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Abstract

Hog deer were introduced to Australia in the 1860s, where they have spread across the Gippsland region of Victoria. Due
to its status as an introduced species and an important game animal within Victoria, management of the species is complex.
Given this complexity, genetic studies can provide important information regarding population structure and diversity which
can assist in controlling problematic populations of hog deer, while also ensuring viable game stock in sites managed as game
reserves. The aim of this study was to investigate the population genetic structure and diversity of the Victorian hog deer
150 years after introduction using short tandem repeats (STRs). Hog deer samples were collected across 15 sites of differing
management regimes in the Gippsland region of Victoria and genotyped for 13 polymorphic STR loci. Up to four distinct
genetic clusters were identified across the sites sampled, suggesting that despite low observed genetic diversity, population
structure is present across their range. It was also possible to detect evidence of recent translocations among populations. This
study suggests that the presence of distinct genetic clusters may enable management of separate genetic units, considering

invasive species and game management objectives.
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Introduction

At least 80 species of non-native vertebrates have become
established in Australia following European settlement
(Bomford and Hart 2002). Many of these species have
since become pests to both agriculture and native biodiver-
sity; for example, red foxes (Vulpes vulpes) and wild dogs
(Canis familiaris) cause significant damage to livestock and
native fauna (Saunders et al. 2010; Davis et al. 2015), while

< Erin Hill
Erin.Hill @latrobe.edu.au

Department of Ecology, Environment and Evolution,
School of Life Sciences, La Trobe University, Melbourne,
VIC 3086, Australia

Research Centre for Future Landscapes, School of Life
Sciences, La Trobe University, Victoria 3086, Australia

3 Game Management Authority, Melbourne, VIC 3000,
Australia

College of Science and Engineering, Flinders University,
Adelaide, South Australia 5042, Australia

Centre for Sustainable Tropical Fisheries and Aquaculture,
James Cook University, Townsville, QLD 4811, Australia

European rabbits (Oryctolagus cuniculus) negatively affect
both native and agricultural pastures (Fleming et al. 2002;
Mutze et al. 2016). However, while many introduced species
cause severe negative impacts, some species can provide
limited benefits. For example, many introduced ungulate
species, particularly deer, provide a recreational resource
for hunters as food and sport and generate economic activ-
ity. Management of these taxa can therefore be complex, as
considerations of invasive species control and game manage-
ment may need to be taken into account concurrently.

Six deer species have become established across Aus-
tralia during the nineteenth century following efforts by
Acclimatisation Societies to provide sport for the colonies
and boost the aesthetics of the landscape (Moriarty 2004).
These species include fallow deer (Dama dama), red deer
(Cervus elaphus), sambar deer (Rusa unicolor), Javan rusa
deer (Rusa timorensis), chital (Axis axis), and hog deer (Axis
porcinus), with at least one of these species present in each
State or Territory in Australia. In Victoria, management of
deer is complex. All six established wild deer species are
considered protected wildlife, requiring permits to control
problematic populations of deer, and to hunt the species
recreationally. Deer causing damage on public land can be
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controlled under an Authority to Control Wildlife Permit,
and all deer species except hog deer can be destroyed with-
out a permit on private land (Davis et al. 2016). Sambar
deer are additionally listed as a ‘potentially threatening pro-
cess’ under the Flora and Fauna Guarantee Act 1988. All
established deer species are also declared game and can be
hunted with a game license. Recreational hunting in Victo-
ria provides a significant amount of revenue and economic
benefits, with a gross contribution of $356 million AUD
and 3138 jobs in 2019 across the State; of this, $201 million
AUD is generated by deer hunting alone (Department of
Jobs, Precincts and Regions 2020).

Hog deer were introduced to Victoria in the 1860s from
an initial founder group of only 15 individuals (Mayze and
Moore 1990) and have since grown to encompass a distribu-
tion of 2336 km? across the Gippsland region of Victoria
(Fig. 1) (Forsyth et al. 2016). Across this range, manage-
ment can involve culling to remove the species from Wilsons
Promontory National Park to restrictions on hunting to ensure
a sustainable population on nearby Sunday Island (Fig. 2).
Several game reserves across mainland Victoria also exist
to accommodate hog deer hunting, with balloted hunting
seasons implemented for Blond Bay State Game Reserve,
Boole Poole Peninsula, and Sunday Island to achieve man-
agement objectives (Fig. 2) (Salmon 2016). Hog deer are the
only deer species in Victoria with a prescribed open season,
with hunting restricted to April and only one male and one
female harvested per hunter during this open season. These
restrictions are in place due to a combination of previous
population declines of the species in Victoria when bag limits
were not imposed (Taylor 1971; Mayze and Moore 1990),
and the possibility that the Victorian population of hog deer
may be important for global conservation of the species. In

