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Abstract

Knowledge of genetic structure and patterns of connectivity is valuable for implementation
of effective conservation management. The arid zone of Australia contains a rich biodiversi-
ty, however this has come under threat due to activities such as altered fire regimes, grazing
and the introduction of feral herbivores and predators. Suitable habitats for many species
can be separated by vast distances, and despite an apparent lack of current geographical
barriers to dispersal, habitat specialisation, which is exhibited by many desert species, may
limit connectivity throughout this expansive region. We characterised the genetic structure
and differentiation of the great desert skink (Liopholis kintorei), which has a patchy, but
widespread distribution in the western region of the Australian arid zone. As a species of
cultural importance to local Aboriginal groups and nationally listed as Vulnerable, itis a
conservation priority for numerous land managers in central Australia. Analysis of mitochon-
drial ND4 sequence data and ten nuclear microsatellite loci across six sampling localities
through the distribution of L. kintorei revealed considerable differentiation among sites, with
mitochondrial Fsr and microsatellite F st ranging from 0.047-0.938 and 0.257-0.440, re-
spectively. The extent of differentiation suggests three main regions that should be man-
aged separately, in particular the southeastern locality of Uluru. Current genetic delineation
of these regions should be maintained if future intervention such as translocation or captive
breeding is to be undertaken.

Introduction

The Australian arid zone occupies 70% of the continent’s landmass and supports an extraordi-
nary biodiversity, including among the world’s richest assemblages of lizards [1], [2]. Despite a
longstanding recognition of the conservation value of this region, relatively few studies have
described patterns of genetic structuring across whole species distributions [3]. Characterisa-
tion of genetic structure across a landscape is valuable to inform conservation because
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genetically discrete regions may be under different pressures and require separate manage-
ment approaches. Connectivity among these regions may also not correspond to natural
boundaries as expected based on observed environmental or geographic features [4-6]. More-
over, human land use is rapidly changing arid Australia and is posing a number of threats to
the biodiversity of the region. Habitat destruction through land clearing, accelerated soil ero-
sion, unsustainable cattle grazing and altered fire regimes continues to threaten inland Austra-
lian biota, as do increased weed and feral animal populations [7-9]. Knowledge of levels of
genetic connectivity can be used to evaluate the impact of localised activities and to prioritise
conservation strategies.

Although the arid regions of Australia currently lack substantial topographic barriers or ex-
pansive waterways, genetic variation may be structured by environmental features. Many rep-
tile species are habitat specialists, restricted to specific habitat types scattered throughout the
desert region [10,11]. Vast expanses of contiguous habitat types such as dunefields or gibber
plain may separate patches of suitable habitat for many species. This may result in habitat
patches being isolated from each other by hundreds of kilometres, a distance in excess of the
likely dispersal capacity of many desert species [11,12]. Thus, habitat heterogeneity, and the as-
sociated habitat specialisation of arid zone lizards, might influence connectivity and restrict
gene flow between localities. For example, Chapple et al. [12] found considerable phylogeo-
graphic structure within Egernia inornata (now Liopholis inornata [13]), an arid-Australian
lizard, with a number of clades occurring in particular habitat types. It is therefore our a
priori expectation that localised impacts may threaten genetically distinct components of
biodiversity.

There are also additional benefits derived from knowledge of connectivity; for example, it is
established that parts of a species distribution that experience prolonged isolation may become
sufficiently genetically differentiated that they are worthy of separate management [14-16].
Furthermore, isolation coupled with reduced effective sizes can lower genetic diversity through
drift and impinge on the ability to adapt to environmental change. In such cases, translocations
among genetically discrete localities may not be a viable conservation strategy owing to the risk
of outbreeding depression [16] (but see [17]). Identifying parts of the distribution requiring
separate management enables conservation effort to be prioritized and can guide decisions to
translocate, restore, or establish breeding programs [16,18].

The great desert skink, Liopholis kintorei, is a species endemic to the arid-zone of Australia,
currently listed as “Vulnerable’ [19]. It is a large scincid lizard that inhabits sand plains, palaeo-
drainage lines and undulating gravelly downs [20]. Although its range stretches over a vast
area of approximately 1.3 million km?, it is known to be patchily distributed, with its presence
recorded at fewer than 100 localities [21]. Great desert skinks exhibit limited dispersal (com-
monly 0-4 km, up to 9km; [21]), excavating extensive burrow systems in which close kin live
and which may be continuously occupied for up to 7 years [22]. It is a culturally important spe-
cies to traditional Aboriginal groups [23], and this combined with its threatened status makes
its conservation a high priority for land managers in central Australia. Altered fire regimes and
the introduction of the red fox and domestic cat are key factors that have led to the species’ de-
cline, as well as habitat decay from feral herbivores [8,19,20,24].

Areas containing great desert skinks are known to occur in a number of geographically dis-
tant regions within declared conservation areas: Uluru-Kata-Tjuta National Park (NT), New-
haven Wildlife Sanctuary (NT), Karlamilyi National Park (WA), Ngaanyatjarra Indigenous
Protected Area (IPA; WA), and in the Watarru IPA within the Anangu Pitjantjatjara Yanku-
nytjatjara Lands (APY; SA); and in these a number of monitoring and management actions
have previously been undertaken. The extent of isolation or genetic differentiation between
these regions is unknown, but likely to be high given the apparent disjunct distribution and

PLOS ONE | DOI:10.1371/journal.pone.0128874 June 10,2015 2/14



@’PLOS ‘ ONE

Regional Genetic Structure of a Threatened Lizard

low dispersal of the species. Here we use mtDNA sequence data (ND4) and ten microsatellite

loci to characterise genetic structure and divergence across the range of L. kintorei. We aim to
identify any regions where the genetic distinctiveness of L. kintorei heightens the conservation
value and influences the management options.

