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Abstract

To understand factors shaping species boundaries in closely related taxa, a powerful

approach is;to'compare levels of genetic admixture at multiple points of contict, a
determine how. this relates to intrinsic and extrinsic factors, sugeresic, morphological
and ecological differentiation. Ithé Australian Alps, theéhreatenedlpine bog skink

Pseudemoia cryodronm@o-occurs with two morphologically and ecologically similar
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congenersP. entrecasteauxandP. pagenstecherand all three species are suspected to
hybridise.We predicted that the frequency of hybridisation should be negatively correlated
with genetic divergence, morphological differentiation, and microhabitat siepak&e
tested this hypothesis using a mitochondrial locus, 13 microsatellite loci, mogptadland
microhabitat'dateand compared results across three geographically isolated sites. Despite
strong genetic structure between speaiesietectechybridisationbetween all species pairs,
including evidence of backcrossed individuals at the two sites where all three species are
syntopic. Hbridisation frejuencies were not consistently associated gétinetic,
morphological or ecological differentiatioRurthermoreP. entrecasteauxandP.
pagenstechenly hybridisedat the two sites where they antopic withP. cryodroma
but notat the largest site wheRe cryodromawas not recordeduggesting thae.
cryodromamay‘serve as a bridging speci€his studyrevealsthe complex dynamics within
a three species hybrid zone and provaésseline for assessing the impact of climate
change and anthropogenic habitat modification on future hybridisation frequencies.
Introduction

Contemporary contact between closely related species providgpartunity to
investigate.the_mechanisms maintaining or eroding species boundaries. Theotiggresic
admixture between lineages at points of contact can range from no admixture to €omplet
admixture, depending on numerous intrinsic and extrinsic factors, and their ioteract
(Singhal & Moritz 2013. Intrinsic barriers include genetic incompatibilities, which can
prevent the development of viable or fertile offspring. Such incompatibiliteeexqrected to
accumulate oveairme due to genetic dritind/or divergent selectiqi©€oyne & Orr 1989
Hewitt 2012 Mallet 2007, a concept central to the Bateddabzhansky-Muller model of
hybrid incompatibility(Turelli et al. 2001). To minimize energy wasted on the production of
unfit offspring, post-zygotic barriers should select for the formation of pre-zygatieisa
particularly.in hybrid zonesand a largditerature documents such a process of reinforcement
(Liou & Price"2994 Noor 1999 Servedio & Noor 2003Turelli et al.2001). Common
examples ofisuch barriers include timing of reproductiorergence in mating preferences
and nechanicalncompatibility (Dobzhansky 1937). In contrast, extrinsic factoesessarily
entail prezygotic barriers, comprising geograpbiarriers(e.g. rivers, mountains) and
ecological separation (e.g. aboreal vs fossorial; Mayr 1942).

A powerful approach to understanding factors shaping species boundaries is to
compare levels of genetic admixture between species at multiple points of cantblcbw

this relates to intrinsic and extrinsic factors, suchesetic, morphological and dogical
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differentiation; yet studies that do so are relatively (g seeChatfieldet al.201Q Nice et
al. 2013). Morphological divergence is often correlated with ecological divergence @tosos
al. 1998), and both may be inversely related to the likelihood of admixture. Specifically,

morphological differentiation cares/e as a praygotic barrier through female preference for

specific male'secondary sexual characteristics and/or physical incompatibilities between taxa
(Coyne & Orr 2004). Hybrid offspring that are morphologically intermediate may be unsuited

to either of the parental species’ ecological niches, reinforcing existiraygodic barriers.
Furthermore, differences in ecological requirements may reduce direct contact between
species, decreasing opportunitiestigbridisation (Mayr 1942) andf result in hybrid
offspringwith lower fithesgArnold & Hodges 1995de Leonret al. 201Q Harrison & Rand
1989) Consequently, species that have multiple, spatstilated areas of geographic
overlap providé an ideal system in which to examine potential factors influgheidggree
of genetic admixture between species.

Although closely related lineages generally evolve and exist in allofaitrgl(j et al.
2001), changes in climate and habitat distribution may result in secondary contact and
admixture (Rhymer & Simberloff 1996)axa that have recently speciated are expected to
have accumulated the fewest reproductive barriers, and are consequenthkefpte li
produce viable hybrid offspring (Orr 1995) when environmental changes bring previously
isolated species into contadthenhybrids are equally fit compared to the parental species,
ongoing admixture can produce a variety of outcomes. For example, hybridcsatiogsult
in the formation of hybrid swarms, which have bebserved primarilyri fishes(e.g.Avise
et al. 1984 Hasselmaret al. 2014 Seehauseat al. 1997),but alsomammalgqLatchet al.

2017, McDeuvitt et al. 2009) and herpetofauna (Pritchard & Edmands 28tBulteet al.
2012).In rare casesyidespread hybridisation can lead to the extinction of pure parentals,
resulting in.species collapses documentenh threespined stickleback&raylor et al. 2006)
and Darwin’s fincheg¢Kleindorferet al. 2014). Hybridisatiortan also be unidirectional and
lead to geneticcswamping of the introgressed species. This often occurs when invasive
species intragress into native spe¢iRBymer & Simberloff 1996)and represents a
significant.eonservation threat foumerous taxa (e.g. Abernathy 19@dlendorf & Leary
1988 Dowling:& Childs 1992 Johnsoret al.201Q Learyet al. 1993).

