimensional scaling (NMDS),
permutational analysis of variance (PERMANOVA) and similarity percentage (SIMPER) was

used analyse the data.

In conventional methods of identifying food items in scat, results could only be obtained up to the
coarse functional levels. In this chapter | was able to establish a robust set of high-resolution
taxonomic data for the three small mammal species which adds to the body of knowledge of small
mammals ecology. | was able to demonstrate that eDNA metabarcoding can be used to determine
the diet changes of small mammals in post-fire environments. Similar methods can easily be
employed to promptly quantify and qualify diets of animals living in different post disturbance
environments. For example, my work has provided new information on the diet of the heath mouse,
a threatened herbivore, | found that the diet of the species remains constant throughout the post-
fire succession. When planned burns are designed this knowledge can be used to identify critical
areas of heath mouse occupancy and carry out burns to favour conditions that are beneficial for
heath mouse food species such as Hypolaena fastigiata. The diet analysis was carried out in a

single point of time in the Austral summer and does not contain the information on how the diets
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are changing seasonally as the study was not carried out in other seasons. However small mammal
diets tend to be subjected to seasonal changes (Luo and Fox, 1994), it would be beneficial to carry
out a further work to understand the dietary changes of animals throughout the year. In the post
fire context understanding the impacts of food availability is important specifically with
unprecedented wildfires creating extreme biodiversity loss, having prior knowledge on the food
sources that animals can utilize will help land managers in decision making. Specifically on which
plants and animals to focus on restoration with regards to threatened species and native
populations. This can help land managers and conservationists to understand how fires impact the
ecological interactions of the post fire habitats and communities. Specifically in understanding the

recovery and recolonization of animal populations.

The method of eDNA metabarcoding is only good as the strength of the reference taxonomic
libraries prepared for different taxa. Reference libraries are used to match the DNA sequences
obtained by the metabarcoding process can be matched to known species metabarcodes using
databases such as NCBI (GenBank) (Stoeckle et al., 2020). This type of study will become more
powerful as the libraries improve over time. Investment in sequencing different underrepresented

groups should be a priority for research.

Another caveat of the eDNA metabarcoding is the inability to quantify the particular food types
for an example as a portion of the volume or the biomass. However, statistical and molecular
methods are improving for eDNA metabarcoding which is a promising technique to be used in
various ecological studies. A potential area of future research would invest in pairing eDNA
metabarcoding with histological techniques to create quantitative measures of relative abundance

of food items paired with high resolution quantitative data.
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Analysing scats of animals in different trophic levels inhabiting post-fire environments using
eDNA metabarcoding could potentially be used to describe species interaction networks. Such
networks are valuable in determining the overall community changes happening in different post-
fire environments. Furthermore, dietary data can be used to understand how niche partitioning will
be influenced by different disturbance factors such as fire. Additionally, due to the simple method
of collecting scat samples for eDNA metabarcoding and the accurate results, it is an ideal method
to study seasonal diet changes of animals. Therefore, eDNA metabarcoding has a great potential
in obtaining data for answering various important ecological questions specifically in disturbance

environments.

5.3. Foraging resources of small mammals; structural resources

In Chapter 4, | aimed to identify the structural resources used by yellow-footed antechinus during
foraging events. As animals move within their home ranges in order to carry out foraging to meet
their resource requitements, they will interact with structural resources within the surroundings,
both to avoid predators and to get a better advantage in competing for resources. In fire-mediated
environments, habitat structure become an important factor for actively foraging small mammals.
Investigating the structural resources these animals are associating with can give important insights
in how the landscape should be managed in order to create resource rich habitat patches. The
yellow-footed antechinus (Antechinus flavipes) is one such species occupying fire-prone
environments and potentially using the habitat structure to avoid predators while foraging.
However, little is known about the actual structural resources that are selected within its home

range while foraging. Chapter 2 results suggest that yellow-footed antechinus occurrence is
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associated with the hollow-bearing trees and aspects of understory vegetation structure within their

home ranges.

