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Abstract

Invasive species have contributed significantly to the global biodiversity. Sisise
European settlement in Australia,is estimated thanhvasive specieBaveaccounéd for a
significant portion of the decline and extinction of over 273 endé¢enfestrial speciesthe
introduction and spreadf the red fox Vulpes vulpesto Australia has hagronounced
damaging effects to native ecosyateacross the island contineAs a globally significant
predator and invasive species, the fox competes with native populations for resources and
habitat and preys on small mammals and grengsting birds.

Population genetics cassisby providinginformation about the dynamics oiasive
species that is beneficial for developing and improving effective control stratépresigh
estimates of genie diversity, population structuringand genetic relatednedsetween
individuals, information onthe effectiveness of control strategiean beobtained and
recommendations to improve the efficacy of control prograangbe possibléHowever, there
are few recent population genetics studies of the red fox in Australia td'tles¢hesis aimed
to add to the knowledge of the populatie@ngtic structure, diversitandgenetic relatedness
of red foxes ineastern Australia through the analysis dhigh numberof biallelic genetic
markers in a limited populatioof red foxes in the lllawarra and Shoalhaven regjion

Tissue samples were oetited from foxes shot between March 2019 and March 2020
in the lllawarra and Shoalhaven regions. Extracted DNA from fox ear tissue samples were
genotyped by Diversity Arrays Technology Canberra (Pty Ltd) using DArTseq technology.
After quality control, adtal of 17,898 biallelic markers were available for anal§sis93
individual fox samplesGenetic indicators were explored based on apmmilation and a two
population model. For a ofopulation model, mderate values afene diversities werfeund
(He = 0.302) with moderate levels of inbreeding occurring across the genotyped foxes (

0.0573). For a twopopulation model, wderate values of gene diversities were found



(population 11 He = 0.3L1; population 2i He = 0.309) with moderate values afibreeding
(population 1i Fis=0.0412 population 2i Fis=0.0566). Low poplation differentiatiorwas
observed assuming a twmpulation mode(Fst= 0.0176) with darge number of migrants
per generation estimated fiN~ 14). Interpretation of the genetic data time context of the
landscape may suggest that a major highinahis regioncould be used as a migration path.
Additionally, this thesisobserved tgh genetic relatedness among the sampled foxil,
elevenpotentialfirst-degreeelative kinship grouppresent in theampled foxes.

These resultsuggesthe presence of a large panmictic population withinltawarra
and Shoalhaven regions, with high connectiatyd free breeding occurringmong the
sampled foxesBy reducinggene flow across the landscaheough targeting of contact zones
for control it may be possible to use genetic drift as a natural control digentghthe
reduction in alleles which are advantagetarsinvasive species dispersaid estalbhment
Given the limited number of foxes available and the limited arethésurvey, it would be
important to extend the current studydditionally, focusing on possible migration corridors

within this landscape for better control of fpgpulations should be explored.
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1. Introduction

1.1 The threat of invasive species

Global biodiversityhas been profoundly impacted upon by human activity through the
facilitation of movement of introducedpeciesMcGeochet al. 2010) The ntroduction of
norrindigenousspecies tareas beyond their nativ®meranges isiccepted to bewhistorical
consequence of human migration and tré@leut and Russell 2007These invasive species
are considered a puipal component in driving largecale ecological change and represent
one of the greatest threats to global biodivei$tCN 1999) This is due to their role in habitat
degradation, destruction of natural biodiverséwgdtheir contributionto ecosyste changes
(Wilcove et al. 1998; Le Roux and Wieczorek 20Q9)he ecologyof native speciess often
impactedby invasive speciethrough increased competition for resources and increased levels
of predation, therefore harnessing the potential to alter populdgioamicsandreduce the
genetic diversity ohativepopulationgSakaiet al. 2001) which is important for adapting to
new and changing environments.

The decline and extinction afative speciebecauseof invasive speciegan have
cascadingeffects across ecosystemdltering of ecosystem processes, such as reduced
disturbance of topsqilhas led tonutrientpoor soils in Australiavith little organic matter
accumulation and low rates of seed germinafidaminget al.2014) This isdue to predation
from invasive predatorsuch aghe feral caf(Felis catu$ and theEuropean red foxVulpes
vulpeg, where twathirds of Australian digging mammals have become extinct or experienced
high rates opopulation declin@verthe pask00 yeargFleminget al.2014) Since European
settlemenin Australia, greater than 1% of all terrestrial mammalian species have become
extinct(Woinarskiet al. 2015) Invasive species are currently recognised as theimpsttant

threatto native speciem Australia, affecting32 % (N = 1,257) of Australian threatenethaxa



(Kearneyet al. 2018) Phenotypic tra t s or Oinvasive character.i

ability of a species to successfully establish in a new environment and become invasive. Such
traits include strong dispersal ability, abundant growth rate, elevated levels of competitiveness,
andgeneralist versus specialist trophic interacti®akaiet al. 2001) These characteristics
canevendiffer between populations of the same spe(ifedar and Lodge 2001)The ablity

to respond to selection and changes in genetic divéssityortant for successful introduction

and establishment toreewgeographic regio(Estoup and Guillemaud 2010)

Current management strategies of invasive species within Audtialia proverno
reducelocal, smaltscalepopulation densitiesf animals such as the feral cgbenny and
Dickman 2010pnd the red fo(Saunderst al.2010) However, the wideangingarea covered
by suchanimalsand their dispersal abilitigequirea greater implementation of management
strategies to see eéhangein the impact of invasive specie®n a largerscale Therefore,
understanding thepatial structure, dispersal and population genetics of invasive species is
important to reduce or reversige impactupon ecosystemspecifically, molecular genetic
techniques offer the opportunity to investigptgtens of dispersal (i.e. séxased dispersal),
genetic diversity and patterns of gene flow which would otherwise be unknown using
traditional survey methoddJsing contemporarymolecular techniques in conjunction with
demographic datathese informedappro&@hes canimprove current understandings of
population structurand dynamics of many invasive spedidamptonet al.2004)

Currentlegislation is a limiting factor in further reducing the impact of invasive species
in Australig specificallyfor invasive species such as the red(fdcLeod and Saunders 2011)

Fox controlis not mandatorgn private landsspecifically in NSW where it has been shown
that effective longterm pest control requires participation fromsabstantialnumber of
landowners in an arg@icLeod and Saunders 2018s such, it is difficult to alter current

management strategits the benefit of reducingopulation densities of rasive species, such

¢
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as thered fox. Moreover, Australia has the highest mammalian extinction rate worldwide.
Since Europeasettlementit has been estimated tregiproximately 27hativespecies have
become extinct{Woinarski et al. 2015. As such, therds a great need tamprove the
understanithg of the everchangingecology and biology of invasive species, such as the red
fox, so that control efforts to manage and reduce the impact of invasive spagcidse
informed. One way to do this is through the use of genetic tigclas that enables the

identification and momoring of invasive species.