Here we investigate contemporary genetic admixture and assess the relationships
between the frequency of hybridisation and ecological and morphological diffecenimnat
syntopic alpine skinks (gen&seudemoia While studies on hybrid systems generally focus

on two species and/or a single point of confhat seeBogdanowiczt al. 2012 Fischet al.
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100 2013 Marinoet al. 2013) we examine three species that exhibit genetic signatures of
101 historical mitochondrial introgressidhlaineset al. 2014)atthreegeographically isolated
102 locations.All three species?. cryodromaP. entrecasteauxiandP. pagenstecherare

103  morphologically similar and occupy overlapping ecological niches in the montanakand s
104 alpine regions*(> 1100 m above sea level) of seasstern Australi@Wilson & Swan 2013).
105 Pseudemala cryodroma a threatenedlpine specialisftDSE 2013) restricted to habitats
106  higher tharl200 m above sea level, whike entrecasteauxandP. pagenstechedgensu lato
107 are widespread generalists that are also sympatric in lowland(&/gsen & Swan 2013).
108 These three speciéxrm aclade within the genusnd divergence betweén pagenstecheri
109 andP.cryodromaplusP. entrecasteauxioccurred as late as 4 mya, with more recent
110 divergence occurring betweén cryodromaandP. entrecasteaux{Haineset al. 2014).We
111  have previously provideevidence of historic hybridisation between all three species pairs,
112  with probable mitochondrial introgression frétnpagenstechemto P. entrecasteauxand
113  P. cryodromagas well ad. entrecasteauxinto its sister specid?. cryodromaHaineset al.
114  2014).Asthe previous study was based on mtDNA and multiple nuclear gene reigions,
115 remains uneleawhether contemporary hybridisationcurs among these speciesineset
116  al. 2014).

117 In the present studye not only test forecentadmixturebetweerspecies, but also
118 explore potential drivers dfybridisation. Specificallywe assess whether levels of

119 interbreeding are consistent acrds®egeographically isolated sites, and how genetic
120 admixture relates to the degree of morphological and ecological differentiatioeenet

121  speciesWe predict thatif presenthybridisationwill be highest between the recently

122 diverged sister speci€s cryadromaandP. entrecasteauxiand that the level of admixture
123  between species will be negatively correlated with morphological and ecdlogica

124  differentiation. By testing these predictions, this study providesinsight into thefactors
125 influencing.contémporary hybridisation dynamicgtokehistorically interbreeding species.
126

127  Materials and:methods

128  Study sitessand sampling

129 Pseudemoia cryodromRB. entrecasteauxiandP. pagenstechedre sympatric in the
130  Australian Alps in nortteastern Victoria, AustralifHutchinson & Donnellan 1992) and
131 researchers in the field have observed tegnopically N Clemannpers. obs.). The three
132  speciesveresampledrom neighbouring mountain platea(iig. 1; see Tabl&1,

133 Supporting Information for sampling detailgixh a mosaic of snow guntE(calyptus
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pauciflorg) woodland, alpine heathland, and alpine grassland, isolated from one another by
valleys of sclerophyll forest3.he distance between sites ranged from 11 to 35AKrthree
species were syntopic at Mount Higginbotham (HT) and the Bogong High Plains (BHP);
whereas, only. entrecasteauxandP. pagenstechexere observed on the Dargo High
Plains(DHP)-Ltocated orthe border of Mount Hotham Alpine Resort and the Alpine
National RPark, HT comprised an area 500 m by 500 m. The BHP site (500 m by 1750 m) was
in the Alpine National Park, approximately 500 m south of Mt Nelse, arideoDHR
individualsswere sampled alg a 10 km section of the Dargo High Plains Road and along
Long Spur Track. At DHP, individuals were sampled at multiple intersections ofgunow
woodland and alpingrassland, where. entrecasteauxandP. pagenstechewere syntopic.
Large patches of tussock grasslands, wherenbagenstechewas detected, separated
these small‘areas of syntojWe focused our sampling on areas of syntopy in order to
maximise the likelihood of detecting hybrids. Therefore, we had to cover argreatall
sampling area at DHP to obtain enough samples (>20) for genetic analysis.

During the 201013 breeding seasons (December to Makgé}ollected111, 42,
and 70Pseudemoiapp. from BHP, DHPand HT, respectivelythrough noosing and hand
captue. Lizards.were measurednd then eithea tail tipwascollected as a genetic sample
andthe lizardthen released at point of capturetloey were retained as museum voucher
specimens and liver tissue used as the genetic sample. All tissues and voucher specimens
were registered at Museum Victoria (TaBlE). Species were identifieid the field using
current taxonomic identifiershe presence/absence of vertebral stripes and paravertebral
stripes, male breedingplouration, and Wwether the midateral stripe was well defined
(Hutchinson & Donnellan 1992The 30 individuals that could not be identified
morphologically were classified &#seudemoiap.In the field we recorded the following
standardnoerphometric measuremenssiout-vent length, distance from tip of the snout to the
cloaca (SVL);.head length, distance from posterior of skull to snout (HL); eye width, distance
between eyedHWE); head width between the widest part of jaws (HWJ); head depth, length
at deepestpadi'the head (HD); interlimb length, length of the body from insertion of
forelimb todnsertion of hindlimb (ILL); pelvic width, width of the body at insertion of
hindlimb (PW);upper forelimb, length from limb insertion to elbow (UELUbwer forelimb,
length from elbow to wrist (LFL); forefoot, length from wrist to tip of fourth toe (Ef
upper hindlimb, length from limb insertion to knee (UHLL); lower hindlimb, length from
knee to ankle (LHLL); and hind foot, length from ankle to tip of forth toe (HFlbleS2,
Supporting Information A standard ruler was used to measure SVL to the nearest 1 mm, and
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168  digital calipers were usdd measure the remaining morphological variables to the nearest
169 0.01 mm

170

171 Additionally, we recorded a number of microhabitaafures. We focussed

172  specifically'on'microhabitat variation rather than broader environmental variables (e.g.