Initially I had two study designs with a correlative approach to identify the exact resources that are
selected within the home range while foraging in different post-fire environments, followed by an
experimental design to understand the mechanistic links between the activity and resources. The
correlative study involved radio tracking foraging individuals to create a baseline of information
on what structural resources are being selected. The planned experimental study was to use a
before-after control-impact (BACI) study; adding or subtracting relevant resource attributes thus
enabling causative relationships between resources and home range to be determined. The
resources that were identified in the correlative study would therefore inform what resources to be
removed to mimic a fire. This was planned to be followed by a radio tracking study to compare
changes within home ranges of individuals to get an understanding, in an event of a fire when the
exact resource is being depleted how animals are responding to resource changes. Due to the
COVID 19 restrictions (travel bans, permit cancelation, campus closure and restricted access to
university facilities) |1 was only able to carry out the initial part of the study design (correlative
study). I have included both study designs in this paragraph and have mentioned the specific factors

that restricted carrying out the experimental design in detail in COVID 19 impact statement.

COVID 19 affected both approaches; the correlative approach was carried out within a very limited
time window and due to delays was pushed towards the breeding season of the yellow-footed
antechinus. Since the species shows semelparity where adult males die off following the mating
season, it was not possible to complete another round of radiotracking within the timeframe of my

PhD.
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Nonetheless, I carried out live-trapping and fitted radio collars on healthy individuals and tracked
their foraging locations and carried out a subsequent habitat resource assessment. Due to a limited
time window, low capture rates and collar failure, I was only able collect a reasonable set of data
from 5 individuals within 2 sites. This chapter would benefit from a strong experimental approach
followed by the initial correlative approach as this will directly shed light into direct mechanistic

relationships with the yellow-footed antechinus and the habitat variables.

Correlative Approach

The overall aim of the Chapter 4 was to identify the structural resources that are utilized by yellow-
footed antechinus in foraging events within their home ranges. Spatial data were collected from
individuals using the radio-tracking method and a used / available resource approach was applied,
with habitat structural resources measured for both used and available locations. Used locations
were denoted by actual locations where individuals were found, and available locations were
created at random. To understand what resources individuals are actually selecting, a combination
of generalized linear mixed models (GLMs), non-metric multidimensional scaling (NMDS) and

permutational analysis of variance (PERMANOVA) was carried out.

By utilising radio-tracking on foraging individuals, | was able to add to the body of ecological
knowledge on resource selection of yellow-footed antechinus within this landscape. Chapter 4
creates the baseline for a completed hierarchical level resource selection information for the
yellow-footed antechinus, compiling information from the previous two data chapters; in first
order of resource selection in areas where the rainfall is low. In the second order of resource
selection individuals were found in the north-western side of the study area. In the third order of

resource selection individuals prefer to establish their home ranges in areas with high number of
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trees with hollows and dense vegetation. In the fourth order of resource selection individuals are
selecting dense vegetation cover while foraging on an array of invertebrates such as moths, beetles,
cockroaches, flies and lacewings as well as possible plant matter from myrtles, pines, ferns and
daisies. This gives a more comprehensive idea of the resource selection of yellow-footed
antechinus, enabling appropriate fire management plans in order to create suitable resource

environments for this species.

Yellow-footed antechinus populations undergo male die-off (semelparity) (Smith 1984), thus there
is a possibility of the resource requirements of males and females of this species changing intensely
compared to species that does not show semelparity. This creates an ideas system to investigate
the differential resource selection of males and females throughout the seasons as well as in post-
fire environments. This chapter facilitates an appropriate baseline for such future studies that will

help in developing the understanding of underlying resource selection theories.

Furthermore, this will aid in understanding the alternative resources individuals will be using once
the main structural resources are removed from the environment (mimicking a fire). Further studies
could be built into this experimental design by utilizing artificial shades/refugia and creating
experiments for testing giving-up densities. Therefore, correlative experiments in fine scale are
essential in creating a strong base for experimental manipulation studies which will further

strengthen the knowledge on resource selection of animals.

5.4. Overall conclusion

Fire can be used to manipulate and modify landscapes to generate desirable outcomes in

conservation and land management. To generate successful conservation and land management
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plans an understanding of different resource requirements of animals is crucial. Selection and
utilization of resources is generally a hierarchical process at both spatial and temporal scales. This
thesis highlights the importance of creating comprehensive ecological information for both
conservation and land management studies, and that requirements vary between the species as well

as at different scales of resource selection.