1.2 Moleculargeneticsand invasive species

Molecular genetic techniquesave benefitted theliscipline of ecology. Genetic
techniqueshrough the use of genetic markbes/e allowed for the investigation irdene flow
betweenpopulations, population structure, and demographic chatiggsare difficult to
physically observe (Morin et al. 2004; Helyaret al. 2011) Additionally, patterns of
connectivity within and between populations, as well as genetic kinship analysis of
populationswhere individuals can be linked to a kin group rather than a specific population
can be informed by genetic technigu&kerefore, such information consequently allows for
the design of management strategies specifically adjusted to the structuring of populations and
their connectivity to other populatiofRollins et al. 2006; Estoup and Guillemaud 2010)

Moleculargenetictechniques have been used to study invasive spé@egxample
molecular genetic approaches can be tseatudythe red foxwhichis aknownnocturnal and
widely dispersingpeciesmakingit difficult to trap andstudyusing markrecapture techniques
(Beltranet al. 1991) Similarly, radiecollarsand camerdrapsare also limitedn the study of
speciesuch as the red foSuchmethodscannotinform the interaction between speceasd
behavioural attribute@Cristescuet al. 2015) As such, genetic approaches offer the abitity

studyhowthesespecies interact, typically throbhgeproductionand an investigation into their



population dynamics, which would otherwise be unkno@anetic investigation requires a
sample from animalfr analysis. Howevemhile genetics requires an aniniabe present in
the environment for its geetics to be studied, genetic techniqgneed notlways be invasive
and often do not require visual observatiédamset al. 2019) For example, environmental
DNA, which is DNA from scatfur, offers the opportunity tonvestigate the population
genetics ofanimals without observatiofherefore, noaAnvasive sampling techniques allow
for the investigation ofpecies that can be difficult to sampBmilarly, invasive techniques
only require small amounts of tissue sequence the DNA and therefore gain lyigh
informativedetailsabout thegenetics of the study speci&espite this, few published studies
haveinvestigatedthe population genetic structure iovasive species, such as the red fox,
within Australia.

Through population genetic analysis, it igspible to assess the scedguiredfor a
management program implementation, as wethasffectiveness of current control strategies
(Robertson and Gemmell 2004; Abdelkrehal. 2005) Genetic monitoring can distinguish
between surviving and reinvadinghdividuals during or posteradication campaign
(Abdelkrim et al 2005) As such, this enhances the efficacy of eradication campaigns of
invasivespecies andorks toward reducing the economic cost of the campaign.

Analysis of the genetic structure of invasive specesassistin the development of
effectiveandintegratedmanagement programs. For instance, geneticniquesanassistin
invasive species management by predicting, potntially preventing new invasions; by
forecasting the efficacy of current control methduis;jdentifying whether the current scope
of management is achievable throdglidentification of population units of manageable size
and those which have a low-irgroduction risk(Abdelkrim et al. 2005; Rollinset al. 2006)
For example management strategie$ the invasie brown rat Rattusnorvegicu3 havebeen

informed by moleculagenetic approachesinggenetic analysigstimates of gene flow and



genetic variatiorwere studiedfor invasiverat populationsRobertson and Gemmell (2004)
identified two genetically distinct and isolated populations of brown rats on a South Georgia
Island an islandn the southern Atlantic Oceathat could be extirpated without the risk of
reintroduction. Similarly, management strategies of invasive starlfysnus vulgarisin
Australiawere informed usingenetic approacheRollins et al. (2009)identified sexbiased
female dispersal patterns artentified regionswhich should be more heavily targeted for
control This was based daheresults ofhigh rates of gene flow and emigration found from a
source populatiorfRollins et al. 2009) Therefore, molecular genetic techniquesd the

potential to effectively infornpopulation management strategies of invasive species.

1.2.1 SNPsfor population genetics studies

Geneticoffersan innovativeapproactior the study ob speciesParticularly, genetics
offers an insightful approadb invasion biology studies apissessafeability to inform the
ecology and evolution of invasive and native spedibs.incorporation of population genetics
into eradication and management effdres been found to enhance the success of invasive
species contrpland assist in recognising possible positive outcomes of containment efforts
(Abdelkrim et al.2005; Rollinset al.2006)

The most common polymorphism, which has more recently (within the past 10 to 20
years) replaced the use dfadiional microsatellite markers are single nucleotide
polymorphisms (SNPs)Single nucleotide polymorphisnwhich are the substitution of a
single base pair which occurs at a frequency of more than 1 % in a pop(iltion et al.

2004) are recognised as the most commortgpgenomic variation (Figurg.Other markers
are less common, howevyare consideredhighly informative genetic markers (Figure 1).
Single nucleotide polymorphisnase biallelc, and as such dwot provide the statistical power

associated with traditional genetic markétswever, die to the high frequency of occurrence



throughoutthe genome, and the ease and high accuracy of parallel det@dtion et al.
2004) SNPsare increasingly becoing the most widely used polymorphisms in genetic
studies from plants to microbes, to wildlif€Zhenget al. 2013; Vandepitteet al. 2014,
Hendrickset al. 2017) Therefore, SNPs are increasingly becoming the marker of choice due

to theassociated abundance throughout a genoeselting in a high statistical power

Genetic variation

Rare
Copy N \'"/ : Deletion or duplication of sequences from 1kb-5Mb
WD_ W—— Duplication
W Deletion
Microsatellite: Short Sequence of Tandem Repeats, e.g. CA repeats
ATGCCGTICACACACACACACATTGTCGT
ATGCCGTICACACACACACACACACACACACATTGTCGT
Single Nucleotide Polymorphism: Single base substitution

ATGTACCGTATG
ATGTACTGTATG

Common

Figure 1: Characteristics of copy number variations (CNVs), microsatellites (SSTRs) and single nucleotide
polymorphisms (SNPs) as forms of variation within the genomé&hown from the most common (SNPs) to
rarest (CNVs) forms of genetic variation.

Today, egnetic markers play a key role in estimating population genetic structure and
are important in areas of research such as association mapping, evoligiodey, forensics
and wildlife managemen(iCarroll et al. 2018) Human genetic studiesuch as the Human
Genome Projecset the pace for using SNPs as the marker of choice for investigating
phenotypes and diseagBuerra and Yu 2006More recently SNPshave been applietb
investigatingthe population genetik of nonmodel organisms such asldlife (Helyaret al.