Materials and Methods
Ethics Statement

All animals were handled in accordance with a protocol considered and approved by Mac-
quarie and Charles Darwin University Animal Ethics committee recommendations (ARA
2008/025 and ARA 2011/037). Sample collection was licensed by the Northern Territory Parks
and Wildlife Commission and the South Australian Department of Environment and Heritage.

Sample collection

Ninety-four L. kintorei samples were collected from six locations throughout the distribution
of the species (Fig 1): Australian Wildlife Conservancy’s Newhaven Wildlife Sanctuary (hereaf-
ter, Newhaven; 22° 49' 41" S, 131° 6' 58" E; n = 30) and Sangster’s Bore in the northeast of their
distribution (20°49' 60" S, 130° 19' 60" E; n = 23), Petalu-Docker River toward the centre of
their distribution (hereafter Docker River; 24° 52' 27" S, 129° 05' 01" E; n = 1), Uluru-Kata-
Tjuta National Park to the east (hereafter Uluru; 25° 18' 44" S, 131° 01' 07" E; n = 30), Warbur-
ton to the west within the Ngaanyatjarra IPA (26° 08' 00" S, 126° 35' 00" E; n = 2) and Watarru
within the IPA of the APY Lands at the southern extent of the distribution (27° 11' 43" S, 129°
54'48" E; n = 8). Samples from Warburton were provided by the Western Australian Museum.
Tissue was obtained via tail-tip biopsy and preserved in 90% ethanol. Liopholis kintorei is a
species that exhibits kin-based social living, and high natal philopatry [21]. To ensure that

e -

Fig 1. Distribution (shaded) and sampling localities of L. kintorei. Sangster's Bore (SB), Newhaven
(NH), Uluru (U), Docker River (DR), Watarru (WT) and Warburton (WB). Map derived from data [25] under a
CC BY license, with permission from the Commonwealth of Australia, original copyright, 2015.

doi:10.1371/journal.pone.0128874.g001
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individuals included in our analyses were not highly related, we included only adults captured
from separate, distinct burrow clusters.

Laboratory procedures

Whole genomic DNA was extracted from tissue using a modified salting-out protocol [26]. For
each sample the mitochondrial gene, NADH dehydrogenase subunit 4 (ND4), was targeted be-
cause previous work on reptiles has shown useful levels of variation for intraspecific studies,
though its mutation rate is slow enough to allow inference of deeper divergence due to long-
term isolation [12,27]. In addition, individuals were genotyped at ten microsatellite loci to
characterise fine-scale population dynamics and more recent divergence.

Polymerase chain reactions (PCR) for all markers were carried out using a PTC-100 Ther-
mocycler (M] Research, Inc.). Mitochondrial ND4 was amplified using previously developed
primers [28]. PCRs were carried out in 20 uL volumes containing 50-100 ng of DNA, 4 uL 5x
GoTagq Flexi Buffer (Promega), 2 mM MgCl,, 0.2 uM of each dNTP, 0.125 uM of each primer
(ND4 and tRNA-leu) and 1 U Taq Polymerase (Promega). Thermocycling began with an initial
denaturation for 5 min at 94°C, followed by four touchdown cycles with 94°C denaturation for
30 sec, annealing temperatures (55°C, 53°C, 51°C, 49°C) for 30 sec, and 72°C extension for 45
sec. An additional 35 cycles were carried out at an annealing temperature of 47°C, followed by
a final 72°C extension step for 10 min.

Microsatellite PCRs were carried out in 10 pL volumes containing ~50 ng of DNA. A -29
M13 sequence was added to the 5’ end of each forward primer to allow for the incorporation of
a complimentary M13 fluorescent-labelled tag, following the protocol of Schuelke [29]. Four
tetranucleotide microsatellite loci were developed concurrent to this study (BX6, CKD, FQR,
J3F; see S1 Text for microsatellite design). In addition to these, we utilised six previously devel-
oped markers (Estl, Est2, Est9, Est12 [30]; Ecu2, Ecu3 [31]). All microsatellite loci were ampli-
fied with identical reaction conditions: 2 uL 5x GoTaq Flexi Buffer (Promega), 2.5 mM MgCl,,
0.2 uM of each ANTP, 0.02 uM of forward primer, 0.1 uM reverse primer, 0.1 uM of fluoro-la-
belled tag (FAM, VIC, NED, or PET) and 1 U Taq Polymerase (Promega). Thermocycling
began with an initial denaturation for 3 min at 94°C, followed by five touchdown cycles with
94°C denaturation for 30 sec, annealing temperatures (60°C, 58°C, 56°C, 54°C, 52°C) for 30
sec, and 72°C extension for 45 s. An additional 35 cycles were carried out at an annealing tem-
perature of 50°C, followed by a final 72°C extension step for 10 min. PCR products were visual-
ized by electrophoresis on 2% agarose gel. All PCR purification, sequencing and fragment
separation was performed by Macrogen (Korea).

Data analysis

ND4 sequences were checked by eye and aligned with Clustal W, implemented in MEGA 5.0
[32], and submitted to GenBank (Accession numbers KM035773-KM035789). DNA sequences
were then translated into amino acid sequences using the vertebrate mitochondrial code. No
premature stop codons were observed, indicating that all sequences are true mitochondrial
copies. Haplotype and nucleotide diversities were calculated in DnaSP [33].

A minimum-spanning network of ND4 haplotypes was constructed in TCS 1.21 [34]. Glob-
al and pairwise @gr, an analogue of Fgr [35], were calculated from ND4 haplotypic data in
Arlequin v3.5 [36] with 1000 permutations.

