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ABSTRACT

Context. Some populations of introduced species cause significant undesirable impacts but can also
act as reservoirs for genetic diversity. Sambar deer (Cervus unicolor) are ‘Vulnerable’ in their native
range and invasive in Australia and New Zealand. Genetic data can be used to determine whether
these introduced populations might serve as genetic reservoirs for declining native populations and
to identify spatial units for management. Aims. We aimed to identify the provenance of sambar deer
in Australia and New Zealand, and to characterise their genetic diversity and population structure.
Methods. We used mitochondrial control region sequences and |8 nuclear microsatellite loci of 24
New Zealand and 63 Australian sambar deer collected across continuous habitat in each location.
We estimated genetic diversity and population differentiation by using pairwise Fst, AMOVA, and
STRUCTURE analyses. We compared our data with 27 previously published native and invasive range
sequences to identify phylogenetic relationships. Key results. Sambar deer in Australia and New
Zealand are genetically more similar to those in the west of the native range (South and Central
Highlands of India, and Sri Lanka), than to those in the east (eastern India, and throughout Southeast
Asia). Nuclear genetic diversity was lower than in the native range; only one mitochondrial haplotype
was found in each introduced population. Australian and New Zealand sambar deer were genetically
distinct but there was no population structure within either population. Conclusions. The genetic
differences we identified between these two introduced populations at putatively neutral loci
indicate that there also may be underlying diversity at functional loci. The lack of population genetic
structure that we found within introduced populations suggests that individuals within these popula-
tions do not experience barriers to dispersal across the areas sampled. Implications. Although
genetic diversity is reduced in the introduced range compared with the native range, sambar deer
in Australia and New Zealand harbour unique genetic variants that could be used to strengthen
genetic diversity in populations under threat in the native range. The apparent high levels of gene
flow across the areas we sampled suggest that localised control is unlikely to be effective in Australia
and New Zealand.

Keywords: Cervidae, invasive species, management units, microsatellite, mitochondrial DNA,
population genetics, Rusa unicolor, sambar deer.

Introduction

Globally, many native populations of ungulates are at risk of extinction owing to habitat loss
and hunting (Ripple et al. 2015). Non-native ungulate populations are increasingly being
recognised for their potential as sources for re-introduction to their native range, either to
re-establish a population that has gone extinct or for ‘genetic rescue’ in declining
populations (Bradshaw et al. 2006; Wallach et al. 2015; Hill et al. 2019). Genetic rescue
is the addition of genetic material to a population to reduce its risk of extinction. Despite
this potential benefit, translocating animals from non-native populations into their native
range has several major challenges (Armstrong and Seddon 2008). First, non-native
populations could be genetically very different from the extant native population, which
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could result in outbreeding depression (the introduction of
maladaptive alleles that reduce fitness in offspring). For
example, a recent study of amphibians found that interbreeding
individuals from different populations lowered offspring
fitness in comparison to within-population crosses (Byrne
and Silla 2020). However, the circumstances that increase the
probability of outbreeding depression have been characterised,
and these findings can assist conservation management
(Frankham et al. 2011). Second, because non-native popula-
tions often originate from a small number of individuals,
they are likely to contain reduced genetic diversity compared
with native populations (Dlugosch and Parker 2008). This
reduction in diversity may be accentuated by subsequent
genetic drift and can result in a reduction in fitness (Frankham
et al. 1999). In this context, genetic studies of non-native
ungulate populations are needed to help determine their
suitability for translocation.

Genetic analysis is also invaluable for the management of
non-native ungulates that become invasive and have signifi-
cant environmental, economic and social impacts (Coté et al.
2004; Bengsen et al. 2014; Latham et al. 2017). Despite the
need to effectively manage invasive populations, determining
the scale at which a population should be managed can be
challenging. Managers need to know whether areas that
could potentially be managed separately are demographically
independent populations (sometimes called management
units, MUs), or whether the areas have regular exchange, in
which case their control will need to be coordinated if it is
to be effective (Allendorf and Luikart 2007). Identifying MUs
among large mainland populations is often not straight-
forward (Hampton et al. 2004; Robertson and Gemmell
2004). Population genetic analyses are an increasingly
affordable way to identify spatial structure in invasive
populations that can help delimit MUs (e.g. feral pigs
(Sus scrofa), Hampton et al. 2004; Cowled et al. 2008;
dromedary camels (Camelus dromedarius), Spencer et al.
2012).