2011) For example, SNPs have been used to study the genetic diversity and population



structure of the endangered Tasmanian desdr€ophilus harrisi. Hendrickset al. (2017)
used 6,82 SNPs toestimatethe potential spread of Devil Facial Tumour Diseas®0ss
identified populations in Tasmaniand therefore inform conservation effotts prevent a
reduction in gent&c diversity by introducing admixed individuals to isolated populati®isk
et al. (2019) studied thegeneic diversity and admixture of theearthreatenedourrowing
bettong Bettongia lesuegrusing 21,267 SNPs. The study found it was advantageaus<to
source populations in diatroduction efforts specifically observing a twipld increase in
geneic diversity following hybridisation between two source populatiddereover, SNPs
have been used to sequence the genome of dach@ggressive red fox@sukekovaet al.
2018) The study found thdt03 loci were responsible for behaviour in fox&s.such, studies
such aKukekovaet al.(2018) who were the first study to sequence the red fox gerome
years agpreveal the capacity for SNPs to be used to investigatgplexparametes such as
behaviour As such, it is clear that SNPs provide a useful tool for the stohservatiorand
managemenf wildlife.

Effective and economical management iolvasive species requires extensive
knowledge of their demography, ecology, and impégtswettet al.2020) Single nucleotide
polymorphismshave widely been used in the estimation of genetic diversitypapdlation
dynamics of invasive speciésbdelkrimet al.2005; Pucketét al.2016; McCanret al.2018)
Similarly, SNPs caestimatehe efficacy of targeting ecologicabrridorsfor invasive species
control. An example for the latter has been usedlimgo (Canis lupus dingppopubtions
which have beetargeted by lethal baiting in five geographic regions of Austr@kdgrnset al.
(2018)used 58,000 SNPs and found high levels of inbreeding in targeted populations. They
concluded that control strategies are working to reduce the genetic health of alddgttipns
whilst simultaneously reducing gene flow between populations. As gaalse of genetics in

monitoring the control of invasive and pest species is an innovative technique that allows for



the evaluation of the efficacy of current control effoBy implementing geetic techniques to
the control of invasive species in Australia, such as the red fox, this may assist in the

conservation of threatened Australian native species for which foxes pose a great threat.

1.3 Focal species: thenvasiveEuropean red fox

The European red o x ( h er e &dipes vulpegdrderxGarnivora, family
Canidae) is the most widely distributederrestrial mammal globally and & significant
invasivepredator(Edwardset al. 2012) It has a natural range spanning the entire Holarctic,
and an introduced range including Austrgkawardset al. 2012) The ability forthe fox to
colonisebiomes ranging from deserts to tundra represents a great ability to locally adapt to an
environment, and aids the species being a successfiader The continuedthreat posed to
native fauna by the red fox, particularly in contiteénAustralia (Saunderset al. 2010;
Woinarski et al. 2015) demonstrates the need for improved control strategies to reduce the

pervasive threat redbkes posé€Kinnearet al.2017; Hradskyet al.2019)

1.3.1 Red fox biology

Foxes have a distinct appea+ akheé aandidr e
are mediunrsized omnivores, with a long body and dense fur. Amongst the three colour morphs
recognised globally, the red morph is the most common in Austédlas of Living Australia
n.d.). A range of morphological adaptatiosshought to be linked to its hunting style for small
mammalsi including long hind limbs, light bones, and a small stom@&ttortet al. 2002)
Foxesdisplay significant variation in size based on age, geograpiaysex. On average, adults
measure 3%0 50 cm high at the shoulder, with their weight ranging fromi@ 4 kg. Vixens
(females typically weigh 15to 20 % less than the dog fox (ma(@tlas of Living Australia

n.d.). Foxes have a generation time of one year and are sexually maapgraximatelyl0



monthsof age(Lariviere and Pasitschniakrts 1996) In Australia, breeding occurs between
June to October. Female foxasmmonlybreed during their first autumn, however, in areas of
high density, yearlings do not produce kits (offspring). In areas of lower density98@% of
yearlings and 95 % of older vixemay successfully bre€doigt and Macdonald 1984froxes
mark their home ranges with urine, fae@®sluse ofscentglands Reproductive status during
the breeding season can be indicateddsntmarking (Fawcettet al. 2012) The basic social
unit of the fox is a monogamous pair; such social behavioue isrttyexampleof cooperative
behaviourexhibited by foxeqLariviere and Pasitschniakrts 1996) Encounters between
groups with large home ranges are rare andaggeessive with agonistic behaviours rather
than physical contact being the most common form of aggre@saoniere and Pasitschniak

Arts 1996)

1.3.2 Red fox ecology and distribution

The red fox wa first introduced to Victoria, Australia in the lat&" century for
recreational huntingFairfax 2019) Foxes became established in Victoria, with a gesy
speciesbeing theEuropean rabbi{Oryctolagus cuniculus(Fairfax 2019) Following ther
initial introduction,foxesappeared on the west coast of Australia (> 3,000 km) within half a
century (Fairfax 2019) The spread of the fox throughout the Australian continent is also
thought to be linked to the earlier introduction of their hegy specieshe European rabbit
(Fairfax 2019) Current estimas suggest thabxes occupyapproximately twethirds of
continental Australia. However, they are absent ffammorthern arid and tropical regions of
Australia(West 2008) When seasonal conditions permit, the ¢axpenetratehe hot deserts
of the interior as well.

As a solitary foragerthe fox preyson rabbits, groundhestingbirds, and numerous

small native mammal@_ariviere and PasitschrkaArts 1996) Due to the small size of the
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prey, there ighought to bdittle cooperation between foxes founting and no defence of
territory has been found by research@srning and Harris 2019)he red fox targetthe
critical weight angemammals weighing 35 g to 5.5 Kgvoinarskiet al. 2015) Foxes can
survive in small home rangef 0.6to 10 kn? with high population densities @iheto eight
foxesper knt (Shortet al. 2002) Social groups of foxes have been observed for cooperative
breedingbehaviours, withaltricial and alloparentingbehaviours exhibitedby the breeding
foxes,which aredominant in the social structure, and subordinéBedkeret al. 2004; lossa
2008) The evolutionary stability of such social systamquiresa high degree of relatedness
between dominant and subordinate fgxassuch potentially allowing offspring to inhabit the
same home ranges as paréBiskeret al.2004) Foxes are thought to be monogamous during
the breeding season, howevere &nown to exhibipolygamousbehaviours when resource
availability permitgBakeret al.2004) Surviving in high population densities may mean that
local movements for foraging amdher activitiesoccurup to 14 km from their home territory
daily. This may make it difficult to control fox populations when their hoamges may differ
significantly in size. Foxes will disperse from their mother typically within a year of birth and
can disperse up to 80 kperyear(Shortet al. 2002) The ability for the red fox to disperse
great distances and establish in a range of environments ensures its succpss/asi\ae

invasive species and predagpobally.