173  climate, vegetation, geology) because differences betweernsiiezsad environmental

174  conditions, suclas temperatureainfall, elevation and vegetatipare negligibleand because
175  microhabitat variation is most likely to capture the fswale variation relevant to potential

176  for admixture in these morphologically and ecologically similar species. ¥deded plant

177 litter depth to the nearestch at the point of capture, and estimated by eye the percentage of
178 the area withifna 2 m radius of the point of capture that was dominated by ground cover,
179  shrub (vegetation < 1 m high), tree (> 1 m high), and rock to the nearest 5%. Tree refers to
180 the tree trunk and low-lying branchesheseecological atibuteswere based on previous

181  studies on lizard habitat ugée.g.Goodmaret al. 200§ Melville & Swain 2003; Quiret al.

182 2006 Teasdalest al.2013).All morphometric and habitaneasurements were taken by the
183  same researcher (M. Haines).

184

185  MitochondrialDNA sequene analysis

186 Genomic DNA was extracted from liver and tail tip samples using a Qiagen DNeasy
187  Blood and Tissue Extraction Kit (Qiagen, Hilden, Germany), a GenCatch Blood anod Tiss
188 Genomic DNA Miniprep Kit (Epoch Life Sciences, Sugar Land, Texas, USA) or aigthdif
189  high-salt method (Aljanabi & Martinez 1997). To initially assign each individuaigen

190 species, samples were sequencef794 bp mitochondrial fragment NADH subunit 4

191 (ND4) and partial tRNAs using the protocol detailed in Haines et al. (2014). UsingpGene

192  6.1.2 (Biomatters, Auckland, New Zealand, availablép://www.geneious.cojn

193 sequences.were aligned using the default clustering algorithm, edited, andedataséahino
194 acids. No premature stop codons were obse@arteen sequences had been published in
195 Haines et al«(2014) and previously unpublished sequences were deposited in GenBank (Table

196  S1, Supperting Information).

197 We conducte®Bayesiarphylogenetic analyses usiiyBayes 3.2ZRonquist &
198 Huelsenbeck 2003) dGIPRES Sa@nce GatewagMiller et al.2010)and Maximum
199 Likelihood (ML) analyses usinBhyML 3.0 (Guindoret al. 2010)at http://www.atge
200  montpellier.fr/phyml/We assesskpartitioning schemes and nads of besfit based on
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Akaike Information Criterion (AIC) using MrModeltest ARylander 2004and selected a
GTR +I'+ | model. We includedeveral sequenceseviously published in Haines et al.
(2014), including 14°. cryodromapagenstecheréntrecasteauxsequences (Table S1), and
sequenceffom the three other species within the gelRssudemoidP. baudini KM263203;
P. rawlinsonirtkKM263321;P. gpenceri KM263326) and a closely related genus
(Niveoscincus metallicugkM263269) as outgroupsrhe Bayesian analysis consisted of two
independent runs, each with four chains of Markov Chain Monte Carlo (MCMC). Chains
were sampled every 500 generations and chain convergence was confirmed using an
assessment of,average standard deviation of split frequencies (€@:0thlemaximum
likelihood analysis, the topology was determined using NNI and approximate ratibdeli
test (aLRT):

Primer screening athdevelopment

Fourteen.microsatellite loci developed Rirentrecasteauxhy Stapleyet al (2003)
were tested, for.cross amplificationfn cryodromaandP. pagenstecherOnly seven loci
amplified cleanly and consistently for all three species (TaB|eSupporting Information).
For these markers, fluorescentipdled dyes were attached to forward primers and a
GTTTCT pig-tail’ sequence was added to the reverse primers to reduce stuttering when
scoring microsatellite@Brownsteinet al. 1996).

As part of the current study additional microsatellite markers were develispep
454-sequencing to supplement these published mafBees?. entrecasteauxsample was
sent to the Australian Genome Research Facility (AGRF, Queensland, Australighfor hi
throughput DNA sequencing on 1/16 of a plate using the Roche GS FLX (454) system. A
detailed sequencing protocol can be found in Gareihal. (2011).UsingGereious 6.1.6
(Biomatters)we searched for sequences with a minimum of 8 t{ep@nta-, or hexaepeats.
Using the-default parameters in the program Prinfidr@ergrasseet al. 2012),primers were
designedor potential microsatellite locFollowing the approach by Jamesal (2011),
forward primeravere tailed with a 454A adapter primer sequghte
GCCTCECTCGCGCCATCAG 3’; Marguliest al. 2005),using a modified protocol of
Schuelke (2000)Ihirty-seven candidate loci were identified and prinfersl7 lociwere
tested withDNA from each othe thred?seudemoigpp.Loci that amplifed successfully
were further optimized (see below for PCR detailfe ®venloci thatwere polymorphidor
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the thredPseudemoiapp.were usegwith seven othe published markers, to genotype all
individuals(TableS3 Supporting Information)