Sambar deer (Cervus unicolor: nomenclature follows
Jackson et al. 2015) are the largest (~178 kg) cervid species
native to Southeast Asia, India and China (Leslie 2011). The
species is assessed as ‘Vulnerable’ owing to sustained declines
in its native range from overhunting by humans and habitat
loss (Timmins et al. 2015). There is debate about the
phylogeography and taxonomy of sambar deer, with five
(Mattioli 2011) or seven (Leslie 2011; Timmins et al. 2015)
subspecies being recognised. However, a recent mitogenomic
analysis using historical samples collected between the late
19th and mid-20th century did not support those subspecific
descriptions; rather, three clades were identified that were
associated with Myanmar/India, Sri Lanka, and Sunda (i.e.
Sumatra, Mentawai, and Borneo; Martins et al. 2018). Genetic
variation in native Indian sambar deer has been investigated
using mitochondrial and nuclear markers, identifying
multiple genetic groups (two and three respectively; Gupta
2014; Gupta et al. 2015).

B

Sambar deer have been introduced outside their native
range, with wild populations being established in New Zealand,
Australia, USA, and South Africa (Leslie 2011; Timmins et al.
2015). The largest non-native populations are in Australia and
New Zealand, both descending from animals imported in the
late 1800s (Donne 1924; Bentley 1998). There is uncertainty
about the origins of the individuals introduced, owing to poor
historical records and the unresolved phylogeography of this
species. The New Zealand sambar deer population originates
from perhaps just two individuals (Donne 1924). At least one
pair of sambar deer was imported from Sri Lanka in 1875 and
released at Manawatu, western North Island (Donne 1924;
Harris 1971; Banwell 2006). A population established and
subsequently increased in size and range. Illegal hunting
reduced the population to <30 in 1893 (Harris 1971), but
following formal protection it increased to ~100 individuals
in 1900 (Shailer 1957). The population continued to increase
such that all protections were removed in 1930, and by 1947
the population was thought to be ~500 (Wodzicki 1950). In
1957, the Manawatu population was thought to occupy
1000 km? (Harris 1966). Two other sambar deer populations
have subsequently established in New Zealand, both from
sambar deer captured from the Manawatu herd (Fig. 1)
(Harris 1971; Nugent et al. 2021). Today, the New Zealand
population occupies ~11 000 km?, and its impacts are minor
compared with more widespread and abundant invasive deer
species (Nugent et al. 2021).

The Australian population is much larger than the New
Zealand population. In Australia, sambar deer were imported
to Royal Park, Victoria, from Sri Lanka in 1861, and
introductions from India (1845) and the Philippines (1859)
have also been reported (Downes 1983; Bentley 1998).
Although the ‘Sri Lankan’ animals were kept in an enclosure,
all deliberate or accidental introductions of this species in
south-eastern Australia originate from these animals. They
were released at multiple locations in Victoria during
1863-1873 (Bentley 1998). The main ‘Eastern Victoria’
sambar deer population established in the Koo Wee Rup
swamp, and this population numbered ‘some hundreds’ in the
1880s (Bentley 1998). This population subsequently colonised
to the north and north-east into the Great Dividing Range, and
to the south-east, and by 1980 had colonised Kosciuszko
National Park in New South Wales (Dunn 1985). In 2015,
this ‘Eastern Victoria’ population occupied ~67 000 km? of
Victoria, New South Wales and the Australian Capital Territory
(Fig. 2). On the basis of harvest estimates (Moloney et al.
2022), the population must number in the hundreds of
thousands of animals. This population has caused significant
social, economic and environmental impacts (Lindeman and
Forsyth 2008; Forsyth and Davis 2011; Davis et al. 2016).
Shooting and exclusion fencing are being used to manage
these impacts at small spatial scales (Bennett et al. 2015;
Fahey 2017; Comte et al. 2023, this issue), but larger-scale
management of this population could be improved by
knowledge about its spatial structure. In particular, it is
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Fig. 1. Distribution of Cervus unicolor in New Zealand (Fraser and Nugent 2005) and our sampling
locations. The two eastern populations originate from the western population, which we sampled. The
three populations occupy ~I | 000 km? and number in the thousands.