Fig.1 Hog deer release and

toria, Australia. Green circles
indicate sites where hog deer
were released by the Acclima-
tisation Society, with informa-

tion of the release year and the _ Melbourne
number of males and females Serendip r
released; orange circles indicate wildlife

Reserve —

sites involved in translocations
with arrows indicating the direc-
tion of movement. Blue shaded
areas show the overall hog deer
distribution across Gippsland,
Victoria, as taken from the
Atlas of Living Australia (Atlas
of Living Australia 2019)
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the past, management of hog deer has involved transloca-
tions across Victoria in an effort to boost local population
numbers. Several deer from Snake Island were translocated to
Dutson Downs in the 1970s, while deer from Sunday Island
and Serendip Wildlife Reserve near Geelong were released at
Blond Bay State Game Reserve in the 1980s (Fig. 1) (Mayze
and Moore 1990; Scroggie et al. 2012). While the current
population is believed to be derived from the release of 12
deer at Opossum Creek near Port Welshpool in 1865, other
releases of hog deer also occurred in the nineteenth century.
Eight deer were released near Gembrook in 1871, while a
single male and female pair was each released near La Trobe
River at Sale, and Homewood (Fig. 1) (Mayze and Moore
1990). Hog deer are no longer present near Gembrook and
Homewood, and there is some uncertainty if the pair released
near Sale persisted or if the deer from the initial release at
Opossum Creek have naturally dispersed to this area. Previ-
ous research suggests that the number of individuals released
in a single introduction is a strong indicator of establishment
success in ungulates, with all releases involving fewer than
four individuals deemed to have failed in Victoria (Forsyth
et al. 2004). Hog deer were also released at Snake Island in
the 1860s (Wednesday, September 4, 1867 1867); however,
very little is known of how many deer were released and
if the population present on the island today is descended
from this introduction. Today, an estimated 3000 hog deer
are present throughout Gippsland, however, this is likely to
be an underestimation of total abundance as contributions
from private land were not considered (Ramsey et al. 2019).

The historical releases and movement of hog deer
across Victoria in the nineteenth and twentieth centu-
ries are well documented; however, little is known about
the contemporary population regarding dispersal, and
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how the introductions, translocations, and hunting of
deer have affected the genetics of the species. Although
reportedly sedentary in their native range (Dhungel and
O’Gara 1991), hog deer have spread across Gippsland fol-
lowing their initial release with a single breeding popu-
lation assumed (Forsyth et al. 2016); however, it is dif-
ficult to ascertain how much of this dispersal was aided
by additional releases and translocations. Regardless,
some instances of long-distance natural movements of
up to 70 km have been observed, with males dispersing
further than females (Mayze and Moore 1990). While it
is thought that the hog deer range won’t expand further in
Gippsland via natural dispersal as the species is limited
by biophysical factors such as unsuitable habitats (Forsyth
et al 2016), human mediated movement of hog deer may
result in range expansions. Illegal translocations of deer
by hunters or deliberate releases/escapees from farms may
artificially increase the hog deer distribution in Australia;
however, only a very small proportion of deer farms con-
tain hog deer (Shapiro 2010), so it is unknown how much
of a risk this poses. Over half of all wild deer herds in
Australia appear to have arisen from illegal translocations
(Moriarty 2004), and genetic studies have been able to
successfully detect illegal translocation of deer in Europe
(Frantz et al. 2006). It may therefore be possible to verify
the extent of illegal translocations of hog deer throughout
Gippsland to determine if this is a likely risk for further
unwanted expansion of the species.

Assessment of the impacts of sustained harvesting in
sites managed as game reserves, and historical hybridisation
between hog deer and chital are also of interest, particularly
in measurements of genetic diversity. Previous research has
shown that hog deer hybridised with chital very early in the
initial introduction of the species, with all hog deer tested
comprising a chital mitochondrial haplotype, and analysis
of mitochondrial DNA revealed local populations of hog
deer to be monomorphic at the D-loop region (Hill et al.
2019), suggesting diversity is very low in Victorian hog deer.
The low levels of diversity at this mitochondrial region are
likely due to founder effects and may be reflective of chital
diversity at the time of hybridisation rather than hog deer.
Although hybridisation is not an ongoing process in the
hog deer population as no chital are present in Victoria, the
initial hybridisation event may have increased the genetic
diversity at the nuclear genome. Hunting regimes may also
impact genetic diversity through sustained removal of indi-
viduals, particularly males, over many years. However, the
severity of hunting impacts is likely to be dependent on the
dispersal capability of hog deer, as high dispersal would
suggest that more males can readily move into areas where
hunting pressure may be more severe.