For an example focusing on habitat conservation in larger landscape levels the knowledge on
hierarchical resource selection can be used for identifying critical habitat for threatened species.
The threatened heath mouse (Cockburn, 1981) occupies the patchy treeless heath areas in
southwestern Victoria within the matrix in the study area. This knowledge will be crucial in
promoting habitat connectivity by planning suitable habitat corridors within the landscape. Heath
mice prefer floristically diverse structurally complex densely vegetated areas and primarily feeds
on ruses, sedges and grasses on moist soils. At the patch level the conservation actions can be
focused on activities such as creating wildlife refuges after fires specifically to avoid predators.
Furthermore, implementing suitable prescribed fire regimes can promote the availability of food
species for heath mouse. In contrast the yellow-footed antechinus prefer more open woodlands
with hollow trees and considerably dense understory and high amounts of coarse woody debris
and is predominantly an insectivore which feeds on some plant matter, which will require a
different conservation and fire management strategies in the patch scale compared to the heath
mouse. Additionally long-term studies on different hierarchical levels of resource selection can

further aid in evaluating the efficiency of ongoing conservation and fire management decisions.

| was able to demonstrate the importance of using various approaches such as live trapping, radio
tracking and novel eDNA metabarcoding to understand interrelationships between resources and

small mammals in post-fire environments in multiple spatial scales. The knowledge of resource
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selection of animals at various hierarchical levels can be beneficial to conservation and fire ecology
management, providing guidelines to ensure species persistence and habitat conservation in a

period of climate change and unprecedented fire regimes.
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Appendix A, Table 2 a-2 Elliott trap captures, and modelling information and error distributions used
in modelling

Appendix
A. Appendix A-Supplementary material for Chapter 2

Appendix A, Table 1 a-1 Results of testing for landscape variable that is representing the spatial
clustering, two models were created for each species with a random effect (landscape) and
without a random effect. AICc (Akaike’s Information Criterion for small sample sizes) showed
the most parsimonious model does not require random effects f

Species AIC without a AIC with a random
random effect effect

Yellow-footed antechinus (Antechinus flavipes) 144.1858 144.2373

Bush rat (Rattus fuscipes) 83.56264 83. 88668

Heath mouse (Pseudomys shortridgei) 54.17349 56.28668

House mouse (Mus musculus) 84.25014 86.1315
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Appendix A, Figure 1 a-3 Occurrence of the selected small mammals in the study area. The size of
the filled black circles is determined by the number of individuals captured at each site small black
dots are study sites where there were no individuals captured.
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B. Appendix B-Supplementary material for Chapter 3

Appendix B, Table 1 b-1 Number of scat samples, unique number of ZOTUs and mean prey
number per a scat sample for each species

Species Scat Number of mean prey number Std. Error of
samples unique ZOTUs per a scat sample Mean
Bush rat 49 101 115 0.72

(Rattus fuscipes)
Heath mouse 31 92 10.9 0.81
(Pseudomys shortridgei)
Yellow-footed antechinus 42 77 10.5 1.01
(Antechinus flavipes)

All 3 species 112 155 11.0 0.49
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Appendix B, Table 2 b-2 Pairwise analysis of the diets from PERMANOVA of three species for

different post- fire growth

Bush rat
Pairs df Sums of Pseudo-F R? P
squares
Late vs recent 1 0.65 3.13 0.09 0.002*
Late vs mid 1 0.49 2.13 0.06 0.023.
Recent vs mid 1 1.08 5.20 0.15 0.001*
Yellow-footed antechinus
Pairs df Sums of Pseudo-F R? P
squares
Mid vs late 1 0.36 1.45 0.05 0.135
Mid vs recent 1 0.32 151 0.08 0.122
Late vs Recent 1 0.53 2.19 0.06 0.013.
Heath mouse
Pairs df Sums of Pseudo-F R? P
squares
Mid vs late 1 0.25 1.20 0.07 0.277
Mis vs recent 1 0.45 2.02 0.09 0.025.
Late vs recent 1 0.29 1.47 0.07 0.115
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Appendix B, Table 3 b-3 List of food species detected for yellow-footed antechinus scat samples

Yellow-footed antechinus (Antechinus flavipes)