unclear how many MUs exist across its Australian range.  of Australian sambar deer. Within Victoria, three genetic
Although the ecology and impacts of this species have been = groups were identified using microsatellite data, including
studied widely, less is known about the population genetics  the geographically isolated Mount Cole and French Island
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Fig.2. Distribution of the major populations of Cervus unicolor in Australia (Forsyth et al. 2015) and our sampling locations. The population

occupies ~67 000 km? and numbers in the hundreds of thousands.

sambar deer, and the more contiguously distributed popula-
tion in the south-east of the state (Davies et al. 2022). That
study also investigated genetic diversity using sequence
data from a portion of the mitochondrial control region,
and identified two haplotypes within Victoria, including a
private haplotype in Mount Cole. Davies et al. (2022)
conducted phylogenetic analyses including sequences from
the native range, which indicated that Australian sambar
deer were likely to have been sourced from Sri Lanka,
although branch support for this conclusion was weak.
A second genetic study in Australia used reduced representation
sequencing to produce a panel of single-nucleotide polymor-
phisms (SNPs) and identified four genetically distinct groups
across south-eastern Australia as well as the presence of
sambar and rusa deer (Cervus timorensis) hybrids in three
geographically separated regions (Hill et al. 2023, this issue).

Genetic data are often used to characterise introduced
populations such as those studied here. They can be used to
clarify patterns of gene flow and may be useful for tracking
contemporary dispersers and human-assisted translocations
(Rollins et al. 2006). Further, the identification of population
subdivision for a pest animal may provide targets for localised
control (Rollins et al. 2009). Where population structure

D

exists, dispersal rates and barriers to dispersal can be
identified (Rollins et al. 2006). In instances where invasion
history is unclear and samples from putative native sources
are available, population of origin can be identified
(Bonizzoni et al. 2004). Understanding the extent of genetic
variation can also be useful for management. Introductions
of multiple, genetically distinct native populations can result
in invasive populations of greater genetic diversity (Kolbe
et al. 2004), whereas single-source introductions often show
a decrease in genetic diversity in the invasive range, which
also declines with increasing distance from the introduction
point (Rollins et al. 2009). Additionally, genetic diversity
can indicate the evolutionary potential (robustness) of the
population. This raises an interesting point regarding species
such as sambar deer that face threatening processes in their
native range but are successful invaders elsewhere. Although
a genetically depauperate introduced population may be less
likely to persist (Lee 2002, but see Tsutsui et al. 2000), it could
still serve as a reintroduction source to bolster threatened
native populations.

Here we report an investigation into the origins and
population structure of sambar deer in Australia and New
Zealand. Our first objective was to evaluate their potential
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use as a source of reintroduction by resolving the origins of
these populations via the incorporation of recent genetic
data from the native range of this species (Gupta et al. 2015;
Martins et al. 2018) into our analyses, and by determining
whether genetic outliers exist in our data that may indicate
the presence of hybrids. Our second objective was to estimate
genetic diversity in the Australian and New Zealand popula-
tions, including whether there was evidence of reduced
genetic diversity following these introductions and whether
unique alleles are present in these introductions. Even if
these introduced populations have reduced diversity, the
presence of unique alleles could indicate functional diversity
that could assist native populations. Our third objective was
to determine whether spatial structure exists within the
Australian population, so as to assist the management of this
species. We discuss the genetic value of the Australian and
New Zealand populations in the context of the phylogeography
of this species, and how the spatial structure of the Australian
population helps on-ground management there.