1.3.3 Red fox as an invasive speciasd predator

Invasive species, such as the fox, paggeat threab nativespeciesListed asa ey
threatening proceéainder the Environment Protection and Biodiversict 1999 foxes
threaten the biodiversity afative Australiarspeciesand are recognised as central to the high
extinction rate of mammalksxhibitedacross the Australian contingfWoinarskiet al. 2015)

The impact of foxes on natiapeciexan be inferred through the experimental desigratif’e
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speciesreintroductionstudies A study conducted byhort et al. (1992) revealed that in
environments where foxes had beextirpated, there was an 82 % success rate for the
reintroduction of six species of threatened wallabies, including the qu{&ksonix
brachyuru$ and brusktailed rockwallabies(Petrogale penicillad). This was compared to an
8 % success rate of reintroduction for environments where fox populations were not controlled.
Augee et al. (1996) released handteared and relocated ritag possums(Pseudocheirus
peregrinug into Ku-rin-gai national park near Sydney, Australia. Of the 118 individuals whose
cause of deatlvasdetermined, 52 % of individuals were killed by foxes, compared to 29 %
killed by feral catsMore recently,Letnic et al. (2009) found thatdespitethe removal of
predationby dingoes througlthe installation of dingeproof fencing small to mediunrsized
mammal numbers continued to decline within experimental exclusion zueedo the
presence of foxewithin the fenceebff area.lt is therefore evident that foxgday a key role
in the decline of native Australian fauna asghificantly contributdo biodiversitydeclineon
the Australiarcontinent.

Red foxes are recognised asignificantkey threatening process that has historically
and continues to contribute to the decline of Aalgn biodiversity(Woinarskiet al. 2015)
Historical observationsf the red fox have documented the conspicuous decline of medium
sized margpialsat the time of the arrival of the red fax a locality(Saundert al. 2010)
However, such observations do not rule @lausible alternative explanations, such as
predation by feral cats or loss of habitat. Additionally, red fesdsbit behaviours of surplus
killing (Shortet al.2002) which isthe killing of prey beyond the requirements of the energetic
needs fo foxes. Such a ceevolved predateprey systemis typically thought to have
contributedto therapiddecreasen number s of the Austr adni an
species(Short et al. 2002) Moreover,foxes competavith native speciesfor habitat and

resouces andhereforethreaterthe presence aflreadydeclining nativepopulations. Such has
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been observed ithe spottedail quoll (Dasyurus maculatyswith a conservation status of
nearthreatenedwhere there is extensive overlepthe use of habitand resource ugd&len

and Dickman 2006 )Field surveys have confirmebat spottedail quoll population densities

are greatest in the absencdamfesor wherefox sightings are @ (Saunder®t al. 2010) As

such, it is cleathatfoxes pose a serious threat to Australian native populations by competition
for resourcesind habitat overlag\s such, there is a need to effectively control fox populations

to reduce the impact upon native species.

1.3.4 Fox control strategies

Sodiumfluoroacetaté¢compound 1080paiting is the most commarontrol technique
used to managex populationsn Australia(Saunders and Mcleod 2007; Saundia.2010)
It hasthegreatest success when baiting at large scales andérigities greater thafive baits
per kn? (Hradskyet al. 2019) Foxes present in baited resentesve significantly higher
mortality, shorter residency, and up to 80 % lower density than foxes in unbaited reserves
(Marlow et al. 2015) Additionally, Thomsonet al. (2000) conducted dargescale baiting
programwith 45 radiecollared foxes. fiey found that more thab0 % of the collared foxes
died withinthreedays,resulting inan overall population reduction estimated to be greater than
95 %. This study highlights the importance of periodically baited buffer zones to minimise
immigration tothe central baited ared080 kaiting specificallytargets forcanines with a
relative tolerance to 1080 bait of 1 fadethal dose 09.14 mg 1080/kg body weight. Native
populations are less susceptible to baits. For exampksums have a relative échnce to
1080 baitof 12, andeastern quollkave a relative tolerance to 1080 bai60f{Department of
Primary Industriegt al.2017) However as the bait specifically targets canines, domestic dog

breeds are highly susceptible to baitkerefore, orbaited lands in the peurban &ndscape,
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this can be deemed aslangeto petsAs such, a more informed approach is required totarge
fox populations and reduce their pervasiveness.

Other methods of control are thought to be less successful than baiting with 1080
poison. Hunting of foxes, including trapping, shootiagd dogging, are controversial due to
perceived inhumaneness of t@ntrol measureSaunder®t al. 1995) The use of trapping
concerning becauseative wildlife mayalso be trapped@nd die, known a unintentional
bycatch Similarly, such method have not proven beneficial in reducing fox population
densitiegSaunders and Mcleod 200The $ootingof foxes is a popular technique, however,
is time-consuming and not suitable in denvsgetationwhere foxes can take covéys such,
there is a clear need to increase the bodiknmiwledgearound the population dynamics,
population structure and range ofif@xes to inform control method®opulation genetics
offers new and exciting tools teenefitthe understanding of population dynamics of invasive
species. Particularly, managememd prevention strategies can be implemented based

information gainedrom genetic tool¢Le Roux and Wieczorek 2009)

1.4 Genetics and the red fox

There is a large gap in the litena¢ on the use of SNPs to estim#te population
genetis of the red fox. A key study in the literature conducted using microsatellite genetic
markers byAtterby et al. (2015) found that despite heavy culling of red fox populations
throughout England, thergasno evidence of substantial reductions to gene flovowered
genetic diversity of populations. Thigasdetermined through estimation of admixture, high
levels of immigration, and high levels of genetic diversity between and within red fox
populations studiedy these authorSimilarly, Norénet al.(2017)used 15 autosomal and one
sexspecific microsatellite loci from 10@ = 102)red foxes to determine population structure,

estimate genetic diversity and dispersatkes.Norénet al. (2017) studiedScandinaviarred
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foxes, which threaten the persistence of the endangered SwedichFox (Vulpes lagopus
The study found low population structure and high rates of immigration between tundra and
adjacent boreal regions in alpine tundra biomes of Sweden. They determined that control
measures should extend beyond the culr¢éatgeed regions of the Swedish tundra to adjacent
boreal regions. It is therefore evident that control strategies can benefit from genetic analysis
of fox populations to inform the efficacy of current control measures and provide guidance f
future control stategies.