Scat samples = 42

List of arthropods detected from COI metabarcode (Unique ZOTUs = 38)

m of
Class Order Family Genus/ Species ZOTUID frezlljen::)y of
occurrence
Insecta Lepidoptera UNKNOWN Z0TU57 7
Limacodidae Doratifera oxleyi Z0TU28 16
Doratifera sp. Z0TU29 2
Geometridae Idiodes siculoides Z0TU23 13
Idiodes apicata Z0TU22 2
UNKNOWN Z0TU24 1
Noctuidae Thoracolopha spilocrossa Z0TU35 12
Agrotis porphyricollis Z0TU30 6
Thoracolopha 5
melanographa Z0TU34
Agrotis sp. Z0TU31 2
Persectania dyscrita Z0TU3?2 2
Proteuxoa hypochalchis Z0TU33 1
UNKNOWN Z0TU36 1
Oecophoridae Prodelaca achalinella 20TU43 4
Prodelaca sp. 70TU44 4
Enoplidia simplex Z0TU37 2
Eomichla sp. Z0TU38 1
Garrha sp. 20TUA1 1
Heliocausta oecophorella 20TU42 1
UNKNOWN Z0TU45 1
Hepialidae Oxycanus sp. 20TU26 5
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Erebidae Castulo doubledayi Z0TU16 4
Calamidia hirta Z0TU15 1
Praxis aterrima 20TU19 1
Psychidae Cebysa leucotelus 20TU46 2
Lepidoscia retinochra 20TU48 1
Pyralidae Stericta carbonalis 20TUS1 3
Endotricha pyrosalis Z0TU49 2
Tineidae Tineola bisselliella Z0TU53 4
Cosmopterigidae Macrobathra ceraunobola Z0TU12 1
Blattodea Blaberidae Calolampra sp. Z0TU3 10
Coleoptera Carabidae UNKNOWN Z0TUA4 7
Dermestidae UNKNOWN Z0TUE6 4
Cleridae Eleale sp. Z0TUS 1
Diptera UNKNOWN Z0TU11 1
Phoridae Megaselia sp. Z0TU9 2
Neuroptera Hemerobiidae Micromus tasmaniae Z0TU58 2
Arachnida Araneae Miturgidae Cheiracanthium sp. Z0TU2 1
List of plants detected from trnL metabarcode (Unique ZOTUs = 54)
Sum of
Class Order Family Genus/ Species ZOTUID frequency of
occurrence
Streptophyta UNKNOWN Z0TU162 37
Magnoliopsida UNKNOWN Z0TU154 14
Myrtales UNKNOWN Z0TU114 37
Myrtaceae UNKNOWN Z0TU115 30
Fabales Fabaceae UNKNOWN Z0OTU99 15
Acacia sp. Z0TU93 9
Kennedia sp. Z0OTU95 2
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Asterales

Proteales

Oxalidales

Poales

Apiales

Asparagales
Gentianales

Brassicales

Caryophyllales
Fagales
Geraniales

Solanales

Zingiberales
Malpighiales
Arecales
Fagales

Lamiales

Asteraceae

Proteaceae

Elaeocarpaceae
Oxalidaceae

Poaceae

Restionaceae

Cyperaceae

Avraliaceae
Apiaceae
Asphodelaceae
Rubiaceae

Brassicaceae

Polygonaceae
Juglandaceae
Geraniaceae

Solanaceae

Musaceae
Euphorbiaceae
Arecaceae
Casuarinaceae
Oleaceae

Plantaginaceae
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UNKNOWN
Aster sp.
Persoonia sp.
UNKNOWN
Tetratheca sp.
Oxalis sp.
Cenchrus sp.
Microlaena sp.
Stipa sp.
UNKNOWN

Holcus sp.

Rytidosperma sp.

Hypolaena sp.

Leptocarpus sp.

Lepidosperma tortuosum

Schoenus apogon

Hydrocotyle sp.
UNKNOWN

Xanthorrhoea sp.

UNKNOWN
Brassica sp.
UNKNOWN
UNKNOWN
UNKNOWN
Geranium sp.
Solanum sp.
Capsicum sp.

UNKNOWN

Amperea xiphoclada

UNKNOWN
Casuarina sp.
Ligustrum sp.

Plantago sp.

ZOTUT78
Z0TU77
Z0TU141
Z0TU133
Z0TU117
Z0TU118
Z0TU129
Z0TU132
Z0OTU134
ZOTU135
Z0OTU130
Z0TU133
Z0TU137
Z0TU138
Z0TU120
Z0TU124
Z0TU66
Z0TU6S
ZOTU74
Z0OTU104
Z0TU83
Z0TU84
Z0TU88
Z0TU101
ZOTU105
Z0TU151
Z0TU150
Z0OTU153
ZOTU109
ZOTUT70
Z0OTU100
Z0OTU106
ZOTU107
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Rosales

Sapindales
Vitales
Pinopsida Pinales

Cupressales

Polypodiopsida Polypodiales

Cyatheales

Bryopsida Hypnodendrales

Scrophulariaceae

Rhamnaceae

Rosaceae

Ulmaceae
Rutaceae
Vitaceae

Pinaceae

Cupressaceae

Dennstaedtiaceae

Dicksoniaceae

Racopilaceae

Leucophyllum mojinense
UNKNOWN
Rosa sp.
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
Callitris sp.
Hesperocyparis sp.
UNKNOWN
Calochlaena sp.
Dicksonia sp.