Materials and methods

Sample collection and DNA extraction

Samples were collected from 87 sambar deer harvested by
government and recreational hunters in Australia and New
Zealand. We included New Zealand samples collected from
an area with an approximately 12 km radius near the
original release site (n = 24) (Fig. 1). We also included
samples collected from localities spread across the length of
the major Australian distribution (New South Wales and
Victoria, n = 34) as well as a large group of samples from a
single area in the south of this distribution (Yarra Valley
Reservoir; n = 29) (Fig. 2). Samples were collected from ear
clips, muscle tissue, or faecal material (taken directly from
the gut) and either frozen, or preserved in DMSO/NaCl
solution (Seutin et al. 1991), or Longmire buffer (Longmire
et al. 1988). Sampling location was recorded. DNA was
extracted using a Gentra Puregene Tissue Kit (QIAGEN),
following manufacturer’s instructions.

Mitochondrial sequencing

A portion of the mitochondrial control region was sequenced
using primers designed for cervids (Cerv.tPro and CervCRH;
Balakrishnan et al. 2003). DNA was amplified in a 20 pL
reaction containing 1.5 mM MgCl,, 0.5 pM of each primer,
0.2 mM dNTPs and 0.2 units of Tag DNA polymerase.
Cycling conditions included a 5-min step at 94°C, 30 cycles
of 94°C for 30 s, 54°C for 15 s, and 72°C for 30 s, followed
by a final extension step for 10 min at 72°C. A volume of
5 pL of each polymerase chain reaction (PCR) product was
mixed with 1 pL of ExoSAP-IT (Thermo Fisher Scientific) and
incubated, following manufacturer’s instructions. Cleaned

PCR products were sequenced using BigDye chemistry
(Thermo Fisher Scientific), precipitated in ethanol and sequenced
on an ABI 3730 (Applied Biosystems). A subset of samples
was sequenced in both directions to confirm accuracy of
sequencing. Sequences were aligned using crustarx2 v2.0.12
(Larkin et al. 2007). DNA polymorphism was estimated
using DnaSP v5 (Librado and Rozas 2009).

We also aligned our sequences with the sequence of 27
haplotypes characterised in sambar deer sampled across the
native range (Randi et al. 2001; Gupta et al. 2015; haplotype
nomenclature used here and original sample names are
described in Supplementary Material, Table S1, and GenBank
accession numbers are listed) and those previously sequenced
in Victoria (Davies et al. 2020). For this analysis, we included
a 143 bp segment of the mitochondrial control region.
Sequences were aligned as above. Using these data, we
constructed a median joining haplotype network using
NETWORK v10.2.0.0 (Bandelt et al. 1999) and post-processed
it by using the maximum-parsimony calculation. The final
network was drawn in NETwork PUBLISHER v2.1.2.5 (Fluxus
Engineering, Clare, UK).

Cross-specific microsatellite screening

Initial microsatellite screening was conducted using DNA
from individuals sampled from the Yarra Valley in Victoria,
Australia. We selected from the literature 48 pairs of
microsatellite primers that have previously been shown to
amplify in cervids (Table S2). We included universal primer
sequences (M13) on forward primers following Neilan et al.
(1997). We used the DNA from two individuals for initial
primer screening. PCR was conducted for each pair of
primers by using a Multiplex PCR Kit (QIAGEN), following
manufacturer’s instructions, and a step-down PCR protocol
consisting of 10 cycles each at the following annealing
temperatures: 70°C, 64°C, 58°C, 54°C, 50°C. PCR products
were visualised on an agarose gel. We chose 36 pairs of
primers that amplified under these conditions for further
screening for polymorphism, by using a panel of eight
individuals and fluorescently labelled M13 universal primers.
These samples were genotyped on an ABI 3730, by using
GS-500 (Liz) in each capillary as a size standard. Allele sizes
were estimated on GeneMapper v3.7 (Applied Biosystems).
Twelve loci that were invariant in these samples and two
that amplified poorly were removed from further screening
(Supplementary Material, Table S2).

For the remaining 22 loci, forward primers were ordered,
incorporating fluorescent labels for use in downstream
genotyping of the full data set. Multiplexes were optimised
with the new forward primers and a further four loci were
removed during this process because of inconsistent amplifi-
cation (RM095, RM188, RME25 and T108). All 18 remaining
loci were included in the population genetic analyses
described below.
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Microsatellite screening

Three multiplex PCR assays were developed using the cross-
specific primers described above (Supplementary Material,
Table S3). To amplify these loci, we used a Multiplex PCR Kit
following manufacturer’s instructions, except that reactions
were run at one-fifth the recommended volume. The multiplex
PCR protocol was the same as was used in single-locus
reactions (above).