Microsatellite alleles were visualised and scored using Peak Scanner 1.0 (Applied Biosys-
tems). To ensure amplification and scoring consistency, at least 10% of samples at each locus
were independently rerun and genotyped. Summary statistics, including exact tests for Hardy-
Weinberg equilibrium (HWE) and linkage disequilibrium (LD) were conducted in GenAlEx
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6.4 [37] and GENEPOP 4.2 [38]. Effective population size (Ne) estimates were calculated utiliz-
ing the approximate Bayesian framework implemented in ONeSAMP v1.2 [39]. Due to prohib-
itively small sample sizes at Docker River and Warburton, these sampling localities were
excluded from population-level analyses.

When calculating Fsr analogues from highly polymorphic data such as microsatellites, with-
in-population variance can often approach the level of the total variance, resulting in very low
Fgrvalues even when the populations share no alleles [40,41]. Following Hedrick [40] and
Meirmans [41], pairwise fixation index values calculated from microsatellite data (hereafter
F’sr) were standardised using the program RECODEDATA 0.1 [41].

STRUCTURE v.2.3 [42] analysis was used to assess genotypic clustering and assignment
probabilities. We examined values of K = 1-8 (double the number of sample sites included in
the analysis), with 10 replicate runs for each, 10° MCMC iterations burn-in and 10* main itera-
tions. Hubisz et al. [43] developed a new model for STRUCTURE, which allows the use of sam-
ple-site information. This is different to the initial models including location priors, in that it
adds power to analyses, but can disregard site information when true clustering is uncorrelated
with sampling locations. We used the ‘admixture’ model with correlated allele frequencies, and
repetitions were run with and without location information. The number of genetic clusters
(K) was determined using the AK method of Evanno et al. [44].

Discriminant analysis of principal components (DAPC) was used to describe the genetic re-
lationship between sampling localities. DAPC is a multivariate analysis that first uses principal
components analysis (PCA) to transform data into uncorrelated components. These compo-
nents are then analysed using a linear discriminant method, minimising within-group variance
while maximising among-group variance [45]. Furthermore, this analysis does not assume
HWE and LD, which are often violated when working with natural, small and fragmented pop-
ulations [45].

DAPC was carried out in the R package adegenet [46], implemented in R 2.12 (R develop-
ment core team 2013; www.r-project.org), with K selected using the find.clusters function and
Bayesian Information Criterion (BIC). We also ran DAPC using sample locations as groups (K
= 4) to assess the differentiation of our sample sites. PCA was performed in R using the dudi.
pca function in the package ade4 [47]. Missing data were replaced with the mean (the origin of
the X- and Y-axes, as in Horne et al. [48]). Determining the number of principal components
(PCs) to retain as predictors for the discriminant analysis requires a balance between the statis-
tical power of more PCs, and the stability of assignments, though there is no strict rule. Retain-
ing too many PCs with respect to sample size can result in over-fitting the data. This trade-off
can be assessed using the a.score function in the R package adegenet [46]. Analyses were car-
ried out retaining a conservative 13 PCs, the optimal number suggested by a.score, given our
relatively small dataset.

Results
Summary statistics

Mitochondrial sequence data. Mitochondrial ND4 sequences of 585 bp were successfully
amplified from 72 individuals sampled from the six localities. Sequences contained 23 (3.9%)
variable sites, of which 18 (3.1%) were parsimony informative, revealing a total of 17 unique
haplotypes (Fig 2). Haplotype and nucleotide diversity over all samples were 0.908 and 0.009,
respectively, and the variance for both was < 0.0002 (Table 1). All haplotypes sampled at
Uluru were unique to that locality. Newhaven and Sangster’s Bore shared haplotypes with only
each other, and Docker River and Warburton both shared haplotypes with Watarru. One
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Location

Newhaven
Sangster’s Bore
Uluru

Watarru
Warburton
Docker River

L

O Single haplotype
* Median vector

Fig 2. Haplotype network constructed from 72 Liopholis kintorei mitochondrial ND4 sequences. Each

circle represents a unique haplotype, and the number within indicates its frequency.

doi:10.1371/journal.pone.0128874.9002

sample from Warburton was unique to that locality, although small sample sizes may be the

reason for this.

Microsatellite loci. One of the four remaining sample localities was out of HWE (Newha-
ven, P < 0.05; Table 2), which may be due to a Wahlund effect from some spatial structure
[49]. Following Holm-Bonferroni sequential correction [50], 10 out of 180 locus x locus tests
for LD (45 per sampling locality) were significant, all of which were for different locus pairs.

The presence of some LD is unsurprising, given that it can be common in threatened species

Table 1. Sample sizes and diversity indices for Liopholis kintorei captured from four sampling localities.

Locality n (ND4) np h ™ n (psat) N. Ra P, Ho He
Newhaven 23 6 0.76 0.0063 30 10.1 6.3 9 0.765 0.780
Sangster’s Bore 23 7 0.78 0.0077 23 10.8 7.2 18 0.811 0.811
Watarru 8 2 0.54 0.0010 8 5.4 5.2 7 0.771 0.688
Uluru 15 2 0.34 0.0006 30 10.5 6.6 18 0.777 0.791
Warburton 2 2 2

Docker River 1 1

Diversity indices for Warburton and Docker River could not be calculated because of small sample sizes. Number of samples (n), number of haplotypes
(nn), haplotype diversity (h) and nucleotide diversity (1) are given for mitochondrial ND4 sequences (total n = 72). The number of samples (n), average
number of alleles per locus (N,), allelic richness (R,), number of private alleles (P,), observed (Ho) and expected (Hg) heterozygosities are given over ten

microsatellite loci (total n = 94).

doi:10.1371/journal.pone.0128874.t1001
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Table 2. Locus by locus results for Hardy-Weinberg Equilibrium tests for L. kintorei sample localities.