Racopilum sp.

Z0TU108
Z0TU143
Z0TU144
Z0TU145
Z0TU146
Z0TU148
Z0TU152
Z0TU157
ZOTU155
ZOTU156
Z0OTU160
Z0TU158
Z0TU159
Z0TU61

e T T
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Appendix B, Table 4 b-4 List of food species detected for bush rat scat samples

Bush rat (Rattus fuscipes)

Scat samples = 49

List of arthropods detected from COI metabarcode (Unique ZOTUs = 36)

Sum of
Class Order Family Genus/ Species ZOTUID frequency of
occurrence
Insecta Coleoptera Carabidae UNKNOWN Z0TU4 21
Dermestidae UNKNOWN ZOTUG6 7
Cleridae Eleale sp. ZOTU5 1
Diptera Phoridae UNKNOWN ZOTU10 11
UNKNOWN Z0TUl11 4
Megaselia sp. Z0TU9 2
Ceratopogonidae UNKNOWN ZOTU7 2
Chironomidae Polypedilum sp. Z0TU8 1
Lepidoptera UNKNOWN ZOTU57 3
Hepialidae Elhamma australasiae ZOTU25 6
Oxycanus sp. Z0TU26 2
Limacodidae Doratifera oxleyi Z0TuU28 6
Zygaenidae Myrtartona coronias ZOTU55 4
Oecophoridae Heliocausta oecophorella ZOTU42 3
Ericrypsina sp. Z0TU39 1
Eulechria suffusa Z0TU40 1
Erebidae Philenora omophanes ZOTU18 2
Praxis aterrima ZOTU19 2
Geometridae Idiodes apicata ZOTU22 2
Chrysolarentia trygodes Z0TU21 1
Idiodes siculoides Z0TU23 1
Noctuidae Thoracolopha spilocrossa ZOTU35 2
Agrotis porphyricollis ZOTU30 1
Tortricidae Bathrotoma constrictana ZOTU54 2
Cosmopterigidae Macrobathra chrysotoxa ZOTU13 1
Elachistidae Agriophara platyscia Z0TU14 1
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Erebidae Phaeophlebosia furcifera ZOTU17 1

Praxis difficilis ZOTU20 1

Lasiocampidae Porela albifinis ZOTU27 1

Psychidae Clania ignobilis ZOTU47 1

Lepidoscia retinochra ZOTU48 1

Tineidae Opogona stereodyta ZOTU52 1

Tineola bisselliella ZOTU53 1

Blattodea Blaberidae Calolampra sp. ZOTU3 1

Neuroptera Osmylidae Stenosmylus tenuis ZOTU59 1

Malacostraca Decapoda Parastacidae Geocharax gracilis Z0TU60 2
List of plants detected from trnL metabarcode (Unique ZOTUs = 65)

Sum of
Class Order Family Genus/ Species ZOTUID frequency of
occurrence

Streptophyta UNKNOWN 70TU162 39

Magnoliopsida UNKNOWN 70TU154 29

Myrtales Myrtaceae UNKNOWN 7OTU115 38

UNKNOWN Z0TU114 37

Asterales Asteraceae UNKNOWN ZOTU78 30

Aster sp. ZOTU77 22

Campanulaceae Lobelia anceps ZOTU79 7

UNKNOWN Z0Tu81 6

Wahlenbergia marginata Z0TU80 3

Goodeniaceae Goodenia rosulata Z0TUu82 1

Fabales Fabaceae UNKNOWN ZOTU99 21

Acacia sp. ZOTU93 17

Pultenaea sp. ZOTU96 4

Viminaria juncea ZOTU98 2

Templetonia egena ZOTU97 1

Poales Restionaceae Leptocarpus sp. Z0TU138 17

Hypolaena sp. Z0TU137 11

Centrolepis monogyna Z0OTU136 4

UNKNOWN Z0TU139 3
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Fagales

Proteales

Asparagales

Gentianales

Apiales

Sapindales

Dilleniales

Malpighiales

Rosales

Solanales

Poaceae Microlaena sp.
UNKNOWN

Cenchrus sp.