Genetics has also been studied more broadly in faxesstigating genes associated
with aggressive and tame behaviours in fox populatidrstudy conducted biukekovaet
al. (2018)identifiedgenomic regions associated with tame and aggressive behaviours in foxes
using SNPsDomesticated, fufarmed foxes selectively bred for over 50 generations for
positive responses towards humansl doxes selectively bred for over 40 generations for
aggressive responses towards humans were studied to identify 103 loci associated with
behaviour in foxes. Notably, 13 of the identified genes were found thébsame genes
associated in humangth bipolar disorderanotherl3 genesvere associated in humawsth
autismspectrum disorder, and six genegre reported to be associatedth aggressive
behaviour in miceWhile other genes out of the 1@3sociatedenes had not been identified
in human metal health and behavioural traits, some of these genes could be mapped to gene
families relevant to these traits in humans and miceboost thanformation of the SNPs,
haplotype analysis was performed; this lo@tsphased strings of SNPs in high linkag
disequilibrium. Within one associated gereorCS1 (Sortilin Related VPS10 Domain
Containing Receptor liwo haplotypegtrqg and lay were found to be rare in tame populations
but frequent in aggressive populationsly haplotypes were observed with @duency of
60.6% in tame populations but were not observed in aggressive populdti@shows the

importance of genetic variation in behavioural traits in foxes. In addition,sthdy is
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particularly important in fox genetics literature, as it is the first time that the whole fox genome
has been sequertte

The use of genetic analysis has also been used to inform the understanding of invasion
dynamics using a landscapgenetic aproachin Californianred fox populationsA study by
Sackset al. (2016) used mitochondrialDNA sequences and 13 microsatellitearkersto
investigate source populations, connectivity andapepulation dynamics af02 (N = 402)
red foxes removed in control programs in Califorfiae study founestimates of high gene
diversities for the entire sampleekpected heterozygositle = 055 to 0.71 acrossen
populations).Low connectivity was observelletweenthe ten populations of red foxe
recorded in this studyThe low connectivity andestricted gene flow accounted for high
population structuringonsistent with origins frommultiple introductions to Californialhe
study observed twgites where immigration was occurrinbhis suggests the potential for
recolonisation following eradication from a locatidrnerefore, the information attained from
genetic analysis care usedo inform control strategies of the red fox in this arfBlais includes
targeting of populations with low to no gene flow for eradication; @ming to reduce the
connectivity ofimmigrants between populations so that they then may be able to be targeted
for eradicationThis paper is one of thiew studiesrelating to the usef genetics to inform
management strategies of the red faxsuch, there is a clear needneestigatehe population
geneticsof the fox tocreate a betteunderstanding of the connectivity of fox populations in

Australia, and therefore inform current management strategies used to target the fox.

2. Aims and Hypothess

There is a neetb use contemporary and innovative molecgkmeticsand population
genetic techniques to inform and assist current fox controlraneg in decreasing the

significantimpact that red foxes pose nativespeciesTherefore, thighesisinvestigate the
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genetic diversity of red foxes to improve fox control southeasternAustralia. Using
populationgenetic theorythis thesisinvestigaté gendic diversity, gene flowand genetic
relatednessf red fox populations in the lllawarra and Shoalhaven regions Gifs

The following hypothess weretested:

Hi: geneticdiversity will be high, with a lack of populan structuringandhigh rates

of expected gene floacross the landscape

H2: geretic relatedness will bliew to moderate due to theoderate size of the study

area, and high rates of disperaatoss the landscape expected.

3. Materials and Methods

3.1 Studysite

Fox eartissue samples were collected from hunters comdaitt the Brry to Budgong Fox
Control Program(Shoalhaven Landcare Association Inc. 200%)e fox control program is
funded by th&NSW Government and supported byocal Land Services and Landcare NSW.
Postmortem tissue samples were collected between March 2019 and MarchT32(@
samples were placed in 96 % ethanol and store2DAC. This study invesgated thegenetic
diversity of foxesshot near the Bowral, Kangard@lley, Nowra, Mt Kemblaand Tomerong
areas. Geoghic coordinates (latitude atwhgitude) for all foxes collected were plotted using
the ArcGIS Pro v2.4 (Figurg). Additionally, basc data was providetly the hunteion fox
biology, including esthated age, weight, sex, and iadication of health for the 9fbxes
examinedn this study (see Appendix IJhe indices provided were an estimate by the hunter
and based on their professampinion. The location of shot foxes covered a large geographic
area of the lllawarra and Shoalhaven regions, ranging approximately 75 km from the furthest

point of collection and covering an area of approximately 1,17A(Kigure 2).
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Figure 2. The geographic location of shot foxesOrangepoints indicate the location of an individual fox. Each fox w
legally shot by licensed hunters contracted by the Berry to Budgong Fox Control Program. Ear tissue was collec
foxes, stored in 96 % ethalnand frozen at20 °C until used for further analysis. The map was created using ArcGIS
LGA i Local Government Area.
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The vegetation structure of sites near Bowral, Kangaroo Valley and Nowssteoh
of clearedagricultural land thahashighly fragmented remnant nativegetation. Mt Kembla
consistedf many types of rainforest vegetation communities. Tomgisupports the growth
of dry open low woodland through sandstone soils and taller fotl@stagh clay soils. Two
major roads intersect thstudy area: the M1/A1 Princes Highyvat Nowra(road travelling
NE toward Berry) B73 Moss Vale Roadhrough Kangaroo ValleyFigure 2). There are
wildlife underpases under the Princes Highwéyrming part of the Berry bypashat foxes
are known to usé. Mikac, unpublished data).hE areas whenmostof the foxes were shot
was mostly fragmented by clearing for agliatal land use. ApproximateliOfoxeswere shot
in covered or forestedites mar Mt Kembla, YalwalNowra Wattamolla Tomerong,and

Kangaroo Valley; twodxes were shot in the suburbamea ofBurradoo, NSW.

3.2 Ethicsstatement

Tissue samples were obtained from legally hunted foxescbpded and contracted
shootersy the Berry to Budgong Fox Control Program. Thsgpam has the aim of reducing
the population density of foxes within the lllawarra and Shoalhaven regions, and therefore
reducing the impact that foxes have on threatened native species. No foxes were killed
specifically for this study. Therefore, in coftstion with the University of Wollongong
Animal Ethics Committee, no further ethics permissions were required to undertake the

research

3.3 Genomic DNAextraction

DNA was extracted from foeartissue N = 94 foxes) usig the QIAGEN DNeasy

Blood andTissue Kit protocol (QIAGEN, Hilden, Germany). A flow chat the DNA
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extraction procesis provided Figure3). A piece of tissue approximatelysdcn? was excised

from the foxsample provided. Cell lysis was induced by adding 20 pltepraseK (600
mAU/ml) and 180uL Tissue Lysis buffer provided in tHBNA extractionkit. Samples were
incubated overnight (approximately-14 hours) at 56 °C. Following incubation, 200 uL Lysis
buffer and 200 uL 96% ethanolwere added to the lysate, then tfened to the supplied
DNeasy mini spin column. The addition of the reagents before transferring to the spin column
promotes selective binding the column. The DNeasy mini spin column membrane coesbin

the binding properties of silica-based membrane thi microspin technology. DNAindsto

the membrane in thpresence of high chaotropic salt concentrations. Thieibadnditions
enable specific adsorption of DNA to the silica membrane and optimise removal of
contaminants and inhibitive enzymes. Two wash steps were performed in a microcentrifuge
(Heraeus Biofuge Pico, Hanau, Germany) at 8,000 rpm and 14,000 rpm respectivel¥Qsing 5
puL wash buffer to remove cellular contaminants. Two final elution steps for DNA recovery

were performed, using 200 pL of elution buffer each at 14,000 rpm for 1 minute.