Locus Newhaven (n = 30)
BX6 0.170
CKD 0.045
FQR -0.019
J3F -0.078
EST1 0.014
EST2 0.036
EST9 -0.063
EST12 0.217
ECU2 0.017
ECU3 -0.048
Overall 0.036

Sangster’s Bore (n = 23) Watarru (n = 8) Uluru (n = 30)
-0.040 -0.140 0.120
0.004 0.143 0.158
-0.073 -0.167 0.046
0.010 -0.077 -0.169
0.130 -0.217 -0.007
0.120 0.056 0.192
-0.062 0.167 0.077
-0.081 -0.287 -0.028
0.106 -0.021 -0.068
0.047 -0.077 -0.052
0.025 -0.053 0.035

The inbreeding coefficient (F,g) for each locus is given, as well as over all ten loci. Bold values denote significant Fis (P < 0.05).

doi:10.1371/journal.pone.0128874.t002

that are expected to have small effective population sizes [18]. Allelic richness of the four sites
ranged from 5.2-7.2, and the number of private alleles from 7-18. Overall Fis ranged from
0.053-0.036, with these positive values probably reflecting a spatial Wahlund effect [49]. Ne
estimates for each locality were: Newhaven (Ne = 60.4, 95% CI = 38.8-119), Sangster’s Bore
(Ne=41.5,95% CI = 23.4-116.9), Watarru (Ne = 9.3, 95% CI = 5.8-15.9), Uluru (Ne = 21.2,
95% CI = 16.7-27.6). Estimates of Ne are sensitive to sample size, and as such ours should be
treated with caution due to small sample sizes.

Genetic differentiation between localities. All comparisons of genetic differentiation, ex-
cept one (Newhaven-Sangster’s Bore; Pyp, = 0.108), were high and significant (Table 3), indi-
cating very low connectivity between localities. For ND4, overall @g = 0.50, P < 0.00001.
Pairwise population differentiation for both ND4 (Fsy) and microsatellites (F’s7) was substan-
tial (Table 3; Juke’s Cantor distances between localities are given in Table 4). Newhaven and
Sangster’s Bore were the least differentiated from each other, with low and not-significant Fsr
for ND4, though microsatellite differentiation was relatively high. Uluru was the most differen-
tiated from all other localities in all comparisons.

STRUCTURE analysis yielded a best-fit value of K = 2 (S1 Fig) without location informa-
tion, and K = 4 with location information. When K = 2 was considered, one cluster comprised
the Uluru samples, and the other clumped Newhaven, Sangster’s Bore and Watarru together
(S1 Fig). When location information was used, STRUCTURE gave a best-fit value of K = 4 (Fig
3a), and there was clear delineation of sample sites with high assignment probabilities (Fig 3b).

A similar result was found in the DAPC: the lowest BIC value was indeed K = 2 (BIC = 124)
when no location information was used, however the BIC score for K = 4 was only slightly

Table 3. Pairwise genetic differentiation between four Liopholis kintorei sampling localities; generated from 585 bp of the mitochondrial ND4 gene
(Fst; lower diagonal) and ten microsatellite loci (F's; upper diagonal). All values in bold are significant (Pyp4 < 0.0001; Py,s4 < 0.05).

Newhaven Sangster’s Bore Watarru Uluru
Newhaven 0.285 0.257 0.302
Sangster’s Bore 0.047 0.380 0.440
Watarru 0.494 0.502 0.263
Uluru 0.627 0.622 0.938
doi:10.1371/journal.pone.0128874.1003
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Table 4. Range of Jukes-Cantor genetic distances between four Liopholis kintorei sampling localities calculated from ND4.

Newhaven Sangster’s Bore Watarru
Newhaven
Sangster’s Bore 0.000-0.016
Watarru 0.007-0.012 0.005-0.014
Uluru 0.007-0.016 0.009-0.017 0.010-0.014
doi:10.1371/journal.pone.0128874.t004
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Fig 3. STRUCTURE and DAPC analyses of Liopholis kintorei individuals captured from four locations
across their distribution: Newhaven (NH), Uluru (UL), Watarru (WT) and Sangster’s Bore (SB). (a) AK
values for each potential number of genetic clusters (K) examined, showing a best-fit value of K = 4. (b) Bar
plot showing population assignment of individuals from each sample locality. (c) DAPC scatter plot showing K
=4 genotypic clusters. Each point represents an individual genotype, each sample site being depicted by a
different colour and encompassed by a 95% confidence ellipse. Eigenvalue plots represent the amount of
genetic variation contained in each discriminant factor.

doi:10.1371/journal.pone.0128874.g003
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higher (BIC = 126; a difference in BIC of 0-2 is considered weak [51]). For K = 2, Uluru sam-
ples were largely separate from the rest (S1 Fig). However, when samples were grouped by loca-
tion in the DAPC, there was considerable genetic separation between all four groups, with the
largest separation along the first and second discriminant factors lying between Uluru and the
other localities (Fig 3c). The optimal number of principal components retained for the DAPC
accounted for 54% of the overall variation, and the first two discriminant factors accounted for
91% of this variation in the discriminant analysis. Only plots for K = 4 are given here, but see
S1 Fig for plots of K = 2.

Discussion

We show genetic partitioning among regions containing the Vulnerable lizard Liopholis kin-
torei. Each of the localities from which L. kintorei was sampled contained similar levels of ge-
netic variation, and individuals from the Uluru-Kata-Tjuta region were most genetically
distinctive (Tables 1, 3 and 4). Our estimates of genetic divergence, in addition to environmen-
tal differences experienced among regions, indicate that each of these are reservoirs of impor-
tant genetic variation and point to the risk of outbreeding depression should interbreeding
occur.