Cyperaceae Gahnia sp.
Lepidosperma tortuosum
Machaerina sp.
Juncaceae Juncus sp.
Luzula sp.
Juglandaceae UNKNOWN

Casuarinaceae Casuarina sp.

Proteaceae Persoonia sp.
UNKNOWN
Isopogon anemonifolius
Asphodelaceae Xanthorrhoea sp.
Iridaceae UNKNOWN
Orchidaceae UNKNOWN
Asparagaceae Lomandra multiflora
Rubiaceae UNKNOWN

Loganiaceae Mitrasacme pilosa

UNKNOWN
Avraliaceae Hydrocotyle sp.
Panax sp.
Macropanax dispermus
Apiaceae Centella sp.
UNKNOWN
Mackinlaya sp.
Rutaceae Boronia sp.
UNKNOWN
Dilleniaceae Tetracera sp.
Tetracera nordtiana
Violaceae Melicytus dentatus
Rosaceae Rosa sp.
Solanaceae Solanum sp.
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Z0TU132
Z0OTU135
Z0TU129
Z0TU119
Z0TU120
Z0TU123
Z0TU126
Z0OTU127
Z0TU101
Z0TU100
Z0TU141
Z0TU142
Z0OTU140
ZOTU74
ZOTU75
ZOTU76
ZOTU73
Z0OTU104
Z0TU102
ZOTU69
ZOTUG66
Z0TUG8
Z0TU67
ZOTU63
ZOTU6S
Z0TUG4
Z0TU148
Z0TU149
ZOTU91
ZOTU90
Z0OTU111
Z0TU144
Z0TU151
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Zingiberales
Brassicales
Caryophyllales
Celastrales
Ericales
Lamiales
Malpighiales
Malvales
Oxalidales
Santalales
Polypodiopsida Polypodiales
Pinopsida Pinales

Lycopodiopsida Isoetales

Musaceae
Brassicaceae
Droseraceae
Celastraceae

Theaceae

Plantaginaceae
Euphorbiaceae
Thymelaeaceae
Elaeocarpaceae
Loranthaceae
Dennstaedtiaceae
Pinaceae

Isoetaceae

UNKNOWN
Brassica sp.
Drosera erythrorhiza
Stackhousia sp.
UNKNOWN
Plantago sp.
Amperea xiphoclada
Pimelea sp.

Tetratheca sp.

Muellerina eucalyptoides

UNKNOWN
UNKNOWN

Isoetes sp.

Z0TU153
Z0TU83
ZO0TU86
ZOTU89
ZOTU92

Z0TU107

Z0OTU109

Z0OTU113

Z0TU117

Z0TU147

Z0TU160

ZOTU157
Z0TU62
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Appendix B, Table 5 b-5 List of food species detected for heath mouse scat samples

Heath mouse (Pseudomys shortridgei)

Scat samples = 31

List of arthropods detected from COI metabarcode (Unique ZOTUs = 15)

Class Order Family Genus/ Species Z?I;r v freztrenn(?}fl of
occurrence
Insecta Coleoptera Carabidae UNKNOWN ZOTU4 4
Dermestidae UNKNOWN Z0TU6 2
Diptera Phoridae UNKNOWN ZOTU10 3
Lepidoptera UNKNOWN ZOTU57 2
Psychidae Clania ignobilis Z0Tu47 2
Erebidae Phaeophlebosia furcifera Z0OTU17 1
Praxis aterrima Z0TU19 1
Limacodidae Doratifera oxleyi ZOTU28 1
Oecophoridae Garrha sp. ZOTU41 1
UNKNOWN Z0TU45 1
Pyralidae Plodia interpunctella ZOTU50 1
Tineidae Tineola bisselliella ZOTU53 1
Zygaenidae Myrtartona coronias ZOTU55 1
Pollanisus viridipulverulenta ZOTU56 1
Arachnida Araneae Araneidae Argiope protensa ZOTUl 1
List of plants detected from trnL metabarcode (Unique ZOTUs = 62)
Sum of
Class Order Family Genus/ Species frequency of
occurrence
Streptophyta UNKNOWN 7OTU162 27
Magnoliopsida UNKNOWN Z0TU154 5
Poales Restionaceae Hypolaena sp. ZOTU137 23
Leptocarpus sp. ZOTU138 23
Centrolepis monogyna ZOTU136 1
UNKNOWN Z0OTU139 1
Cyperaceae Schoenus apogon Z0TU124 6
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Lepidosperma sp. Z0TU121