Microsatellite genotyping and allelic diversity

AllF228individuals were genotypett 14 microsatellite loci. For the loci identified by
Stapleyet al (2003),PCRs wergerformed in 20 pL reactions containing 0.5 pL of each
primer (10pM), 10 uL GoTag Hot Start Master Mix (Promega, Madison, Wisconsin), USA
and 2 uL genomic DNA. The PCRs using primers designed for this study were performed in
20 pL reactions containing G21L forward primewith 454A tail @0 uM), 0.15 pL
fluorescent,dyewith corresponding tailskBM, VIC, NED, or PET; 10 uM), 0.5 pL
reverse primer (10 uM), 10 uL GoTaq Hot Start Master Mix (Promega, Madissnooh¥in,
USA), and 2 uE genomic DNA. All PCProtocols started with an initial denaturation at
95°C for 5 min, followed by 40 cycles consisting of denaturation 4C9%r 30 s, annealing
at temperatures ranging from-66 °C (for details see Tab®4, Supporting Information) for
30 s, and extension at 72 for 45 s, followed by a final 5 min extension at®@2 The PCR
products were.sent to Macrogen, Inc (Seoul, South Koreagraaigse on an AB 3730
platform using.a LIZ-500 size standard. Chromatograms were scored in Geneious 6.1.6
(Biomatters)andvisually checked for accuracWe checked samples for identical genotypes
using Microseft Excelln Microchecker version 2.3.3/an Oosterhouet al. 2004, we
checked for evidence of stutter products, large allele dropout, and null alleles.

Allelic diversity wasquantifiedfor each speceewithin sites, using only individuals
with genetically pure ancestry (see Results). The number of alleles and private alleles were
calculated iGerAlEx 6.5 (Peakall & Smouse 2012)/e determined allelic richness and
private allelic richness, correcting for sample size, usingRidfe(Kalinowski 2005) We
calculated expected and observed heterozygosity and tested for Hardy-Weinbdoguquili
and linkage. disequilibrium in Arlequin 3.5.1.3 (Excoffier & Lischer 201@) assess
statistical significance of HareWveinberg equilibrium antinkage disequilibrium results,
Bonferroniseorrectionvas used t@account for multiple comparisonRi¢e 1989. For each
site, genetie'distance between species was estigteslculatinglost’sD in GerAlEx 6.5
and @irwise'ksrin Genodive 2.0b29eirmans 2006 ).

Admixture analysis
To determine the presence of contemporary hybridisati@ach siteye analyse the

microsatellite data frorthe three siteseparately in the progral@ RUCTURE2.3.3
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(Pritchardet al.2000) and NewHybrids 1.1 (Anderson & Thompson 2002RISCTURE

uses a Bayesian clustering algorithm to determine the molst fikenber of genetic clusters
(K) in the dataset, and calculates the individual proportion of membership (Qhof eac
individual to each of the clusters. Individuals with a Q value close to 1 are ceakpiee,
while those'with'Q values of ~0.5 for two separate clusters are likely to be kdshybr
STRUCTURE the parameters were getallow for admixture between clusters and
implementedthe"€6rrelated allele frequency model. Analyses were run with i lodirne*
iterations followed by 1Uterations The numberof clusters (K) was set fromé@ and
executedive, runs for each K. Results were combine@TRUCTURE HARVESTEREarl

& von Holdt 2012) and theost likelyK was estimated based on where the Ln(K) plateaued
(Pritchardet'al. 2009) and the highest value K (Evannoet al. 2005) Outputs from
STRUCTURE HARVESTERwvere combined in CLUMPP (Jacobsson & Rosenberg 2007).

In addition toSTRUCTURE the data was analysed wiklewHybrids which
specificallycalculates the probability of an individual belonging to either of the parental
species and one of four hybithsses (F1, F2, and backcrosses). Since NewHybrids can only
accommodate.two specidey sites with three species (BHP and H¥¢,separately analyge
individuals fromeach pair of parental species. Individuals were assigned to a species based
on the mtDNA"analysisA model with a Jeffrey'dike prior was applied for allele frequencies
and mixing proportions, and implemented burn-in df $0eeps, followed by £Gweeps.

Runs were executed five times and repeated using Uniform priors.

Since the appropriate threshold for identifying pure individuals can vary depending on
factors such as allele size convergence, overall proportion of hybrids, and number of loc
analysé (Vaha & Primmer 2006), simulations were ioncompare how accurately
STRUCTUREand NewHybrids could identify both pure and admixed individuals at the
commonly used thresholds ofX0.90 and Q > 0.95 (Bogdanowiczt al. 2012 Burgarellaet
al. 2009 Marinoeét al. 2013) Because all three species are sympatric throughout the
Australian*Alps;pure individuals could not be simulated using genotypes from nearby
allopatric populations. Instead a subsiethe empirical data was uséa the simulations,
which has.been shown to produce almost identical results (Vaha & Primmer 2006).
PreliminarySTRUCTUREanalyses indicated that theost likelynumber of clusters
corresponded to the number of species morphologically identified at each site (see Results);
thereforewe usedindividuals that met the stringent threshold of Q.95 for the cluster
corresponding to themitochondrial lineagé simulate pure individual&arrowayet al.

201Q Tsyet al. 2013). Using the individuals classified as puve simulated genotypes for
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500 individuals for each species in HybridL&bdlsenet al.2006).Thesesimulated
genotypesvere usedo simulateanother 500 individuals for each combination of F1s and the
simulated pure individuals and F1s were then used to simulate F2mekulosseslo

ensure that the overall prapion of simulated hybrids was comparable to that predicted for

the empiricaldata, the number of simulated hybnds limitedto 20 randomly selected
individuals from each hybrid class. The resulting dataset was run thralRJlCSTURE

using the same paraters as the original analyses, except K was set to the number of species
at that sites Results were summarized in CLUMPP and visualized in MS Ekeel.

simulated data,was also run in NewHybrids using the same settings as for the empirical data
to comparehe accuracyf applying cutoff values of 0.90 and 0.95 for membership to either
parental group or a specific hybrid clalsslividualswith Q > 0.90, or Q > 0.95 for a parental
category were ‘consideréal be pure for that species and all other indivislugere classified

as hybrids for subsequent comparisons of hybridisation frequencies between sites, and in

relation to ecology and morphology.