Outbreeding depression is lowered reproductive fitness in generations subsequent to cross-
ing of individuals from genetically differentiated parts of their distribution [16]. A decision tree
developed by Frankham et al. [16] assists conservation managers to assess the probability of its
occurrence, and thus decide whether populations should be kept separate. Applying this to the
data for Liopholis kintorei indicates a risk of outbreeding depression should individuals be
translocated. The third part of the tree suggests that if sites have been isolated from each other
for 500 years or more, there is a high risk of outbreeding depression and they should remain
separated. A crude estimate of divergence times based on a commonly cited mitochondrial cali-
bration of 1.3-2% sequence divergence per million years [13,52], suggests that the Uluru line-
age may have split from the others between 350 kya and 1.31 million years ago. The level of
genetic divergence between sampling localities at ND4 (< 2%; Table 4) was below that found
in a closely related species, Liopholis inornata (within-species divergence up to 6.1% [12]);
however, L. inornata has a much broader distribution and was sampled across a wider area,
that may explain the higher within-species divergence reported. When considering clades of L.
inornata sampled across similar geographic scales, the level of differentiation within these two
Liopholis species was similar.

Furthermore, there are environmental differences between the sites that may contribute to
localised adaptation, another factor that flags the possibility of outbreeding depression from
translocation according to Frankham et al. [16]. Similarly, Crandall et al. [15] propose evaluat-
ing ‘ecological exchangeability’ along with estimates of genetic divergence to decide on the
parts of species distributions to be managed separately. Given the latitudinal range over which
L. kintorei is distributed, it is not surprising that there are environmental differences across our
sampling localities. For example, mean monthly minimum and maximum temperatures are
consistently and significantly cooler at Uluru than the northernmost locality of Sangster’s Bore
(see S2 Text for climate data and statistical tests). Average annual rainfall at Sangster’s Bore is
479 mm compared with 320 mm at Uluru (t;, = 2.09, P = 0.045), though rainfall patterns differ
with Uluru receiving more winter rain. Sangster’s Bore experiences more days above 35°C and
40°C than Uluru (respectively, 169.6 vs. 109.3 days > 35°C and 52.9 vs. 32.1 days > 40°C; cli-
mate data from Australian Bureau of Meteorology, www.bom.gov.au; data not available for
Watarru). Given their ectothermic physiology, life history traits in reptiles have been demon-
strated to be linked to altitudinal or latitudinal variability in climate [52-54]. As such, the
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significant climatic differences between our sampling localities are likely to be relevant to
L. kintorei, and may have led to adaptive differences in, for example, thermal tolerance or
seasonal activity.

The habitat in which L. kintorei is found in these areas varies also. The Sangster’s Bore and
Newhaven localities occur along and adjacent to palaeodrainage lines, with the species’ pre-
ferred habitat in semi-saline spinifex plains dominated by soft spinifex (Triodia pungens) and
inland tea tree (Melaleuca glomerata). At Watarru, L. kintorei were found within open mulga
woodland or Eremophila and woolybutt (Eragrostis eriopoda) grass shrubland, and at Uluru
they occur on sand plains and flat swales dominated by either hard (Triodia basedowi) or soft
spinifex (T. pungens and T. schinzii) [21].

Uluru was the most genetically distinct in all analyses, and shared no haplotypes with any
other site; Watarru was also highly differentiated from the other areas, but shared haplotypes
with the other two southwestern localities (Docker River and Warburton). More sampling at
Docker River and Warburton is required to determine the true extent of differentiation among
these localities. Sangster’s Bore and Newhaven to the north were highly differentiated based on
the microsatellite data set (F’g7 = 0.285), but were not significantly differentiated at mitochon-
drial ND4 (Fsr = 0.047). This discrepancy, taking into account the different inheritance and
mutation rates for these genetic markers [55] might indicate a contemporary barrier to dispers-
al but higher levels of historical gene flow. As a result, we recognise three main delineations
among localities for conservation management: one to the north (Sangster’s Bore and Newha-
ven), one to the southeast (Uluru), and one in the southwest (Watarru, Docker River,
Warburton).

Given the isolation of localities implied by an apparently patchy distribution [20,22] and the
genetic differentiation among localities investigated here, genetic diversity, if lost, may not be
replenished by migration. Effective population sizes are substantially lower than actual sizes in
wild populations, with the ratio between them often approximating 0.1 [56], and up to 0.5 [57].
Census size estimates for L. kintorei are estimated to be low (<500 at Uluru [20]), and genetic
Ne estimates in this study were all low (138-232, though these estimates should be treated with
caution due to small sample sizes). The Vulnerable status of this species and low estimated
population sizes suggest that genetic diversity and viability may be eroded rapidly over time.
The threatening processes attributed to the decline of great desert skinks have not been re-
moved, and consequently this is likely to continue. If genetic erosion is allowed to proceed, this
can render localised parts of the distribution vulnerable to inbreeding and inbreeding depres-
sion [58]. Translocations to bring about a so-called ‘genetic rescue’ have been demonstrated to
dramatically reverse the effects of inbreeding depression [17,59]. In the case of L. kintorei,
unique haplotypes at some localities and high differentiation estimates suggest that if this need
eventuates, parts of the distribution selected for translocations need to be carefully chosen to
avoid the risk of outbreeding depression.

Knowledge of connectivity combined with landscape management of biological processes is
needed to conserve biodiversity [15]. Conservation management for L. kintorei should priori-
tise the preservation of suitable habitat, in particular addressing recent and localised changes
in fire regimes and predation pressure to reduce the risk of further localised population de-
clines and thus erosion of genetic diversity. While further sampling needs to be conducted at
Watarru, Docker River and Warburton, the evidence suggests three main delineations for man-
agement: (1) Uluru to the southeast, (2) Newhaven and Sangster’s Bore to the north, and (3)
Watarru, Docker River and Warburton to the southwest. Uluru in particular should be consid-
ered separately for management, and this distinctiveness should be recognised if intervention
such as translocation or captive breeding is to be undertaken.