Microsatellite data were tested for departures from linkage
equilibrium by using ceneror v4.0 (Rousset 2008) and Hardy—
Weinberg equilibrium by using arieQuin v3.5 (Excoffier et al.
2005). Genetic diversity indices were calculated including
gene diversity (calculated in arieQuiN), number of alleles per
locus, number of private alleles and allelic richness (calculated
in FSTAT v2.9.3.2; Goudet 2002).

Population structure was assessed using several methods
and, for these analyses, we partitioned data into four groups
(New Zealand, New South Wales, Yarra Valley, and all other
Victorian samples) to investigate whether population
structure exists within the Australian range. Pairwise Fgr
values were calculated using arieQuiN. We then conducted
Analysis of Molecular Variance (AMOVA) (Excoffier et al.
1992), with genetic variation partitioned among regions
(New Zealand vs Australia), among localities within regions
and within localities. Second, we used a Principal Coordinates
Analysis (PCoA) conducted in cenaiex v. 6.5 (Peakall and
Smouse 2006) to visualise genetic distances (Nei 1972). We
also characterised genetic subdivision using STRUCTURE
v2.3.3 (Falush et al. 2003; Pritchard et al. 2007). We selected
the admixture model with correlated allele frequencies and
ran 10 replicates for each value of K from K =1 to K = 6,
with a burn-in period of 100000 Markov-chain Monte
Carlo steps followed by 10° iterations for each value of K.
We applied the AK method (Evanno et al. 2005) to our
STRUCTURE results to determine the most probable number of
genetic groups. To detect all levels of population structure
within these data, we applied a hierarchical approach to
these analyses (Coulon et al. 2008). Finally, we looked for
genetic outliers in the PCoA and strucTure plots that might
indicate the presence of hybrids in our samples.

Ethical approval

This study did not require approval from an Animal Ethics
Committee because it used tissue samples collected from
animals killed by recreational hunters and in pest-
management programs.

Results

Mitochondrial control region

We sequenced 577 base pairs of the mitochondrial control
region in a total of 80 individuals from Australia (n = 59)
and New Zealand (n = 21). Each introduction contained a

F

single haplotype. There were 19 polymorphic sites between
the two haplotypes (nucleotide diversity = 0.014). The New
Zealand haplotype contained a single bp deletion and a
41 bp insertion.

When we analysed the reduced length Australian and New
Zealand haplotypes (143 bp segment; Supplementary Material,
Table S4) together with previously published haplotypes
(n = 25; Supplementary Material, Table S1), we found 19
polymorphic nucleotides. This segment of the Australian
haplotype was identical to that of previously published
Australian samples (MK473444.1 and MK473445.1, Davies
et al. 2020; Fig. 3). This haplotype was most similar (2 bp
difference) to a haplotype found in Sri Lanka (e.g. RUN3,
Martins et al. 2018) and to a haplotype sampled in India
(RUN33, Martins et al. 2018). The New Zealand haplotype
from the present study was identical to a haplotype sampled
in the Central Highlands of India (RUC18; Gupta et al. 2015).
This short segment of DNA resolved differences between

RUN55
SE3 @_RUN12
N

RUN51
SE1
RUNS58

/x// £ SE6
RUN47

RUN4{X£YXL<T

SE2 RUN62 RUN20

SE5

IND4

SRIL

IND3

RUC18/NZ

RuUC4

Fig. 3. Haplotype network of 143 bp region of the mitochondrial
control region of Cervus unicolor, including 27 previously sequenced
haplotypes from the native range and Australia (samples described in
Table SI). Intermediate nodes are denoted by small white circles.
The number of nucleotide differences between haplotypes is denoted
by hashmarks on network edges. The top clade includes samples
collected from Bengal (India) to the eastern extent of the species
native range (grey dots, no border). The bottom clade includes
samples collected in India (to the west of Bengal) and in Sri Lanka
(black dots). The Australian haplotype included in the current study
(grey dot with heavy black border labelled ‘AUST’) groups with
those from India/Sri Lanka and the New Zealand haplotype included
here (grey dot with black border labelled ‘RUCI8/NZ’) was identical
to haplotype RUCI8 sampled in the Central Highlands of India.
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haplotypes sampled in Sri Lanka and across India, and those
sampled across the rest of the native range (including the east
of India; Fig. 3).