3.4 Quality control

3.4.1 Agarose gel electrophoresis

Agarose gel electrophoresiss performed using DNA extracted from five individual
fox samples to confirm successful extraction of high molecular weight DNA and the quality of
extracted DNA. Agarose gel electrophoresis separates DNA fragments by molecular weight
when an electricalurrent is applied, with shorter fragments moving further toward the anode
than longer fragments. A 1 % agarose gel was prepared; 1 g of agarose (Amresco, Ohio, USA),
4 mL 25X TAE Buffer (Ambion, Texas, USA), 33 mL GelRed® 3X Nucleic Acid Gel Stain
(Biotium, San Francisco, USA), and 63 mL pure water. Reagents were brought to the boil to

dissolve the agarose, cooled to 50 °C and poured intgghenould with a comb to form
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Collect tissue samples from red foxes shot as part of the Berry to Budgong
Fox Control Program

|

Mince approx. 0.5 cm? red fox ear tissue. Add proteinase K and Tissue Lysis Buffer
(Buffer ATl1) to perform cell lysis.

B Incubate 56 °C on heat block overnight
Add Lysis Buffer {Buffer AL) and 96 % ethanol

Transfer to DNeasy Mini Spin Column -------------+ »

Add AW1 for first wash step to remove cellular contaminants
e Centrifuge 8000 rpm / 1 minute, transfer spin column
to new 2 ml collection tube
Add AW?2 to remove remaining cellular contaminants

Centrifuge 14 000 rpm / 3 minutes, transfer

spin column to 1.5ml microcentrifuge tube
r

Add Elution Buffer (Buffer AE)

Incubate room temperature 1 minute. Centrifuge 8000 rpm
e 1 minute. Repeat for increased DNA overall yield.

r
Purified red fox DNA, ready for downstream applications

Y
Undertake quality control measurements
Nanodrop Spectrophotometry #----—--""""""""""" "7 -----——_._, Gel electrophoresis

Figure 3. Flowchart illustrating the experimental procedure undertaken to attain exracted red fox DNA. The
extraction process followed the protocol outlined by Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden, Ge
Fox tissue was lysed overnight on a 56°C heat block. Subsequent steps to extract the DNA from the tissut
precipitation of DNA with 96 % ethanol, two successive wash steps to remove cellular contaminants before eluti
the Mini Spin Column. Nanodrop spectrophotometry and gel electrophoresis were undertaken as quality
measurements to ensure that tidADextracted was suitable for downstream applications. Buffer ATL: Tissue L
Buffer; Buffer AL: Lysis Buffer; AW1: Wash Buffer 1; AW2: Wash Buffer 2; Buffer AE: Elution Buffer.

pockets where DNA was loaded for the electrophoresis stepgdlhwas atiwed to settléor
one hour at room temperature. Restriction enzyme digestas performed using DNA from
two individuals. The readily available restriction emzy ApaLl (New England Biolabs,
Ipswich, USA) was used to show that enzymatic downstrgaptications are not inhibited.
For a 20 pL volume, 1 pL ApaLl (10 U/uL), 5 uL DNA, |2 of 10X Buffer Tango (Thermo
Fisher Scientific, Massachusetts, USA) and 12 pL nucl&asenater were incubated at 37°C
for 1.5 hous before loading on the gel.

Once the agrose gel had settled, the comb was carefultyoreed, and the agarose gel
wasadded to a buffer tank containing 1X TAE buffer. All samplesayzepared for loading

to thewells in the agarose gel by adding 2 uL Gel Loading DylaeB6X) (New England



21

Biolabs, pswich, USA). In addition to the samples, 5 uL of a mdcweight ladder (Quick
Load® Purple 100bp DNA Ladder, New England Biolabs, IpswldBA) wasloaded to the
wells. Electrophoresis was performed for 40 minutes at 70 V. Tutian of GelRe®
facilitated staining of DNA, as the dye interacts with the DNA to foamcomplex that
fluoresces whepresented under 302 nm wavelength of UV light. Separatefi ipdyments
on the agarose gelere visualised using UVP GelDdcimaging System (Analytiklena,
California, USA). Multiple fragments of DNA were expected to appear on thdagedach
sample due to the us¥ the whole fox genomic DNA for this study. Tiheeanmolecular
weight of restrictionenzyme digested DNA samplaegas expected to be smaller whe

compared to noxligestedDNA.

3.4.2Measurement of DNA concentration

Quality and concentration of extracted DNA samplgere measured using a
NanodropTM 2000 (Thermo Fsher Scientific, Massacheiss, USA). The optinal
concentration for downstreaapplications as specified by Diversity Arrays Technology Pty
Ltd (DArT, Canberra, Australiayas determined to be in the range of 50 to 100 pg/ml. Sample
concentrations were standardigedapproximately’5 pug/ml DNA. The totahmount ofDNA
recoveredfor all samplesvas more than 15 pg, averaging 49 ug across the 100 extracted
samplesAzeorzsomeasurements were takendetermine whether contamination with proteins
was pesent within the extracted DN#&amples and whether further purification was required
for downstram applications. #osois an important quality contromeasurefor DNA
solutions. It is tbught to reflect contaminatiowith proteins, which have their maximum
absorbance arodl 280 nm, wereas DNA hamaximum absorbance around 260 nm. The ratio
of Aze0r280should lie between 1.8 and 2I0wer ratios are indicative of protein contamination.

Extraced DNA samples were within thesozsorange of 1.8 to 2.0 and averaged at 1.89.
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3.5 Gemotyping

Genotyping was undertaken by Diversity Array Tedogy Pty Ltd (DArT, Canberra,
Australia) using the extracted fox DNA. DArTseq technology is informative for regealin
genetic similarities amongspopulations and species upon further analysis.rll3Aq
preferentially targets loveopy genomic regions over repetitive DNA fragments, increasing
assg§ sensitivity and allowing fodetection of a high number of informative SNPs across the
genane(Melville et al.2017) Nextgeneration sequencifGS)technology implemented in
the DArTseq method uses the genomic representation of SNPs comprising of both constant
and polynorphic fragments to reveal amformative DNA fragment. lllumina sequencing i
the NGStechnology of choice for DArTseq purposes. HASfiles ae generated and can be
further used for filtering poouality sequences and SNP calls. Idadtisequences are
collapsed an@nalysed to correct loyguality bases. A reference genomeedquired for SNP
markeralignment using BLASTRenet al.2015) BLAST is also ged in analytical pipelines
to remove pssible microbial contaminants.