Previous research has shown that genetic analysis using
short tandem repeats (STRs) is effective at identifying

invasion pathways, population connectivity, human medi-
ated dispersal, and genetic variation in introduced popu-
lations of invasive species (Walker et al. 2003; Rollins
et al. 2009; Yue et al. 2010; LaRue et al. 2011), and these
markers are likely to be more informative than the mito-
chondrial markers that have been used in the past for hog
deer (Hill et al. 2019). Knowledge of dispersal and ille-
gal translocation of hog deer can assist in invasive species
management and will provide insight into the impact that
natural dispersal and illegal translocations may have on the
management of this species. Likewise, population connec-
tivity is of importance to areas managed as game reserves;
if connectivity is low, excessive removal of individuals
associated with hunting within these areas may be unsus-
tainable. Levels of genetic diversity will also be of inter-
est for game managers, as populations with low levels of
genetic diversity have been previously shown to be linked
with reduced reproductive success (Reed and Frankham
2003), increased vulnerability to disease (Spielman et al.
2004), and decreased adaptability to environmental change
(Frankham 2005), all of which may result in local extinc-
tions of hog deer in areas open to hunting. While popula-
tion genetic studies using STRs have been conducted in the
past for deer species in Australia, particularly in rusa deer
(Webley et al. 2004) and fallow deer (Webley et al. 2007),
these studies have largely focused on a few small popula-
tions with limited samples, rather than the entire distribu-
tions. This investigation is the first to examine population
genetics of the entire wild distribution of a deer species in
Australia. The aim of this study is to determine the popula-
tion structure of hog deer across their Victorian distribution
and identify the levels of genetic diversity present in the
population.

Methods
Sampling and laboratory procedures

Tissue samples (tongue or liver) were collected from wild,
free-ranging hog deer between 2008 and 2017, in Victoria,
Australia. A total of 15 sites and 231 samples were selected
for study, with site distribution across the hog deer range
in Victoria (Fig. 2). These samples were predominantly
collected by hunters during the hog deer hunting season
held in April, while samples from Wilsons Promontory
National Park were collected during culls held in 2015-2016
(Table 1). DNA extractions were carried out using a DNeasy
Blood and Tissue Kit (Qiagen), following the manufactur-
er’s instructions. Negative controls were run throughout the
extraction process, and DNA was quantified using a Qubit
2.0 Fluorometer (Invitrogen).
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Fig.2 Hog deer sampling sites
in Victoria, Australia. Sam-
ple sites are (1) Yanakie, (2)
Wilsons Promontory National
Park, (3) Snake Island, (4)
Sunday Island, (5) Gelliondale,
(6) Tarraville, (7) Stratford, (8)
Perry Bridge, (9) Clydebank,
(10) Lake Coleman, (11) Lake
Reeve, (12) Loch Sport, (13)
Blond Bay, (14) Bengworden,
and (15) Boole Poole. Blue
shaded regions indicate the
overall hog deer distribution
across Gippsland, Victoria, as
taken from the Atlas of Living
Australia (Atlas of Living
Australia 2019). Sites 1-6 are Q
considered the western distribu-
tion of hog deer, while sites
7-15 are considered the eastern
distribution
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A total of 13 polymorphic STRs were utilised in this
study (ApoV103, ApoV104, ApoV19, ApoV135, Apo4,
ApoV54, ApoV133, Apo7, ApoV118, ApoV145, ApoV109,
ApoV94, and ApoV127), amplified using the multiplexes
described in Hill et al. (2021). Details of marker amplifica-
tion steps, genotyping and filtering of multiplexes, and tests
for Hardy—Weinberg equilibrium and linkage disequilibrium
can be found in Hill et al. (2021). Samples that failed to
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amplify two or more loci were removed, leaving 224 sam-
ples for further analysis. Markers comprising a null allele
frequency above 5% across all samples as reported in Hill
et al. (2021) (ApoV19, ApoV104, ApoV94, ApoV145)
were further investigated to determine how the presence
of null alleles may affect further analyses, by comparing
results derived from a null allele corrected dataset and the
uncorrected dataset (Supplementary Material 1). From these

Table 1 Final sample size and Site 2008 2015 2016 2017 M/F  Adult/juvenile’? Total Total
collection year for 'all hog deer (excluding
samples used in this study after kin)
filtering
Yanakie - 9 9 - 14/4 13/5/0 18 18
Wilsons Prom NP - 5 27 - 16/16 25/7/0 32 32
Snake Island - - - 30 24/6 28/2/0 30 25
Sunday Island 7 8 15 - 13/17 5/1/24 30 29
Gelliondale - 5 2 - 7/0 6/1/0
Tarraville - 3 5 - 6/2 4/4/0 8 8
Stratford - 6 7 - 1172 13/0/0 13 12
Perry Bridge - 1 6 - 6/1 5/1/1 7 7
Clydebank - 1 7 - 7/1 5/2/1 8 8
Lake Coleman - - 7 - 6/1 5/2/0 7 6
Lake Reeve - - 9 - 8/1 9/0/0 9 9
Loch Sport - - 2 5 7/0 7/0/0 7 6
Blond Bay - 3 7 - 6/4 6/4/0 10 10
Bengworden - 5 4 - 8/1 8/1/0 9 9
Boole Poole - 14 15 - 26/3 24/4/1 29 27
Total 7 60 122 35 170/61  163/34/27 224 213
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analyses, it was determined that null alleles at these four
markers were not consistently identified across sites, and
comparisons of analyses between a null allele corrected
dataset and uncorrected dataset did not reveal significant
changes to results; therefore, the uncorrected dataset was
retained for further analysis.