Microsatellites

We genotyped 87 samples at 18 microsatellite loci, none of
which showed evidence of linkage nor Hardy-Weinberg
disequilibrium across populations. In total, we identified 98
alleles across all loci (mean = 5.4; Supplementary Material,
Table S3). Measures of genetic diversity were similar across
New Zealand and Australia. Estimated gene diversity was
0.545 in New Zealand and 0.551 in Australia. We found 3.7
alleles per locus in New Zealand and 4.4 in Australia.
Allelic richness estimates were similar in New Zealand
(R = 3.59) and Australia (R = 3.58). However, the number
of private alleles was lower in New Zealand (n = 18) than
in Australia (n = 31).

Pairwise Fgy values indicated significant population
structure (Fsr = 0.23-0.24; P < 0.001) in all comparisons
involving New Zealand, all other pairwise Fgsr values comparing

localities within Australia were not significant, ranging
between 0.00 and 0.01. AMOVA showed that the majority
of genetic variance was found within populations (67%)
but high levels of variance were also identified between
regions (New Zealand vs Australia; 32%). These findings
are illustrated both by PCoA (Fig. 4) and sTrUCTURE analyses
(Fig. 5), both of which show strong genetic structure
between Australia and New Zealand. Little variance was
found among Australian sampling sites (1%) and hierarchical
sTRUCTURE analyses showed no substructuring of these data
(data not shown). We found no evidence of genetic outliers
in our data.

Discussion

In this study, we have characterised genetic diversity of
sambar deer across their introduced southern distribution
in Australia and in their introduced range in New Zealand.
Nuclear and mitochondrial data indicated that these two
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Fig. 4. Principal Coordinates Analysis (PCoA) of genetic distances between Cervus unicolor

individuals sampled from the Australian (n = 63; New South Wales, NSWV; Victoria, Vic,; Yarra
Valley, YV) and New Zealand (n = 24; NZ) introductions on the basis of 18 microsatellite

markers (Supplementary Materials, Table S3).

New South Wales

New Zealand

Fig. 5.

Victoria Yarra Valley

STRUCTURE Q-plot showing population differentiation between Australian and New Zealand

Cervus unicolor samples based on |8 microsatellite markers, generated using the value of K associated
with AK,,... Each individual is represented by a vertical bar, showing degree of admixture.
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populations are genetically distinct from one another, yet
both appear to have resulted from introductions from India
or Sri Lanka, rather than from further east in the sambar
deer native range. These results confirmed historical data
that indicate that sambar deer in Australia originated in Sri
Lanka (Bentley 1998). The only historical account of
introductions to New Zealand suggests that a single pair of
sambar deer was introduced from Sri Lanka (Harris 1971;
Dunn 1985; Banwell 2006). However, our mitochondrial data
suggested that the New Zealand samples included in this study
had a haplotype identical to one found only in the Central
Highlands of India (Haplotype RUC18; Gupta et al. 2015).

Introduced populations, such as the sambar deer studied
here, may be a useful resource for the conservation of threatened
species. Because sambar deer are listed as ‘Vulnerable’ in their
native range (Timmins et al. 2015), introduced populations
may serve as an important resource for reintroduction to those
areas. Indeed, it has been recognised that introduced popula-
tions may prevent global extinction of such species (Wallach
et al. 2015). The data that we presented here regarding the
likely provenance of sambar deer in Australia and New Zealand
could be useful for determining appropriate reintroduction
sources in future, especially in the western part of the range
that appears to be the source of these introductions.