Morphologicalanalysis

To evaluate morphological differentiatiome first tested for differences between the
sexes and between sites for each species for each morphological variable. On{p¥tluis
40 mm; Hutchinson & Donnellan 1992ere used for analyses to eliminate possible
ontogenetic effects on morphology. To account for body size, measurements weredegress
against SVL and the residuals were used for further analyses. Individuals were assigned to a
species or classified as hybrids based on the genetic an@lygem small sample sizes, all
hybrid classes from possible parental combinatweepooled for subsequent analyses.
Univariate analysesere performedn the progranik 3.0.2 (R Development Core Team
2013), applying false discovery raterrections for multiple tes{8enjamini & Hochberg
1995) These.initial univariate analyses revealed significant differences between the sexes in
all speciesqand-hybrids for HL, HWJ, UFLLKHLL, and H-L (a = 0.05); thereforeye
analysed thessexes separatély .neither sex differed significantly between sites, individuals
were pooledicross sites for subsequent multivariate téstaultivariate discriminant
function analysis with cross-vdation (PROC DISCRIM, SAS 9.3yas implementetb
assess how accurately individuals could be assigned to their genetic species based on

morphology.

Microhabitat analysis
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Using the genetic species identificatiowg assessed the degree of habitat
differentiation between speciaseaclsite Due to excess zero values in the dataset
numerous individuals had 0% for one or more of litter depth, shrub, tree and rock cover),
only one habitat variable (ground cover) met assumptions of normality and homogeneity of
varianceyeven-after data transformation; therefowaparametric analysesere performed
As initial plots ofithe raw data showed clear differences between sites, differences between
species were tested feach microhabitat variable septely akach site using Mann
Whitney-Wilcoxontests inR. For sites with more than two specig@syalues were adjusted
for multiple_.comparisons using false discovery rate. For each site;jganametric
discriminant analysis with crosalidation (PROMISCRIM, SAS 9.3)was also performed
to assess how accurately individuals could be assigned to their genetic species based on

microhabitat characteristics.

Results
Verification of species assignments

TheBayesian and maximum likelihood analyses of the mitochondrial locus ND4
separated'individuals into three wslipported clades, each representing one of the three
specieqFig. S1, Supporting Information} his mitochondrial species assignment was used
asana priori_hypothesis of true species identity for all subsequent analyses. The majority of
mitochondrial and microsatellite identificatiowgrecongruent, and hybrids generally
grouped with the mitochondrial clade corresponding to the microsatellite di@ste®.5).
Putative F1 hybrids were randomly distributed among mitochondrial clades, suggesting bi-
directional hybridisationThere were four mismatches between mitochondrial and
microsatellite species assignments, indicating mitochondrial introgressforcnfodroma
into P. pagenstecherP. pagenstechemto P. cryodromaand two instances &f.

entrecasteauxiinto P. cryodroma

Microsatellitesdiversity

Allmicrosatellites were polymorphia eachspeciesLocusPe24was removed from
subsequentanalyses becalMserocheckerconsistently showed an excess of homozygotes
and deviation from Hardy-Weinberg Equilibrium, following a Bonferroni correctian, f
species at theamplinglocation level. This result indicates the presence of null alleles, which
can lead to the underestimation of true allelic diversity (Chapuis & Estoup. 208ig¢ other
loci (Pe31, Pel24, Pel97, Pe303, Pe304, Pe305, and lReBilBled an excess of
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homozygotes and deviated from Haneinberg Equilibrium, this was randomly distributed
across species ahotalities(Table S5, Supporting Information); consequently, these

were retained in subsequent analy$es these 13 loci, 97.6% oalleleswere successfully
scored. For each speciégtween 1.9% and 4.5% of all possible pairwise combinations of
loci weresfound-to be in linkage disequilibrium, following a Bonfarmorrection ¢ = 0.05).
However, linkage disequilibrium was not observed consistently between the sanoedssi a
speciesthereforeno additional loci were exclude#it DHP and HT P. entrecasteauxhad

the greatest number of alleles and privatdeg|levhereas at BHIP. cryodromahad the

highest values,in these two categofi€able S5, Supporting InformatiorBseudemoia
entrecasteauxiéxhibited the highest allelic richness and private allelic richness, correcting
for samplessize, at each localiwerage observed heterozygosity ranged from 0.61 to 0.69
but was not consistently higher or lower for a given species or location. At eality]dioth
Jost’s D and Er were statistically significant (p < 0.01) amgre qualitatively the same;
therefore subsequent use of the term ‘genetic distance’ refers to both measures unless
otherwise state@iTable 1) While genetic distancbetweerP. cryodromaandP.
entrecasteauxiivas almost identical at BHP and HT, genetic distance for this pair was lower
thanbetweerthe other species pairs at BHRit comparable tthe genetic distance between
P. entrecasteauxandP. pagenstechedt HT.In addition,genetic distanceas always
greaterbetweerP. cryodromaandP. pagenstechethanP. cryodromaandP.