Data analysis

The program Colony 2.0.6.4 was used to assess kinship
between individuals (Jones and Wang 2010), to identify
potential dispersal events through kin, and to identify closely
related individuals to be removed from the final dataset, as
the inclusion of close relatives can affect the accuracy of
analyses of diversity and connectivity. Polygamy in both
males and females, inbreeding, and no sibship prior or
candidate parents were assumed. The pairwise full likeli-
hood combined method for analysis was chosen with high
precision and updating allele frequencies, and a 0.005
allele dropout rate and false allele rate per locus were also
assumed. Colony 2.0.6.4 was then run five times to ensure
convergence of results. A total of 14 sibling pairs with a
probability above 0.9 were identified, with some individuals
appearing in multiple sibling pairs; a total of 11 individuals
were removed from the dataset, leaving 213 individuals for
further analysis.

To identify the number of genetically distinct popula-
tions within the dataset, several analyses to assess popula-
tion structure were undertaken. Isolation by distance was
investigated via Moran’s eigenvectors, implemented in the R
package memgene 1.0.1 (Galpern et al. 2014); this R pack-
age is advantageous as it is able to assess fine-scale levels of
genetic differentiation. These calculations were implemented
for the full dataset, as well as splitting the samples in a west-
ern and eastern distribution and running these separately to
assess any fine-scale isolation by distance. Samples were
split according to a west/east distribution (western sites 1-6,
eastern sites 7—15 as shown in Fig. 2) as it was assumed that
fine-scale genetic structure would exist between these areas
based on the large distance between eastern sites and western
sites. Wright’s pairwise Fgr was calculated between each site
using FSTAT 2.9.3.2 (Goudet 1995). The programs Structure
2.3.4 and Tess 2.3 were utilised to compare any population
structure detected across the dataset, and spatial coordinate
information for each sample was included in Tess to assist in
assigning genetic clusters (Pritchard et al. 2003; Chen et al.
2007). An admixture model with correlated allele frequen-
cies was assumed in Structure, with an initial burn-in of
300,000 and 700,000 Monte Carlo Markov Chain (MCMC)
repetitions, and 15 iterations per K, ranging from K=1-15
to reflect the number of sites sampled. Tess was run using
the CAR admixture model, with a burn-in of 20,000, and a

total of 100,000 sweeps, and 15 iterations per K. Best fits for
K were determined using the Evanno method in Structure
Harvester 0.6.94 (Evanno et al. 2005; Earl and VonHoldt
2012) for the Structure results and using the average Devi-
ance Information Criterion (DIC) in Zess (Supplementary
Material 2). To account for differences between best fit for
Structure and Tess, multiple Ks were plotted to compare
results between both programs. CLUMPP 1.1.2 was used
to summarise the 15 iterations of K for Structure and Tess
using the Greedy algorithm and 1000 repeats (Jakobsson and
Rosenberg 2007). Plots for both Structure and Tess were cre-
ated using the R packages ggplot2 3.3.5 and cowplot 1.1.1
(Wickham 2011; Wilke 2019).

Based on population structure results from memgene,
FSTAT, Structure, and Tess, some sites were combined for
demographic and diversity analyses. Combining sites into
one population was restricted to sites that showed genetic
similarity and were also adjacent to each other; this there-
fore excluded sites that were genetically similar but dis-
jointed across the landscape, such as Snake Island and
Loch Sport. Additionally, island sites were not combined
with genetically similar mainland sites, such as Sunday
Island with Gelliondale and Tarraville. Gelliondale and
Tarraville were combined to form the ‘GelTar’ popula-
tion (n=15), Stratford, Clydebank, and Perry Bridge are
incorporated into the ‘StPeCl’ population (n=27), Lake
Coleman and Lake Reeve form the ‘Lakes’ population
(n=15), and Blond Bay and Bengworden are combined
into the ‘BloBen’ population (n=19) for further diversity
and demographic analyses.