PLOS ONE | DOI:10.1371/journal.pone.0128874 June 10,2015 10/14



@’PLOS ‘ ONE

Regional Genetic Structure of a Threatened Lizard

Supporting Information

S1 Text. Characterisation of four polymorphic microsatellite loci for the great desert skink,
Liopholis kintorei.
(DOCX)

S2 Text. Climate data and analysis for northern and southern regions containing Liopholis
kintorei.
(DOCX)

S1 Fig. STRUCTURE and DAPC analyses of Liopholis kintorei individuals using no loca-
tion information. (a) AK values for each potential number of genetic clusters (K) examined,
showing a best-fit value of K = 2. (b) Bar plot showing population assignment of individuals
from each sample locality. (c) DAPC plot showing K = 2 genotypic clusters. The y-axis repre-
sents the density of individuals along the given discriminant function. One cluster (red) com-
prised the Uluru samples, and the other (green) clumped Newhaven, Sangster’s Bore and
Watarru together.

(TIFF)

Acknowledgments

Thank you to A. Beattie, M. Gillings, A. Jung, C. Turnbull and M. Whiting for help with sample
collection, and to the Western Australian Museum for providing the samples from Warburton.
Many thanks to numerous people from Uluru-Kata Tjuta National Park, particularly N. Tjaka-
lyiri, J. Clayton, D. Walkabout and K. Bennison. Thanks to the community of Watarru who as-
sisted in the project there, particularly F. Young, T. Mervin and M. Pan. Thanks also to the
Yuendumu WoC Rangers for their assistance at Sangster’s Bore and to the Docker River WoC
Rangers for their assistance at Petalu. Thankyou to staff at the Australian Wildlife Conservancy
(AWCQ), in particular to J. Schofield and D. Moore for invaluable support onsite, and A. James
for guidance. K. Miller, K. Smith and M. Gardner gave assistance with the development of mi-
crosatellite primers. P. Momigliano offered statistical advice and comments on the manuscript,
and we also thank M. Whiting for constructive comments on the manuscript.

Author Contributions

Conceived and designed the experiments: SD SM DGC AJS. Performed the experiments: SD
SM AJS. Analyzed the data: SD AJS. Contributed reagents/materials/analysis tools: SD SM
DGC A]JS. Wrote the paper: SD SM AJS.

References
1. Pianka ER, Vitt L. Lizards: windows to the evolution of diversity. University of California Press, Berke-
ley; 2003.

2. Wilson S, Swan G. A Complete Guide to Reptiles of Australia ( 3rd ed.). Reed New Holland, Sydney,
Australia; 2010.

3. Byrne M, Yeates DK, Joseph L, Kearney M, Bowler J, Williams MA, et al. Birth of a biome: insights into
the assembly and maintenance of the Australian arid zone biota. Mol Ecol. 2008; 17: 4398—4417. doi:
10.1111/j.1365-294X.2008.03899.x PMID: 18761619

4. BarrKR, Lindsay DL, Athrey G, Lance RF, Hayden TJ, Tweddale SA, et al. Population structure in an
endangered songbird: maintenance of genetic differentiation despite high vagility and significant popu-
lation recovery. Mol Ecol. 2008; 17: 3628—3639. doi: 10.1111/}.1365-294X.2008.03868.x PMID:
18643883

5. Gauffre B, Estoup A, Bretagnolle V, Cosson JF. Spatial genetic structure of a small rodent in a heterog-
enous landscape. Mol Ecol. 2008; 17: 4619-4629. doi: 10.1111/j.1365-294X.2008.03950.x PMID:
19140985

PLOS ONE | DOI:10.1371/journal.pone.0128874 June 10,2015 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128874.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128874.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128874.s003
http://dx.doi.org/10.1111/j.1365-294X.2008.03899.x
http://www.ncbi.nlm.nih.gov/pubmed/18761619
http://dx.doi.org/10.1111/j.1365-294X.2008.03868.x
http://www.ncbi.nlm.nih.gov/pubmed/18643883
http://dx.doi.org/10.1111/j.1365-294X.2008.03950.x
http://www.ncbi.nlm.nih.gov/pubmed/19140985

@’PLOS ‘ ONE

Regional Genetic Structure of a Threatened Lizard

10.

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Dennison S, Smith SM, Stow AJ. Long-distance gene flow and habitat specificity of the rock- dwelling
coppertail skink, Ctenotus taeniolatus. Austral Ecol. 2012; 37: 258—267.

Burbidge AA, McKenzie NL. Patterns in the modern decline of western Australia’s vertebrate fauna:
causes and conservation implications. Biol Conserv. 1989; 50: 143-198.

Morton SR. The impact of European settlement on the vertebrate animals of arid Australia: a conceptual
model. Proc Ecol Soc Aust. 1990; 16:201-213.

Read J, Bowen Z. Population dynamics, diet and aspects of the biology of feral cats and foxes in arid
South Australia. Wildlife Res. 2001; 28: 195-203.

Pianka ER. Habitat specificity, speciation and species density in Australian desert lizards. Ecology.
1969; 50: 498-502.

Pianka ER. Zoogeography and speciation of Australian desert lizards: an ecological perspective.
Copeia. 1972; 1: 127-145.

Chapple DG, Keogh JS, Hutchinson MN. Molecular phylogeography and systematics of the arid-zone
members of the Egernia whitii (Lacertilia: Scincidae) species group. Mol Phylogenet Evol. 2004; 33:
549-561. PMID: 15522787

Gardner MG, Hugall AF, Donnellan SC, Hutchinson MN, Foster R. Molecular systematics of social
skinks: phylogeny and taxonomy of the Egernia group (Reptilia: Scincidae). Zool J Linn Soc. 2008;
154:781-794.