entrecasteauxii

Population structure antybridisation

STRUCTURE-results indicatedhat the most likely number of clusters (K) was equal
to the number of species recorded at kbeality, with each cluster corresponding to a
different speciegFig. S2). Although at HT there was greater support for K=2 Rith
cryodromaandP/! entrecasteauxasone cluster an®. pagenstechedasanother cluster,
when thePreryadromaandP. entrecasteauxaluster was analysed separately, there was
highest supportfor splitting individuals by species into two clusters. The 95% comfidenc
intervals (€Is) for individuals classified as pure individuals were gdndretiween 1.00 and
0.90 and did*net overlapith the CI for another clustefFor the simulated datasetse
calculatedhe number of pure and admixed individuals that were accurately identifiegt at Q
0.95ard Q > 0.90, and found negligible differences (Fig, SBpporting InformationTable
S6, Supporting Information). In order to maximize the likelihood that individuals ctaksif

as hybrids were truly hybrids, the lower threshetts appliedVvaha & Primmer 2006).
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Individualswere classifiechs admixed between two or more species when 09@>0.10
for multiple clustersA lower limit of Q> 0.10was appliedo minimize tle number of
individuals incorrectly classified as having ancestry from all three species. Using this
criterion, only 1.96 and 06% of simulated hybrid (F1, F2, backcrosses) individuals from
BHP and"HT;respectively, were rutassified.

Based on the thrasld of Q> 0.90 for pure individualghere wasvidence of
admixture at BHP and HT but not at DHP (Fig. S2; Table S1, Supporting Information). The
overall praportion of putative genetic hybrids was higher at HT (22.9%) than BHP4;18.0
Fig. 2), with.hybridisation detected between all pairs of species. The majority of hybrid
individuals had.Q values > 0.76r one species and < 0.30 for a second species, indicative of
backcrossing/(Fig. 3A). Notabli?. cryodroma- P. entrecasteauxhybrids were eithreas
common or more common as the other hybrid combinations. However, the relative
proportion of other hybrid combinatiomsasnotconsistent across sites. Specifically, the
rarest hybrid combination at BHP wsentrecasteaux# P. pagenstecherivhichwas
detected in\less th&¥o of individuals Neverthelesghis type of hybrid at Hvas as
common agweryodroma — P. pagenstechésibrids, and comprised 4% of the datasét.
both BHP and\HT, one individualasmorphologically identified aB. cryodromayet hadQ
> 0.10 for.all three clusters. One of the individuaés placed in thB. cryodromamtDNA
clade and thesother in the entrecasteauxilade. Thisndicaiespossible hybridisation
between two species followdy backcrossing with thehird speciesAdditionally, four
individuals,identified morphologically from HT and one from BHP were assigned as
genetically pure individuals (& 0.90) of a species that did not correspond to their
morphologically ‘assigned species. In one instance, an individual that morphologically
resemble®.. pagenstechebut was classified &. cryodromaQ = 0.97) was assigned to
theP. entrecasteauxintDNA clade.Notably, 17 males from BHP had a single dorsal stripe
and a defined:lateral stripe, which is characteristie.afryodromayet they also exhibited
orange/red ventral breeding colouration, which has only been reported previocusiieP.
entrecasteauxiiFifteenof these individuals were genetically classed as puceyodroma
based onsboth the mtDNA and microsatellite analyiselscating that ventral breeding
colouration i1s'net exclusive . entrecasteauxii

The results from the NewHybrids analyses indicate an overall higher proportion of
hybrids compared to tHeTRUCTUREoutputs. As witltSTRUCTURE there was little
difference between applying the @ifts of Q> 0.90 and Q > 0.95 to correctly distinguish
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435  between simulated pure and hybrid individuals (Table S6, Suppleménfiamyation).

436  Consequentlya more conservative ©0.90 was appliedo maxmize the probability of

437  identifying true hybrids. Using uniform priors, NewHybrids identified slightly more klybri
438 individuals than didTRUCTURE and considerably more usidgffrey’slike priors

439  Althoughrthe®NewHybrids results were broadly consistettt the results from the

440 STRUCTUREanalysiswe conservatively based the assignment of pure and hybrid

441 individuals'on the results from tIBTRUCTUREanalyses. Notably, the NewHybrids

442  analysis revealed stronger evidence for F2 and backcrossed individuals than F1 hybrids
443  however, individualsvereonly assigned as F2gith more than 90% probability (Fig. 3B).
444 The relationship between the proportiafifiybrids for each species pair was

445  inconsistentlyassociated wittheir respective genetic relatednassoss sampling sites

446  Although genetic distance at HT was approximately 1.5 times greater bédwegmdroma
447  andP. pagenstechedompared td. entrecasteauxandP. pagenstecherive observed an
448  equal number of hybrids for both pairingfowever, weobserved the opposipattern at

449  BHP, with'approximately equal genetic distances betweanyodromaandP.

450 pagenstechenersusP. entrecasteauxandP. pagenstechebut sixP. cryodroma-P.

451 pagenstechefiiybrids compared to orie entrecasteauxi P. pagenstechetiybrid. The

452  only pattern consistent with predictions was that as genetic distance increased Petween
453  entrecasteauxiandP. pagenstecherthe number of hybrids for this species pair decreased.
454  While this pattern holds for the numbdriy cryodroma- P. pagenstechehybrids, the

455  proportion ofP. cryodroma-P. pagenstechehybrids at BHP and HT is only one percent
456 different. Thereforethere appears to be little generahcordance between genetic distance
457  estimates between specieglgropensity to hybridise.