GenAlEx 6.5.1 was used to calculate number of alleles
(N,), observed and expected heterozygosity (Hg and Hg),
and generate a private alleles list (P,) for each site in Vic-
toria (Peakall and Smouse 2012). Allelic richness (Ag) was
additionally calculated for each site using the PopGenRe-
port 3.0.4 package in R (R Core Team 2021; Adamack and
Gruber 2014). The effective population size (&) for each
sampling site was determined using the Linkage Disequi-
librium method in NeEstimator2 (Do et al. 2014), with 95%
confidence intervals calculated via jackknifing of samples.
Relatedness within sampling sites of hog deer was calcu-
lated using the related package in R 3.5.3 (R Core Team
2021; Pew et al. 2015). The ‘compareestimators’ function
was used to test the performance of four relatedness models,
and similar correlation coefficients between observed and
expected values were found (wang =0.691, lynchli=0.695,
lynchrd =0.666, quellergt =0.668), so the lynchli method
was selected for further analysis as it comprised the high-
est correlation coefficient (Li et al. 1993). The ‘grouprel’
function was used to analyse relatedness within sites, using
1000 iterations.
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Results

Colony identified 14 full sibling pairs with probabilities
greater than 0.9, with no half sibling pairs identified above
this threshold. Seven full sibling pairs were within the
same sites, with four of these pairs from Snake Island
(Supplementary Material 3). Seven pairs were between
sites, with three of these pairs between Snake Island and
Loch Sport, two pairs between Lake Coleman and Boole
Poole, one pair between Tarraville and Boole Poole, and
one pair between Tarraville and Lake Coleman. All Loch
Sport and Snake Island sibling pairs were born within a
2-year period (2013-2014), and all were collected in 2017.

Memgene results showed that the amount of genetic
variation explained by spatial patterns was low for
the entire dataset (RzAdj=0.O9) as well as the western
and eastern sites only (R2Adj =0.077 and RZAdj =0.075,
respectively) (Fig. 3). The first Moran’s eigenvector maps
(MEM) score for the full dataset showed a clear distinc-
tion between the western and eastern sites; however,

Fig.3 Visualisations of the first
MEM variables for a the entire
hog deer dataset, b the western
Victorian sites, and ¢ the eastern
Victorian sites. Black and
white circles indicate positive
and negative axis score values,
respectively (i.e., different
genetic groups), and circle size
indicates genetic differences
within the axis scores (i.e.,
circles of similar sizes are more
genetically similar than circles
of different sizes)

Tarraville, a western site, was shown to be more similar
to the eastern sites rather than other western sites. This
first variable accounted for 62% of the variation observed
(Fig. 3a). Within the western sites only, the first MEM
score showed a separation of Snake Island and Wilsons
Promontory to Yanakie, Sunday Island, Gelliondale, and
Tarraville (Fig. 3b), with this MEM variable explaining
80% of the spatial variation. Tarraville was not identified
as being different to the other sites when considering west-
ern sites only. The first MEM score for the eastern sites
showed that Loch Sport and Boole Poole were separate
from all other eastern sites, with this variable explaining
82% of the variation (Fig. 3c).

Pairwise Fgp results show that a majority of pairwise
comparisons are significantly different (Table 2). In par-
ticular, Wilsons Promontory, Snake Island, and Boole Poole
appeared to be highly significantly different from almost all
other sites sampled. All comparisons to Snake Island showed
a high degree of significance with an adjusted p-value of
0.000476, with the exception of Loch Sport which was only
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significant below 0.05. Within the western sites, only pair-
wise values between Yanakie and Gelliondale, and Gellion-
dale and Tarraville were non-significant; in contrast, many
of the pairwise comparisons from the eastern sites were
non-significant. When comparing pairwise Fgps between
the western and eastern sites, a majority of these were again
significantly different; however, comparisons to Blond Bay,
Lake Reeve, Gelliondale, and Tarraville led a majority of
the non-significant values observed between western and
eastern sites.

The best fit for K was determined to be K =2 for Struc-
ture and K =4 for Tess, with outputs of K from 2 to 4
plotted from each program. The genetic structure detected
in Structure and Tess appears to be relatively similar in
terms of the relationships between clusters; however, the
addition of geographic coordinates in Tess has provided a
greater clarity at assigning sites to clusters (Fig. 4). Snake
Island appears to be highly genetically distinct from all
other sites; however, some closely related individuals were
also detected in the Stratford and Loch Sport sites. This
pattern is observed through K 2—4 in both the Structure
and Tess plots. Boole Poole also appears to be genetically
distinct, with some individuals from Tarraville, Lake Cole-
man, and Lake Reeve also assigned to this cluster; how-
ever, this pattern is more apparent in 7ess than Structure.
At K=4, results differ between the Structure and Tess out-
puts; a Wilsons Promontory cluster is apparent in the Zess
plot, with individuals from Yanakie, Sunday Island, Gel-
liondale, and Tarraville also assigned to this group. The

Fig.4 Structure and Tess plots
for all samples of hog deer, 1.00
showing Ks 2—4. Best fit for