Lepidosperma tortuosum Z0TU120

Machaerina gunnii Z0TU122

Machaerina sp. ZOTU123

Schoenus lepidosperma ZOTU125

Poaceae Stipa sp. ZOTU134

Microlaena sp. Z0TU132

UNKNOWN ZOTU135

Holcus sp. ZOTU130

Gentianales Rubiaceae UNKNOWN ZOTU104
Rubiaceae Lasianthus sp. Z0OTU103

Loganiaceae Mitrasacme pilosa Z0TU102

Myrtales UNKNOWN Z0OTU115
Myrtaceae UNKNOWN Z0TU114

Fabaceae UNKNOWN ZOTU99

Acacia sp. Z0TU93

Daviesia sp. Z0TU9%4

Pultenaea sp. ZOTU96

Fagales Casuarinaceae Casuarina sp. ZOTU100
Juglandaceae UNKNOWN Z0TU101

Asterales Asteraceae UNKNOWN ZOTU78
Aster sp. ZOTU77

Campanulaceae Wabhlenbergia marginata ZOTU80

UNKNOWN Z0Tus81

Goodeniaceae Goodenia rosulata Z0OTU82

Proteales Proteaceae Isopogon anemonifolius ZOTU140
Persoonia sp. Z0TU141

UNKNOWN Z0TU142

Asparagales Asphodelaceae Xanthorrhoea sp. ZOTU74
Asparagaceae Lomandra multiflora ZOTU73

Iridaceae UNKNOWN ZOTUT75

Amaryllidaceae Allium sp. ZOTU72

Orchidaceae UNKNOWN ZOTU76
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Pinopsida

Polypodiopsida

Sapindales

Dilleniales

Apiales

Malvales

Solanales

Pinales

Isoetales

Caryophyllales

Lamiales
Malpighiales
Oxalidales

Rosales

Santalales
Zingiberales
Cupressales

Schizaeales

Rutaceae

Dilleniaceae

Apiaceae
Avraliaceae
Thymelaeaceae
Solanaceae
Pinaceae
Isoetaceae
Droseraceae
Polygonaceae
Plantaginaceae
Euphorbiaceae
Elaeocarpaceae
Rosaceae
Ulmaceae
Loranthaceae
Musaceae
Cupressaceae

Schizaeaceae

Boronia sp.
UNKNOWN
Tetracera nordtiana
Tetracera sp.
UNKNOWN
UNKNOWN
Panax sp.
Pimelea sp.
Capsicum sp.
UNKNOWN
Isoetes sp.
Drosera erythrorhiza
Persicaria sp.
Plantago sp.
Amperea xiphoclada
Tetratheca sp.
Rosa sp.

UNKNOWN

Muellerina eucalyptoides

UNKNOWN
Hesperocyparis sp.

Schizaea elegans

Z0TU148
Z0TU149
ZOTU90
ZOTU91
ZOTU69
ZOTUG6S
Z0TUG68
Z0OTU113
ZOTU150
ZOTU157
ZOTU62
ZO0TU86
Z0Tu8?
ZOTU107
ZOTU109
Z0TU117
Z0TU144
ZOTU146
Z0TU147
ZOTU153
ZOTU156
Z0TU1l61
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C.Appendix C -Supplementary material for Chapter 4

Appendix C, Table 1 c-1 Elliott trapping capture results

Site Individual ID M/F Radio Collar  Animal missing  Enough Number

ID transmitter  lost before enough tracking points  of fixes
attached tracking points  obtained
(YIN) obtained

27 YFA/27/01 F Y - - v 28

29 YFA/29/01 M Y v v - NA

29 YFA/29/02 F Y - v - NA

29 YFA/29/03 M Y - v - NA

29 YFA/29/04 F Y 4 v - NA

29 YFA/29/05 F Y - v - NA

29 YFA/29/06 M Y - v - NA

66 YFA/66/01 M Y - - v 16

66 YFA/66/02 F N - - v 14

66 YFA/66/03 F Y - - v 15

66 YFA/66/04 M Y - - v 15

66 YFA/66/05 F Y - - - NA

66 YFA/66/06 F N - - - NA

66 YFA/66/07 F N - - - NA

66 YFA/66/08 F N - - - NA
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