458

459  Morphological differentiation

460 The univariate analyses reveatgnificant differences in HLLHHWE, and all limb

461 measurementsifor both sexes, and males also showed differences in HWJ and PW/7(Table
462  Supportingsinfermation)in malesP. entrecasteauxhad larger head proportions but

463  narrower PW compared . cryodromaWhile P. cryodromahad longer UFLLand LFLL

464 thanP. pagenstecherboth species had shorter limb measurements for five of the six limb
465 variables compared . entrecasteauxiPairwise tests for females revealed similar patterns,
466  with P. entrecasteauxhaving relatively larger heads and longer limbs tRaaryodroma

467 andP. pagenstecheri
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Accordingly, the discriminant function analyses revealed significantichination
between species for both males (Wilks: 0.177, Fsg, 4= 5.39,p < 0.001) and females
(Wilks’ A =0.284, k9 189= 2.47,p < 0.001). Canonical variables (CV) 1 and 2 together
explained 90.4% and 94.5% of the variation for malesfamales, respectively (TabB.
For males, Hi"LFL, UFLL and LHLL contributed most strongly to CV 1, while FFL
contributed most strongly to CV 2, followed theforelimb measurements. Similarly, LE
and FFL contributed most strongly to CV 1 in females (CV 2 was not significangthn b
sexesP. entrecasteauxhad longer limbs compared to the other two taxa (Fig. 4). However,
there was substantial morphological overlap with correct assignment of makesnahes to
their genetic species being ord¥.1% and 33.3% fdP. cryodroma67.9% and 78% for P.
entrecasteauxiiand 85.2% and 500 for P. pagenstecherrespectively{TableS8,
Supporting Information)Male and femaléybridswere most likely to benis-classified a$.
cryodroma

Overall, morphological similarities between species did not correspond consistently
with genetic distancer the overall proportion of different hybrid categories. The most
common hybrids were between the closely rel&ecryodromaandP. entrecasteauxibut
P. cryodromaandP. pagenstecheshowedeast morphological differentiatiohlowever,P.
entrecasteauxiandP. pagenstecheshowed the greatest morphological differentiation in
bothsexes, and hybrids betweenstpiair of species were absent at DiARd uncommon at
BHP and HT. This was most prominent in females, where.remtrecasteauxiwas mis
classified a$. pagenstecheand only 2P. pagenstechewere misclassified a$.

entrecasteauxii

Microhabitat differentiation

We'assessed the degree of ecological separation between species based on five
microhabitat.characteristics: litter depth, ground cover, shrub cover, treeacmveock
cover.At all'sites, univariate analyses showed significant differebeegseen species in at
least one mierohabitat variable; however, differences between species were greatest at DHP
and HT (Table S9Supporting InformationNonparametric discriminant analyses
accordingly revealed the greatest habitat separation at DHPHRt CV 1 explained 100%
of the variation and correlated positively with ground cover and negatively with rock cove
Pseudemoia entrecasteaugénerally occupied areas with less ground cover and greater rock
cover tharP. pagensteche(Fig. 5 Table3). However, these species did exhibit some

ecological overlap, and 21.7% Bf entrecasteauxand 15% of. pagenstechewere mis
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502 classified agach othebased on habitat variabl€gable S10, Supporting Information)At

503 BHP, CV 1 and 2 collectively explained 92.1% of the variation, though only the former was
504  significant. Higher values of CV 1 corresponded to shallower litter depthPwithyodroma

505 occupying habitats with shallower litter depth tiarentrecasteauix Overall, discrimination
506 was verypoorat BHP and correct classification was Pwefyodroma29.0%; P.

507 entrecasteauxd?.8%; hybrids27.3%; P. pagenstechefi4.1%). By contrast, discrimination
508 between species was much greater at HT. Both CV 1 arae2significant and explained a
509 combined99.0% of the variation. CV 1 correlated positively with litter depth and ground
510 cover, and negatively with tree cover, whereas CV 2 correlated positively wittotreeand
511 negatively'with.rock cover. The most im@able separation was betwdrentrecasteauxii

512 andP. pagenstecherivith the former occupying areas with lower litter depth, lower ground
513 cover and moré tree cover than the latter. Based on nonparametric discramiigaes,

514 hybrid individuals at BHRveremaostlikely to be classified aB. pagenstecheri

515 Classification of hybrids was poorest at HT, where hybrids were more likely tsigaedto
516 any of the'parental species than the hybrid category.

517 As with.morphology, miglassification rates based on ecological variaBiidsot

518 show a consistent correlation with genetic distaastenates or proportion of hybrids. The

519 greatest ecological separation was betwReentrecasteauxandP. pagenstechedat DHP,

520 where no hybrids were detected. By contrast, even though ecological differentiatioarbetwe
521 species was much greater at HT than at BHP, there was a higher proportion of dtyHrids
522  Furthermare, the species pair with the most hybRdsryodromaandP. entrecasteauxii

523 showed the least ecological differentiation at BHP but the highest ecological differentiation at
524  HT. Genetic distancestimates betwed?. entrecasteauxandP. pagenstechewere highest
525 at DHP and lowest at HT, yet mitassification rates were not substantially different between
526 these sites.