K was K=2 for Structure, and 0.75
K =4 for Tess. Samples are
ordered from west to east across
the range of sites sampled
across Victoria, Australia (1)
Yanakie, (2) Wilsons Promon-
tory National Park, (3) Snake
Island, (4) Sunday Island, (5)
Gelliondale, (6) Tarraville, (7)
Stratford, (8) Perry Bridge, (9)
Clydebank, (10) Lake Coleman,
(11) Lake Reeve, (12) Loch
Sport, (13) Blond Bay, (14)
Bengworden, and (15) Boole
Poole
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fourth cluster is predominant across eastern sites Stratford,
Clydebank, Perry Bridge, Lake Coleman, Lake Reeve,
Blond Bay, and Bengworden; however, it is also present
in western sites Yanakie, Sunday Island, Gelliondale, and
Tarraville. In the Structure K=4 plot, these two clusters
are equally spread across the western and eastern sites.

Following analyses of population structure, genetically
similar sites (1) Gelliondale and Tarraville, (2) Stratford,
Clydebank, and Perry Bridge, (3) Lake Coleman and Lake
Reeve, and (4) Blond Bay and Bengworden were combined
for analyses of genetic diversity and relatedness within
sample sites.

The overall observed heterozygosity (H,) recorded
in Victoria was 0.412; however, minimal variation was
shown between sites, with values between 0.368 and
0.449 (Table 3). Only three sites recorded a H; below
0.4, Wilsons Promontory (0.368), Snake Island (0.382),
and Loch Sport (0.385). Allelic richness (Ag) was also
similar across sites, with values between 1.983 and 2.3,
with Wilsons Promontory comprising the lowest allelic
richness. A single private allele was recorded each at Sun-
day Island, Boole Poole, and the combined StPeCl popula-
tion, with the individual comprising a private allele from
the StPeCl population being collected from Clydebank.
Relatedness within each site sampled ranged from —0.203
to 0.267, indicating a wide variation of relatedness across
Victoria (Table 3). Boole Poole and Wilsons Promontory
comprised the two highest relatedness levels of 0.267 and
0.213, respectively. Estimates of effective population size
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Table 3 Genetic diversity indices and estimates of within-group relat-
edness using the lynchli method of hog deer for each site sampled
across Victoria. n=sample size; N,=number of alleles; Ay =allelic
richness (minimum sample size=12); H,=observed heterozygosity;
Hy=expected heterozygosity; P, =private alleles; r-value=within-

group relatedness. Values in brackets represent standard deviations.
GelTar are sites Gelliondale and Tarraville combined; StPeCl are
sites Stratford, Perry Bridge, and Clydebank combined; Lakes are
Lake Coleman and Lake Reeve combined; BloBen are sites Blond
Bay and Bengworden combined

Site n N, Ag H, Hy P, r-value
Yanakie 18 2.231(0.439) 2.069 0.449 (0.206) 0.420 (0.174) 0 0.112 (0.333)
Wilsons Prom 32 2.077 (0.494) 1.983 0.368 (0.188) 0.365 (0.191) 0 0.213 (0.275)
Snake ISL 25 2.154 (0.376) 2.062 0.382 (0.158) 0.387 (0.141) 0 0.136 (0.278)
Sunday ISL 29 2.308 (0.480) 2.096 0.426 (0.187) 0.400 (0.168) 1 0.155 0.270)
GelTar 15 2.077 (0.494) 2.061 0.436 (0.207) 0.431 (0.166) 0 0.044 (0.332)
StPeCl 27 2.462 (0.776) 2.119 0.413 (0.199) 0.408 (0.135) 1 0.111 (0.330)
Lakes 15 2.154 (0.376) 2.080 0.419 (0.185) 0.408 (0.146) 0 0.100 (0.331)
Loch Sport 6 2.385 (0.768) 2.300 0.385(0.219) 0.415 (0.232) 0 —0.203 (0.389)
BloBen 19 2.154 (0.376) 2.100 0.421 (0.178) 0.446 (0.113) 0 —0.040 (0.397)
Boole Poole 27 2.231(0.599) 2.034 0.425 (0.207) 0.380 (0.161) 1 0.267 (0.259)
All 213 2.223 (0.532) - 0.412 (0.189) 0.406 (0.161) - 0.089 (0.133)

(N,) were low across the entire distribution sampled, with
a total N, value of 39 individuals (95% C.I. =26-59).