The 94 samples were prepared on a\8éll plate, with the remaining twvwells
reserved for standards the assayDArT undertakes a complexity reductiomethodusing
methylationsensitive enzymes that cut at exonic omrre@nic regiongSansalonet al.2010)
These enzymes attach to the recognised cut sequence and pull out active areas in the genome
such as expressed gen€ke complexity reduction of the whole genome allows for focusing
more generally on important exonic regions. those genetic regions with higher gene
expression, and the removal of repetitive sequences whiabftareotherwiseconsidered as
junk. DNA polymorphisms i.e. SNPs, are identified following alignment to a reference
genomeThered fox genomassembly VulVul2.2 as availableom NCBI (NCBI 2018)was

used as a comparison sequenchis thesis
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3.6 Data analysis

3.6.1Raw data processing

The SNP data received from DArT was loaded i coding environmerR v4.0.0
(R Core Team 2020and converted into a genligbbject, allowing the storage of multiple
genotypes using tHe packages adegenet v2.{J®@mbartand Ahmed 20113nd dartR v1.1.11
(Gruberet al. 2018) DartR is anR packageused for loading SNP data provided through
DArTsegmethods It providesthe ability to apply filters based on locus metadata suchllas ca
rate, assigsindividuals topopulations, initial calculations of heterozygosity gratkage

conversions.

3.6.2 SNPFfiltering

Descriptive statistics were analysed using the coding environment in R. Descriptive
statistics are those which provide basic indices of genetic diversitysaall individuals, such
as degree of heterozygosity, or the number of alleles or polymorph{Eilawffier and Heckel
2006) The SNP dataset underwent a filtering process WRipgckage dartRThe following
filters were applied: A 90 % call rate filter for removing loci with a SNP call rate less than the
provided threshold, i.e. SNPs which have 10 % missing genotypes or gthatdilter
simultaneously filters for monomorphic loci; a filtdor removing SNPs out of Hardy
Weinberg equilibrium with significance & >0.05; a filter for removing SNPs with very low
minor allele frequencies (<1 %) due to low statistical power. H&v@ynberg equilibrium
assumes (i) that large, (ii) randomly matpgpulations with (iii) no migration will remain in
genetic equilibrium if (iv) no natural selection or (v) mutations are occurring within the
population(Chen 2010)A P >0.05 was returned if there is ngrsficant genetic variation of

a population, that is, the assumptions of HWE are met.
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3.6.3 Population structure analysiand population assignment

In this thesis, two population modelgere assumed: a oAgopulation model, and a
model based on the mokely value of K populations determined by STRUCTURE and
Structure Harvester analysiBopulation structumg across the 94 individuals was tested for
based on differences in allele frequencies across a range of assumed number of populations,
The pesence of distinct genetic differencasnongst individuals indicates population
structuring. This informatiornwas used topotentially estimaténow distinct populations, if
found, ardanteracting basednthelocationwhere they were shothe progran STRUCTURE
v2.3.4(Pritchardet al.2000)was used to investigate the likelihood of individuals belonging to
a putative population of originK{. The programand method use Bayesian modeked
algorithms for clustering genetic daf@ritchardet al. 2000) The program estimated allele
frequencies in each cluster and population memberships for individiresproportion of
geneticadmixturewithin an individua) indicatedoy differences irallele frequencies, was used
to estimate the presence of gene flagvoss populationgdmixture is the presence of genetic
variation within an individual due to interbreeding between populations which have different
allele frequencieg¢Skotteet al. 2013) Here, the admixture ancestry model with correlated
allele frequencies was used. This model assumes a uniform prior, and without prior population
information. The length of the buin period wasset to 10,000 iterations, and the number of
Markov Chain Monte Carlo repetitions was set to 1,000,000. The optimum number of clusters
was determined by performing runskat 1 to 9 for 10 iterations. No greater numbeKafas
deemed feasible due to thiees of the study site, and foxes being widaging and highly
mobile species. The most probable valueKoivas determined using Structure Harvester

v0.6.94(Earl and VonHoldt 2012)The program uses the log probability of data [LnP(D)] and
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deltaK ( B9 to determine the most probable valu&dfased onherate of change in [LnP(D)]
between successivevalues.

Principal coordinate anadys (PCoA) was performed to determine genetic similarities
and dissimilarities present within the dataset. This was calculatedRipirggram dartR. The
PCoA method uses Euclidean distance matrices to visualise patterns of genetic variations
between indiiduals.If present, @stinct genetic groups can be visualised using this method.
was expeced that if there is large genetic differentiation between individuals, there will be
distinct clusters of individuals present on the output SORUCTURE allele frequencies and
PCoAvalues were used to determp@pulation assignment based on the mostyfikalue of

K populations.

3.6.4 Diversity analysis

The below statistics were calculated for egdpulation mode| respectively.The
number of allelesvas calculated using R paage dartRObserved heterozygosityH$) and
geneticdiversity per locusmeauredby expected heterozygagi(He) was estimatedsing R
packagesHIERFSTAT v0.0422 (Goudet 2004)and dartR. Genetic divergitof a locus
estimates geneti@riation within populations and individuals. Values efdrozygosity range
from O (noheterozygosity present) to near 1 (populations with a high amzfuequally
frequent allelesjHarris and DeGiorgio 2017).ow values ofHe indicatessevere effets of
small populationssuch as population bottlenecks or low rates of gene thow therefore the
presence ohbreeding. High values d¢ie indicateshigh levels of genetidiversity, with high
rates ofgeneflow between populations. As foxes are highipbile specis, it wasexpected

that genetidiversity indices will be high.
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3.6.5 Genetic relatedness and populatidrasedstatistics

Pairwise genetic differentiationF§7) (Nei 1987) calculated usingR packages
HIERFSTAT and dartRwas used to test for differences in groups of iildials from the same
area for th& >1 population modelTheFstmeasures the amount of genetic variance explained
by population structuring. A value of 0 indicates no differentiation between populations, while
a value of 1 indicates complete differentati The haploid number of migrants (N was
estimatedfor the K >1 population modelising R package HIERFSTATThe Nm value
indicates thenovement of genes between populatianaking them more genetically similar
(Slatkin 1985) An Nm = 1 value indicates one individual exchanged between popudgiiem
generation time.

Genetic relatednessas estimatetb concludef current control strategies are working
toward reducing th@umberof breeding individuals and therefore makitige foxes mee
genetically relatedPLINK v1.07 (Purcellet al.2007)was used to estimasanatrix of pairwise
identity-by-state (IBS) relatedness fuixes. The progranctomputes an IBS similarity matrix
of pairwise identitiesThe IBS relatedness matrix wadotted in a heatmap format using
Clustvisv1.0 (Metsalu and Vilo 2015)A more yellow square indicates a value close to 0.7,
which was the lower limit for this dataset. A value closer to one indicated the presence of highly
genetically similar foxes. A value of one (white) indicated sample duplicates in the pairwise
analysis.