One important criterion regarding the suitability of
animals from a non-native population for re-introduction to
their native range is whether they have hybridised with
congeners (Bradshaw et al. 2006; Hill et al. 2019). Some
New Zealand sambar deer were sourced from an introduced
population in New Caledonia where they had reportedly
hybridised with C. timorensis (Harris 1971), but this has not
been confirmed with genetic data to our knowledge. Although
we found no evidence of hybridisation in our microsatellite
data (i.e. no strong genetic outliers), it does appear that
sambar deer in Australia have hybridised with C. timorensis
(Hill et al. 2023, this issue), albeit at a low frequency. In that
study, hybrids were evident in population genetic structure
analyses and morphologically identified hybrids were
genetically intermediate on the PCA plot, including those
sampled from areas overlapping with our sampling sites.
Despite these concerns, hybrid animals may be advantageous
for reintroduction because they carry novel genetic variants.
Relevant experimental hybridisation and reintroduction
projects are underway (e.g. Chan et al. 2018). The SNPs
used in Hill et al. (2023, this issue) would be a useful tool
for choosing suitable individuals for reintroduction because
they provide suitable markers to identify hybrids.

Another important criterion is the extent to which non-
native populations have experienced a reduction in genetic
diversity since establishment, potentially leading to inbreeding
depression and declining immunocompetence (Armstrong
and Seddon 2008). Our estimates of gene diversity were lower
in Australian and New Zealand sambar deer than has
been estimated in native Indian populations (0.720; Gupta
2014) or across the entirety of the native range (0.786;

H

Martins et al. 2018), by using a similar number of microsatel-
lite markers. Although the difference could be due to different
marker sets, a reduction in nuclear genetic diversity and the
dearth of mitochondrial variation as seen in our data are
consistent with the reported small founding sizes of these
introductions. Genetic diversity levels were similar in Australia
and New Zealand, suggesting that either of these populations
would be an equally suitable choice for reintroduction.

Reduced genetic diversity in a non-native population does
not preclude it as a source of animals for reintroduction, if the
variation present is higher than that in the population being
rescued, or if the introduced animals carry alleles that are rare
or absent in the native population. Experimental evidence
suggests that even a small number of individuals can be an
effective genetic rescue of a population with low genetic
diversity (Hufbauer et al. 2015). Additionally, reintroduction
from multiple non-native populations with individuals that
have different alleles may provide insurance for unpre-
dictable future events experienced by the native population
(‘provenancing’; Hoffmann et al. 2021); for example,
sambar deer from both Australia and New Zealand could be
reintroduced to the native range. Indeed, despite similar
levels of genetic diversity for the two invasive sambar deer
populations as identified with microsatellite markers, we
found substantial genetic differentiation between them, likely
resulting from differences in their population of origin.
Remarkably, this estimate of differentiation is higher than
that found between sambar deer and the congeneric rusa deer
in their native range (Fgr values of ~0.23 vs 0.14; Martins
et al. 2018). These differences, along with the private alleles
we identified, suggest that sambar deer populations in
Australia and New Zealand harbour distinct genetic variants
that could contribute to diversity in the native range.
However, if the threats (e.g. overhunting, habitat loss) a
species experiences in their native range remain, genetic
rescue and provenancing may be of little value.

The Australian and New Zealand sambar deer populations
that we studied did not exhibit within-country spatial genetic
structuring. These findings are consistent with historical
knowledge of these populations. By contrast, other studies
of sambar deer in Australia have found evidence of population
structure (Davies et al. 2022; Hill et al. 2023, this issue).
Davies et al. (2022) sampled several small and isolated
populations that were not included in our study and whose
genetic characteristics differed from the large population
we sampled, and Hill et al. (2023, this issue) sampled deer
from a wider geographic distribution than in our study. It is
difficult to tease apart what drives differences between our
results and those of Hill et al. (2023, this issue), because the
samples included in our study have little geographic overlap
with the boundaries of the four genetic groups identified by
Hill et al. (2023, this issue). Also, microsatellite data are likely
to be less sensitive to subtle population structure than are the
SNP data analysed by Hill et al. (2023, this issue). Further, it is
important to note that our samples were sourced primarily
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from the alpine regions of Victoria and New South Wales, an
area that is largely contiguous, whereas samples in Hill et al.
(2023, this issue) were taken from areas that are geographically
separated or that include peri-urban areas.