Discussion

This study represents the first population genetic analysis of
the entire wild distribution of an introduced deer species in
Australia, which has successfully detected population struc-
ture in what was previously thought to be a single breeding
population. Genetic diversity was relatively similar across
sites and consistent with other measures of STR diversity
in introduced deer species in Australia, albeit with different
marker sets (Webley et al. 2004, 2007). Diversity may have
been expected to be higher in the population due to his-
toric hybridisation with chital, with hybridisation typically
leading to increased heterozygosity; however, hybridisation
is not an ongoing process within this population, with the
initial hybridisation event occurring very early in the intro-
duction of the species. Isolation by distance was evident
between the western and eastern sites, with the exception of
one western site being more closely related to eastern sites,
and pairwise Fgp showed weaker genetic structure present
in eastern sites than in western sites. Evidence of transloca-
tions were also observed between several sites. The detection
of population structure across the hog deer population in
Victoria indicates that management of separate units can be
conducted, considering invasive species and game manage-
ment imperatives.

Genetic structure

Significant genetic structure was detected across the Vic-
torian distribution of hog deer, demonstrating that multiple

distinct breeding populations exist. Up to four distinct
genetic clusters were identified using Structure and Tess,
and pairwise Fgp revealed genetic structure between mul-
tiple sites. The addition of geographic data integrated
in Tess appears to have assisted in elucidating additional
fine-scale structure present across the hog deer range. The
‘Snake Island’ cluster, comprising all samples from Snake
Island as well as individuals from Stratford and Loch Sport,
showed very strong genetic differentiation to all other sam-
pling sites in Victoria. No private alleles were observed in
the Snake Island population, and previous research did not
reveal any differences in mitochondrial or nuclear sequences
when compared to other populations (Hill et al. 2019). This
observed genetic difference may be due to Snake Island
being one of the initial hog deer release sites, undergoing
a separate founder event and consequent genetic drift due
to the long-lasting isolation from the mainland populations.

Significant genetic structure was also detected at Wilsons
Promontory and Boole Poole, suggesting that these sites may
be genetically isolated from other areas. These two sites rep-
resent the most western and eastern sites sampled in this
study and represent the range edges of the species in Victo-
ria. Populations at range edges of a species are expected to
comprise lower genetic diversity and higher levels of genetic
structure; however, these patterns are not always consistent
(Wagner et al. 2012; Assis et al. 2013; Zigouris et al. 2012).
In the present study, genetic diversity was relatively uni-
form across all sites; however, within-group relatedness was
highest at Wilsons Promontory and Boole Poole, which may
further support possible range edge effects. Alternatively,
these results may also be reflective of hunting pressure, par-
ticularly at Boole Poole which is managed as a game reserve.

In many studies investigating genetic structure across
introduced populations, the structure detected is typically
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attributed to multiple founding events (Lecis et al. 2008;
Brown and Stepien 2009; Zalewski et al. 2010; Bai et al.
2012). Given that the Victorian population of hog deer has
likely arisen from a single founding event, genetic drift
may alternatively be responsible for much of the structure
observed, which is commonly exacerbated by low effective
population sizes (N,) (Harris et al. 2002). Low N, causes
allele frequencies to change at a much faster rate due to
genetic drift, which can cause populations to lose genetic
diversity and become genetically distinct over a relatively
short period of time (Masel 2011). An example of this has
been observed in an introduced population of the common
wall lizard (Podarcis muralis) in Germany, where strong
genetic differentiation was observed at a small spatial scale
and attributed to genetic drift, particularly at sites close to
the range margin (Schulte et al. 2013). Similar genetic pro-
cesses may explain the genetic structure observed in hog
deer.

Gene flow via translocations and dispersal

Although genetic structure was detected across the hog deer
distribution, evidence of gene flow between sites was also
observed. Of interest was gene flow detected between Snake
Island, Loch Sport, and Stratford, and sites Boole Poole,
Lake Coleman, and Tarraville, where full sibling pairs were
also observed within these groups. This suggests that gene
flow between these groups is relatively recent (within a sin-
gle generation), and given that these sites are not adjacent,
likely suggests recent translocations from Snake Island to
Loch Sport, and from Boole Poole to Lake Coleman and
Tarraville. Although genetic similarity was also observed
between Snake Island and Stratford, no full sibling pairs
were detected between these sites; this may represent an
older translocation event where it is no longer possible to
detect full sibling pairs, or insufficient sampling where sib-
lings may have been missed. While legal translocations of
hog deer have been carried out in the past, with a number
of deer translocated from Snake Island to Dutson Downs
in the 1970s, and deer from Sunday Island to Blond Bay in
the 1980s (Bentley 1978; Slee and Young 1986; Mayze and
Moore 1990), the inclusion of kinship data allows the dis-
tinction between historic and recent gene flow events. Illegal
translocations often occur to supplement pre-existing popu-
lations or to create new populations (Seddon et al. 2012),
and are commonly observed in ungulate species, includ-
ing red deer (Frantz et al. 2006) and feral pigs (Sus scrofa)
(Spencer and Hampton 2005; Frantz et al. 2009). Many of
the deer populations present in Australia today are believed
to be the result of translocations (Moriarty 2004).
Although hog deer are considered a sedentary species
(Dhungel and O’Gara 1991; Taylor 1971), genetic similarity
between multiple adjacent sites was observed, particularly
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across eastern Gippsland. Introduced species have been
shown to increase their dispersal capabilities over time in
non-native ranges (Phillips et al. 2006; Alford et al. 2009;
Lindstrom et al. 2013). Alternatively, the patterns observed
here may represent continued dispersal over time, whereby
the gene flow detected has occurred over many sustained
dispersal events of hog deer and not a single dispersal event.
Sampling design in the present study may also contribute to
some of the patterns observed; genetic samples provided in
this study were supplied predominantly by recreational hunt-
ers who preferentially harvest males (Scroggie et al. 2012),
and while efforts were made to include as many samples
from females as possible, the sex ratios skew towards more
males in the final dataset. In many mammalian species,
males are the dispersing sex (Dobson 1982), and anecdotal
evidence suggests this may be the case in hog deer (Mayze
and Moore 1990). The moderate levels of dispersal observed
in this study may therefore reflect male biased sex dispersal,
and additional samples from female hog deer are necessary
to understand how sex may play a role in the dispersal of
this species.