Moritz C. Defining 'Evolutionarily Significant Units' for conservation. Trends Ecol Evol. 1994; 9: 373—
375. doi: 10.1016/0169-5347(94)90057-4 PMID: 21236896

Crandall KA, Bininda-Emonds OR, Mace GM, Wayne RK. Considering evolutionary processes in con-
servation biology. Trends Ecol Evol. 2000; 15:290-295. PMID: 10856956

Frankham R, Ballou JD, Eldridge MD, Lacy RC, Ralls K, Dudash MR, et al. Predicting the probability of
outbreeding depression. Conserv Biol. 2011; 25: 465-75. doi: 10.1111/j.1523-1739.2011.01662.x
PMID: 21486369

Weeks AR, Sgro CM, Young AG, Frankham R, Mitchell NJ, Miller KA, et al. Assessing the benefits and
risks of translocations in changing environments: a genetic perspective. Evol Appl. 2011; 4: 709-725.
PMID: 22287981

Frankham R, Ballou JD, Briscoe DA. Introduction to Conservation Genetics ( 2nd ed). Cambridge Uni-
versity Press, Cambridge, UK; 2010.

IUCN. IUCN Red List of Threatened Species. 2014; Version 2014.1. Available: http://www.iucnredlist.org.

McAlpin S. A recovery plan for the great desert skink (Egernia kintorei) 2001—2011. Arid Lands Envi-
ronment Centre, Alice Springs, Australia; 2001.

McAlpin S. Social structure and mating system of the great desert skink, Liopholis kintorei. Masters
Thesis, Macquarie University. 2011.

McAlpin S, Duckett P, Stow A. Lizards cooperatively tunnel to construct a long-term home for family
members. PLOS ONE. 2011; 6(5): €19041. doi: 10.1371/journal.pone.0019041 PMID: 21589923

Pearson D, Davies P, Carnegie N, Ward J. The great desert skink (Egernia kintorei) in Western Austra-
lia: distribution, reproduction and ethno-zoological observations. Herpetofauna. 2001; 31: 64—68.
PMID: 11169439

Cogger H, Cameron E, Sadlier R, Eggler P. The Action Plan for Australian Reptiles. Australian Nature
Conservation Agency, Canberra, Australia. 1993.

Department of the Environment. Liopholis kintorei in Species of National Environmental Significance
Map Summary Version 2. Department of the Environment, Canberra. 2015. Available: http://www.
environment.gov.au/science/erin/databases-maps/snes

Sunnucks P, Hales DF. Numerous transposed sequences of mitochondrial cytochrome oxidase |-l in
aphids of the genus Sitobion (Hemiptera: Aphididae). Mol Biol Evol. 1996; 13: 510-524. PMID:
8742640

Greaves SN, Chapple DG, Gleeson DM, Daugherty CH, Ritchie PE. Phylogeography of the spotted
skink (Oligosoma lineoocellatum) and green skink (O. chloronoton) species complex (Lacertilia: Scinci-
dae) in New Zealand reveals pre-Pleistocene divergence. Mol Phylogenet Evol. 2007; 45: 729-739.
PMID: 17643320

Arevalo E, Davis SK, Sites JW. Mitochondrial DNA sequence divergence and phylogenetic relation-
ships among eight chromosome races of the Sceloporus grammicus complex (Phrynosomatidae) in
central Mexico. Systematic Biol. 1994; 43: 387—418.

Schuelke M. An economic method for the fluorescent labeling of PCR fragments. Nat Biotechnol. 2000;
18:233-234. PMID: 10657137

PLOS ONE | DOI:10.1371/journal.pone.0128874 June 10,2015 12/14


http://www.ncbi.nlm.nih.gov/pubmed/15522787
http://dx.doi.org/10.1016/0169-5347(94)90057-4
http://www.ncbi.nlm.nih.gov/pubmed/21236896
http://www.ncbi.nlm.nih.gov/pubmed/10856956
http://dx.doi.org/10.1111/j.1523-1739.2011.01662.x
http://www.ncbi.nlm.nih.gov/pubmed/21486369
http://www.ncbi.nlm.nih.gov/pubmed/22287981
http://www.iucnredlist.org
http://dx.doi.org/10.1371/journal.pone.0019041
http://www.ncbi.nlm.nih.gov/pubmed/21589923
http://www.ncbi.nlm.nih.gov/pubmed/11169439
http://www.environment.gov.au/science/erin/databases-maps/snes
http://www.environment.gov.au/science/erin/databases-maps/snes
http://www.ncbi.nlm.nih.gov/pubmed/8742640
http://www.ncbi.nlm.nih.gov/pubmed/17643320
http://www.ncbi.nlm.nih.gov/pubmed/10657137

@’PLOS ‘ ONE

Regional Genetic Structure of a Threatened Lizard

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gardner MG, Cooper SJ, Bull CM, Grant WN. Isolation of microsatellite loci from a social lizard, Egernia
stokesii, using a modified enrichment procedure. J Hered. 1999; 90: 301-304.

Stow AJ. Microsatellite loci from the Cunningham’s skink (Egernia cunninghami). Mol Ecol Notes. 2002;
2:256-257.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGAS5: Molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28: 2731-2739. doi: 10.1093/molbev/msr121 PMID: 21546353

Librado P, Rozas J. DnaSP v5: A software for comprehensive analysis of DNA polymorphism data. Bio-
informatics. 2009; 25: 1451-1452. doi: 10.1093/bioinformatics/btp187 PMID: 19346325

Clement M, Posada D, Crandall KA. TCS: A computer program to estimate gene genealogies. Mol
Ecol. 2000; 9: 1657—1659. PMID: 11050560

Excoffier L, Smouse P, Quattro J. Analysis of molecular variance inferred from metric distances among
DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics. 1992; 131: 479—
491. PMID: 1644282

Excoffier L, Lischer HE. Arlequin suite ver 3.5: A new series of programs to perform population genetics
analyses under Linux and Windows. Mol Ecol Res. 2010; 10: 564-567. doi: 10.1111/j.1755-0998.
2010.02847.x PMID: 21565059

Peakall R, Smouse PE. GENALEX 6: Genetic analysis in Excel. Population genetic software for teach-
ing and research. Mol Ecol Notes. 2006; 6: 288—295.