The Australian and New Zealand populations were estab-
lished at a similar time and have expanded their ranges
through natural dispersal in continuous habitat (Harris 1971;
Bentley 1998; Gormley et al. 2011; Nugent et al. 2021). Home
ranges and dispersal behaviours of sambar deer have been
little studied in either the native or introduced populations,
but male deer typically have larger home ranges and disperse
more frequently and further than do female deer (e.g.
Catchpole et al. 2004; Kjellander et al. 2004; Loe et al. 2009).
For example, in 1971, an adult male sambar deer was
photographed near Berrigan, New South Wales, at least
130 km through contiguous habitat from the nearest known
females (Bentley 1998). It is therefore likely that long-
distance movements of individual male sambar deer contribute
to the absence of population structure in this species across
large expanses of contiguous habitat. Further, the generation
time for sambar deer is 8-10 years (Timmins et al. 2015). The
Australian and New Zealand populations both established in
about the 1870s (see Introduction), and, hence, ~15-18
generations had elapsed between their introduction and our
sampling. Therefore, there has been limited time available
for genetic drift and selection to occur (and thus for genetic
differentiation to develop; cf. Davies et al. 2022; Hill et al.
2023, this issue), even if there are barriers to dispersal within
Australia. It is possible that the population differentiation
reported in those studies may be driven by hybridisation
with other deer species.

Our results have several implications for managing the
increasingly undesirable impacts (see Introduction) of the
main Australian sambar deer population located in alpine
regions of southern New South Wales and Victoria, and
eastern Victoria. First, the high levels of gene flow in this
population indicate that localised control is unlikely to
eradicate a subpopulation unless immigration can be prevented
(Parkes 1990; Bomford and O’Brien 1995; Spencer et al. 2012).
One way to prevent immigration into an area in which control
is conducted is to erect a barrier fence, as was done during the
eradication of feral pigs on Santa Cruz Island (Parkes et al.
2010). However, building and maintaining a sambar deer-
proof fence in rugged Australian alpine regions and/or the
densely forested terrain of eastern Victoria would likely be
logistically and financially prohibitive. Hence, eradicating
sambar deer from even a small part of the current main
Australian range is not feasible. Second, the absence of genetic
population structure with the markers we used means that they
are unlikely to be informative with respect to detecting the
source(s) of future extra-limital range expansions (reviewed
in Signorile et al. 2016). Such range expansions could occur
from natural dispersal, deliberate introduction (to establish a
hunting resource; ‘translocation’) or escapes from captive
herds (Fraser et al. 2000; Moriarty 2004).

To address this inability to distinguish populations by
using microsatellite data, approaches such as that used
by Hill et al. (2023, this issue) or other next-generation
sequencing technologies (e.g. whole-genome sequencing)
may increase the power of genetic data to detect subtle
differences in population structure. However, it is interesting
to note that in Hill et al. (2023, this issue), within the same
geographic area we sampled, no sambar deer population
structure was identified using SNPs (Hill et al. 2023, this issue,
area denoted in green in Fig. 5). Although many emerging
studies have reported superior performance of SNPs versus
microsatellites in detecting population structure (Sunde
et al. 2020), microsatellite datasets such as the one we have
presented here remain a useful proxy for SNP datasets
(Alvarez et al. 2021). Given this, and considering the higher
cost and greater need for computing resources required by
SNP data sets, microsatellites remain a powerful tool for
non-model systems.

This study has provided useful information about the
origin, genetic variation, and population structure of Australian
and New Zealand sambar deer. We have discussed the potential
for populations such as these to be used for reintroduction in
cases where native range populations are threatened. Despite
these potential benefits, we are unaware of non-native
ungulate populations currently being used as the source of
individuals for reintroduction to their native range. We have
also outlined how the knowledge we have produced here can
be used for the management of this species in its introduced
range. Because introductions continue to occur worldwide
and species meet the challenges of climate change and shifts
in habitat availability, considering how these non-native
populations can be used to assist native populations will
become more important. Genetic information will continue
to be a key tool in conserving native populations and managing
the negative impacts of non-native populations.

Supplementary material

Supplementary material is available online.
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