Management implications

The presence of genetically distinct clusters across the
hog deer sites sampled in this study suggests that it will
be possible to effectively control problematic populations
of hog deer. Culling of hog deer has been occurring at
Wilsons Promontory National Park since 2015 which has
resulted in a decrease in abundance (Game Management
Authority 2017), and while some analyses suggest that this
site is isolated, there is also some evidence of gene flow
from surrounding sites. It was not possible to elucidate
the direction of any potential migrations or translocations
and given that gene flow to Wilsons Promontory was not
conclusive, additional analyses in western Gippsland are
necessary to understand fine-scale dispersal across this
region and identify potential reinvasion pathways that may
affect culling success. The discovery of translocations of
hog deer across the landscape suggests that this may be
an issue for ongoing invasive species management, either
by supplementing pre-existing populations or by extend-
ing the hog deer range to new areas. While human medi-
ated movement into Wilsons Promontory is unlikely to
be a concern as recreational hunters are not able to hunt
in National Parks, the extension of the current hog deer
range in Victoria is worrying. However, the data presented
here provides a good baseline to identify the origin of any
new populations of hog deer that may arise in the future.
To further understand fine-scale movements of hog deer
across their range, particularly at sites where population
control is routinely carried out, analyses of kinship may
be a viable option and has been used in the past to assess
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fine-scale dispersal (Vangestel et al. 2011; Escoda et al.
2017). While kin were not identified at Wilson Promontory
National Park in the present study, an increase in the num-
ber of samples taken at this site and surrounding areas
and the inclusion of additional STR or single nucleotide
polymorphism (SNP) markers may elucidate additional
familial relationships.

Genetic diversity did not appear to be different in sites
managed as game reserves, and although high within-group
relatedness observed at Boole Poole, this may be attributed
to either range edge effects or hunting pressure and needs
to be investigated further. Gene flow was detected between
most game reserves and nearby sites, suggesting that deer are
able to disperse from these hunting areas. This was observed
at Sunday Island, where gene flow appears to be occurring
from the island to nearby mainland sites, and Blond Bay,
which showed genetic similarities to Bengworden. Intense
harvesting has been shown to increase the rate of gene flow
in some species as they disperse further distances to find less
disturbed habitats (Allendorf et al. 2008). Recent admixture
of two genetically distinct groups of Guinea baboon (Papio
papio) in Guinea-Bissau has been recognised due to hunting
pressures (Da Silva et al. 2014), and an increase of unrelated
males in packs of grey wolves (Canis lupus) was attributed
to the ease of recruitment of migrant wolves to new areas
due to hunting pressure (Jedrzejewska et al. 2005). While
this study was able to measure gene flow from sites managed
as game reserves, it was not possible to distinguish between
dispersal due to increased hunting pressure or natural dis-
persal rates of the species. Further fine-scale analyses of
dispersal from these sites and comparisons to areas with
lower hunting rates may be able to elucidate how hunting
pressure affects dispersal of the species.

Conclusion

This study represents the first population genetic analysis
across the entire distribution of an introduced deer species
in Australia. The detection of population structure across
the hog deer range in Victoria indicates that management
of separate units is possible, and considerations of different
management strategies can be applied to the findings of this
study. While the data presented here provides a good base-
line for inferring the dispersal ability in hog deer, additional
studies of fine-scale migration between sites that appear
to be genetically similar would be beneficial to determine
how regularly movement between sites is occurring. Fur-
ther attention should also be given to the other deer species
present in Australia, particularly for species such as sambar
deer, fallow deer, chital, and red deer as their distributions
still appear to be expanding.
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