Raymond M, Rousset F. GENEPOP (version 1.2): population genetics software for exact tests and ecu-
menicism. J Hered. 1995; 86: 248—249.

Tallmon DA, Koyuk A, Luikart G, Beaumont MA. ONESAMP: a program to estimate effective population
size using approximate Bayesian computation. Mol Ecol Resour. 2008; 8: 299-301. doi: 10.1111/j.
1471-8286.2007.01997.x PMID: 21585773

Hedrick PW. A standardized genetic differentiation measure. Evolution. 2005; 59: 1633-1638. PMID:
16329237

Meirmans PG. Using the AMOVA framework to estimate a standardized genetic differentiation mea-
sure. Evolution. 2006; 60: 2399-2402. PMID: 17236430

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945-959. PMID: 10835412

Hubisz MJ, Falush D, Stephens M, Pritchard JK. Inferring weak population structure with the assistance
of sample group information. Mol Ecol Resour. 2009; 9: 1322—-1332. doi: 10.1111/}.1755-0998.2009.
02591.x PMID: 21564903

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: A simulation study. Mol Ecol. 2005; 14:2611-2620. PMID: 15969739

Jombart T, Devillard S, Balloux F. Discriminant analysis of principal components: a new method for the
analysis of genetically structured populations. BMC Genet. 2010; 11: 94. doi: 10.1186/1471-2156-11-
94 PMID: 20950446

Jombart T. adegenet: a R package for the multivariate analysis of genetic markers. Bioinformatics.
2008; 24: 1403—-1405. doi: 10.1093/bioinformatics/btn129 PMID: 18397895

Chessel D, Dufour A, Thioulouse J. The ade4 package—I: One-table methods. R News. 2004; 4:
5-10.

Horne JB, Momigliano P, Welch DJ, Newman SJ, Van Herwerden L. Limited ecological population con-
nectivity suggests low demands on self-recruitment in a tropical inshore marine fish (Eleutheronema
tetradactylum: Polynemidae). Mol Ecol. 2011; 20: 2291-306. doi: 10.1111/j.1365-294X.2011.05097 .x
PMID: 21518062

Wahlund S. Zusammensetzung von populationen und korrelationserscheinungen vom standpunkt der
vererbungslehre aus betrachtet. Hereditas. 1928; 11: 65-106.

Holm S. A simple sequentially rejective multiple test procedure. Scand J Stat. 1979; 6: 65-70.
Raftery AE. Bayesian model selection in social research. Sociol Methodol. 1995; 25: 111-163.

Chapple DG, Keogh JK. Parallel adaptive radiations in arid and temperate Australia: molecular phylo-
geography and systematics of the Egernia whitii (Lacertilia: Scincidae) species group. Biol J Linn Soc.
2004; 83:157-173.

Forsman A, Shine R. Parallel geographic variation in body shape and reproductive life history within the
Australian scincid lizard Lampropholis delicata. Funct Ecol. 1995; 9: 818-828.

Sunday JM, Bates AE, Dulvy NK. Global analysis of thermal tolerance and latitude in ectotherms. P
Roy Soc B-Biol Sci. 2011; 278: 1823—-1830. doi: 10.1098/rspb.2010.1295 PMID: 21106582

PLOS ONE | DOI:10.1371/journal.pone.0128874 June 10,2015 13/14


http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://dx.doi.org/10.1093/bioinformatics/btp187
http://www.ncbi.nlm.nih.gov/pubmed/19346325
http://www.ncbi.nlm.nih.gov/pubmed/11050560
http://www.ncbi.nlm.nih.gov/pubmed/1644282
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://dx.doi.org/10.1111/j.1471-8286.2007.01997.x
http://dx.doi.org/10.1111/j.1471-8286.2007.01997.x
http://www.ncbi.nlm.nih.gov/pubmed/21585773
http://www.ncbi.nlm.nih.gov/pubmed/16329237
http://www.ncbi.nlm.nih.gov/pubmed/17236430
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://dx.doi.org/10.1111/j.1755-0998.2009.02591.x
http://dx.doi.org/10.1111/j.1755-0998.2009.02591.x
http://www.ncbi.nlm.nih.gov/pubmed/21564903
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://dx.doi.org/10.1186/1471-2156-11-94
http://dx.doi.org/10.1186/1471-2156-11-94
http://www.ncbi.nlm.nih.gov/pubmed/20950446
http://dx.doi.org/10.1093/bioinformatics/btn129
http://www.ncbi.nlm.nih.gov/pubmed/18397895
http://dx.doi.org/10.1111/j.1365-294X.2011.05097.x
http://www.ncbi.nlm.nih.gov/pubmed/21518062
http://dx.doi.org/10.1098/rspb.2010.1295
http://www.ncbi.nlm.nih.gov/pubmed/21106582

el e
@ : PLOS ‘ ONE Regional Genetic Structure of a Threatened Lizard

55. Sunnucks P. Efficient genetic markers for population biology. Trends Ecol Evol. 2000; 15: 199-203.
PMID: 10782134

56. Frankham R. Effective population size/adult population size ratios in wildlife: a review. Genet Res.
1995; 66:95-107.

57. Mace GM, Lande R. Assessing extinction threats: toward a reevaluation of IUCN threatened species
categories. Conserv Biol. 1991; 5: 148-157.

58. Stow AJ, Sunnucks P. Inbreeding avoidance in Cunningham’s skinks (Egernia cunninghami) in natural
and fragmented habitat. Mol Ecol. 2004; 13: 443-447. PMID: 14717898

59. MadsenT, Stille B, Shine R. Inbreeding depression in an isolated population of adders Vipera berus.
Biol Conserv. 1996; 75: 113-118.

PLOS ONE | DOI:10.1371/journal.pone.0128874 June 10,2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/10782134
http://www.ncbi.nlm.nih.gov/pubmed/14717898