PLINK wasusedto estimate identitpy-descen{IBD) of individuals,used to iéntify
potentiallyrelated individuals. Ifwo or more individuals share similar nucleotide sequences,
whichis known as identigpy-state(IBS), andin casethe nucleotide segnce is inherited from
a common ancestor, this is known identity-by-descent (IBDYThompson 2013)dentity-by-
descat indicesarealso useful fomeasuring changes in population structure, such as through

population bottleneck§Thompson 2013)The Z0 value refexto the proportion of no alleles
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shared between the two individuals. The Zliealefes to the proportion for which one allele

is shared between the two indivwals. The Z2 value refeto the proportion for which two
(both) allelesareshared between the two individua#sa value (which is aweighed value for

Z1 and Z2 and as such reflects an estimate for the proportion ofdB&jproximately 0.5
indicates a potential firstdegree relative. Thiwas deemed to ke sibling or pareroffspring
relationship. The type of relationship was estmdain consultation with thdasic data
available for the foxes. This included examining the approximate age range of the foxes,
whether they were shot on the same day in the same location, and consultation with fox
reproduction biology to determine if fegx were sexually mature at th&atMendelian error test

was performed to determine whether the paoéfspring relationships predicted was a likely
condition. Potential relationships were subsequently removed in consultation with the number
of Mendelian erors present. A greater number of Mendelian errors present indicates an
unlikely relationship. A Mendelian error threshold around 400 e(eaysals approximately 2

% error rate)vas used to differentiate for relationships.

For investigating differencesni allde frequencies between the two suggested
populations as identified by STRUCTURE, dyads with high ahd higha values were
removed. Since firstlegree relatives share a greater proportibtheir alleles, leaving both
individuals in the samples would have otherwise introduced aaooeptable bias to this
analysis Differences in allele frequencibégtween the two putative palationswas tested for
using PLINK.

The inbreeding coefficierfis was estimated using PLINIegative values dfis may
indicate an excess of heterozygositglues close to zero may indicagopulation in Hardy
Weinberg equilibrium. Values above zero indicate a degree of inbreeding between individuals,

with higher values indicating greater levels of inbreedifgight 1965)
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3.6.6 Sexbiased dispersal

Dispersal is the movement of individuals a distance away from their native home
ranges. Sebiased dispersal refers to the movement of oneokexspeciesnore frequently
away from thai native home ranges. In mammalian speciespsesed dispersal is a common
phenomenoriLi and Kokko 2018)In this thesis sexbiased dispersal was tested for ugihg
package HIERFSTAT The package tests for dispergadtterns based on sex and uses
genotypes and rates of inbreeding to determine whether dispersalliskselx The test was
runusing the mean allelic index count model based on the method prese(@alidgtet al.
2002)for 10,000 iterations. The test was performed for both thegpopelation model, and the

two-population modelSignificance was considered at a nominal value of P <0.05.

4. Results

4.1 Genomic DNAextraction & quality ontrol

DNA was successfully extracted frobd foxesusing the Qiagen DNeasy Blood and
Tissue Kit(Qiagen, Hilden, GermanyThe total DNA recovered was more thanyidfor all
samplesa mearof 49 pug DNA was ettactedacrosshe94fox tissue sample&xtracted DNA
samples were within thezfozsorange of 1.8 to 2,@vith amean of1.89.The results of agarose
gel electrophoresis (1 % agarose) ugimgligested DNA fronfoxes1 through to 5 (lanes 1
through to 5 respectively) and restrictienzyme digesteDNA from foxes1 and 2 (lanes 6
and 7 respectively} provided (Figurd). Lane 8vasa100base pairshjp) DNA ladder where
the largest molecular weight observedinthedder i s 1, 500 bp; sthe 060b
to 1,000 and 500 hpespectively The digested DNAhad a slightly lower molecular weight
than the previous lanes, therefore confirming successful digestion of the extracted DNA and

theability to use thé DNA for downstream applications.
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Figure 4. Extracted fox DNA and restriction enzyme digest of extracted fox DNADNA was extracted from fox
tissue samples using protocols outlined by Qiagen DNeasy Blood and Tissue Kit. Extracted DNA was diges
ApaLl and incubated on a 56 °C heat block for 1.5 hours. Extracted and digestedvBdN#nalysed by gel
electrophoresi (1 % agarose) to confirm the presence of high molecular weight DNA, and to confirm integri
digestibility for downstream applications. Lanes 1 to 5: DNA extracted fioaes1 through to 5, respectively; Lane
6 to 7: Extracted DNA digested with testion enzyme Apall fronfoxes1 (lane 6) and 2 (lane 7); Lane @uick-
Load® Purple 100 bp DNA Ladder.

4.2 Basicfox data

Basic data on the location of shot foxes, as well as gensualcondition, sex, weight,
and approximate age/asprovidedby the contracted fox hunter8gpendix 1. For 14 foxes
no datahas been providedherefore these foxes have not been includkethe following
graphs

More male foxes(N = 51) were shot than female foxes (N = 29) (Figure 5a).

Approximately 65 % ofoxes were recorded to be in good condifiNi= 51) (Figure 5b) Few
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foxes were recorded to be in pobr£ 3) andfair (N = 6) conditions. Eighteen foxg® = 18)
were recorded to be in excellent conditibhe largeshumberof foxesshotwasless tharone
yearold (N = 28) (Figure5c). Fewerfoxes were shot as the age range increased.

Most femaleswere determined to be of goocondition (N = 22) (Figure 6a). Few
females were of both po{X = 2) andfair (N = 3) conditiors. Body condition was not provided
for one femaleMost males wergecordedo bein goodcondition(N =29). A largenumberof
maleswasalso recorded to be in excellent conditibh<18). Most foxes less than ongear
old wereof good conditior{N = 23) (Figure6h). No foxesabove the one to two age ranvgere
of poor conditionFewfoxes in the two to thre@N = 1), three to fou(N = 2) and four to five
age(N = 1) rangewereof fair condition.Most of the foxes in the two to three age rangee
of good health(N = 7), followed by a portion of foxes in this age range considered to be in
excellent conditior{N = 4). Most ofthe foxes in the three to four age ranggrein excellent

condition N =7).

4.3 Data analysis

4.3.1Raw data processing

UsingDAr Tseq technol ogy, 33,735 SNPs were rep
sequencing, 93 foxes were able to be sequenced. Fox 92 (Sex = female, age = wasyear)
excluded from further analysis due to sequencing failure. THewiag filters were
subsequently applied for quality control measures of the data: a call rate filter set at a 90 %
threshold removed 7,092 SNPs from the data set; a filter for removing SNPs out of Hardy
Weinberg equilibrium at an alpha value W& 0.05 and without Bonferroni correction for

multiple testing removed 8,202 SNPs; a minor allele frequency filter for removing SNPs with
frequencies <1 % removed a further 543 SNPs. Therefore, 17,898 SNPs were used for

subsequent data analysis.
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Sex of foxes

Condition of foxes

Age ranges of foxes (years)

Figure 5. Graphs outlining results from the basic data provided by tox huntersa) count of foxes by sex; b) count of
foxes bybody health conditignc) count of foxes by age
























































































