527

528 Discussion

529 Ourresults provide evidence of strong genetic differentiation between three

530 morphologically and ecologically similar taxa that occur syntopically withimalpnd

531 subalpine regiens of souttastermustralia and have an evolutionary history of introgression
532 (Haineset al.2014).Despite strong genetic differentiatione detectedevidence of

533  hybridisationbetween all three species at two siddP and HTjncluding evidence of

534  backcrossed individuals. At the third site, DHRlydP. entrecasteauxandP. pagenstecheri
535 were collectedandthere wereno hybrids despite admixture between these two taxa at both
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BHP and HT Consistent with thabsencef hybrid individuals at DHPR. entrecasteauxii

andP. pagenstecheshowed the greatest morphological differentiation (all three sites
combined) and the greategnetic anacological differentiation at DHP of any pair of

species at a given sitdowever,contrary to predictionggeneticmorphological and

ecological differentiation did not consistently correspond to the proportion oftiee
hybrid-cros®s at BHP and H1Below, wefirst discuss processes that may generate the
observed patterns of hybridisation, and then suggest alternative explanations for geographi

variation inhybridisation.

Genetic differentiation despiteybridisation

We detected evidence of admixture betw@rryodromaP. entrecasteauxandP.
pagenstecheiat two of the three localitieget the proportion of hybrids was generally small,
particularly"at"BHP, and/e found no evidence of hybridisatitietweerP. entrecasteauxii
andP. pagenstechedat DHP. Thus, reproductive barriers must exist; howetteey ardikely
incompletéas there was strong evidence of backcrossed individuals. Specifi©y,
hybrid individuals were assigned Q values of approximately 0.75 and 0.25 to two different
populations (gecies) iNSTRUCTURE indicative offirst generatiorbackcrossedAlthough
the number of loci used was insufficient to confidently assign individuals to splegiifiid
classesn NewHybrids (Vaha & Primmer 2006), there was strong evidence (Q > 0.50) that
23% of putative hybrids were either F2s or backcrosses. In contrast, the Newtdylaligss
showed anaximum of Q =0.17 for the F1 hybrid category.Amilar pattern of fewer F1s
compared to.backcrossed individuals has been documented in other taxa, such as the
Ensatina eschscholtaalamander species compl@dtexandrinoet al. 2005),wall lizards
Podarcisspps(Pinhoet al.2009), and spinljizardsSceloporuspp. (Robbingt al. 2014).
Thelow observed proportion of F1 individuals suggests potesgialtion against hybrids.

There is a notable absence of hybrids betWRemntrecasteauxandP.
pagenstecheiat DHP, despite evidence of admixture between these species at both BHP and
HT. One explanation for the disparity in hybridisation between sites i tkatrecasteauxii
andP. pagenstechedo not hybridise, or rather they do not hybridise direéttyintriguing
possibility,is thaf. cryodromeaserves as hridging species. Spdially, hybrids ofP.
cryodromaandP. entrecasteaux(or P. pagenstechérimay hybridise withP. pagenstecheri
(or P. entrecasteaunij resulting in offspring that exhibit alleles from bé&thentrecasteauxii
andP. pagenstechedespite no direct mating between pBreentrecasteauxandP.

pagenstecheriWe did detect an individual with Q > 0.10 for all three species at BHP,
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569  suggesting that hybrids involving all three species do occur. Moreover, a simddrasas
570 been documented in fishes from the Colorado River Basin where direct hybridisasiomoiv
571 detected between two of the three study species, but there was evidence of hybrids wi
572  ancestry from all three specigdcDonaldet al. 2008).Alternativdy, it is possible thalP.

573  entrecasteauxi#'P. pagenstechehybrid-crosses exist &HP at very low frequencies

574  because these species are further along the speciation continuum edvptted to BHP
575 and HT.This'is consistent with the greatgnetic anacological differentiation between this
576  species pair at DHBompared to the other two sites

577

578  Geographic variation in hybridation: relationshig between genetic, ecological and

579  morphological differentiation

580 According to the Bateson-Dobzhansky-Muller moafegieneticincompatibility,

581 recently diverged species will have accumulated relatively fewer genetic incompatibilities
582 compared to more distantly related species and are therefore more likelyitlsleydihis

583 pattern has been observed in numemthsr vertebrateimcludinglizards(Singhal & Moritz
584 2013),snakegTarrosoet al.2014), and bats (Bogdanowietal. 2012).Accordingly, we

585 predicted that hybridisation shoudé highest between the recently diverged sister species
586 cryodromaandP. entrecasteauxand indeed this was the case at BHP and HT. However,
587 the total percentage of hybrids well aghe relative proportion of each hybrid combination
588 differed between siteslybridisation was only observed at BHP and HT, where all three
589  species were recorded, and was substantially higher a&228%) than at BHP18.0%). At
590 BHP, genetidistance between species pairs was negatively associated with the frequency of
591 hybridsbut this was not the case at FSpecifically, P. cryodroma- P. entrecasteauxii

592  hybridsweremore common thaR. entrecasteauxandP. pagenstechetiybridsat HT,

593 despitethe'two pecies pairs having a similar genetic distafiteis,genetic distance

594  between.specig®ay more closely correspond to the relative stremgtpre zygoticthan

595 post-zygotidbarriers(Coyne & Orr 1989Turelli et al. 2001) partcularly at HT.

596 Wepredicted that greater morphological and ecological differentiation between
597  species would correspond to lower levels of admixture because morphological andcatologi
598 differentiation.are often associated withasgotic barriers to reproduction (Coyne & Orr
599 2004 Mayr 1942 Turelli et al.2001).Consistent with this predicin, P. entrecasteauxand
600 P. pagenstecheshowed the greatest morphological differentiation in both sexes and
601 differences in stripe patterning are most pronounced between this speci€sipagrmore,

602 at DHP, these species exhibited the greatest ecological differentiation between any species
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pair at any siteThus, ecological and morphological differentiation between
entrecasteauxiandP. pagenstechemay generate selection against intermediates and
account for the absence of hybrids between the two spEdmsP andheir rarityat BHP
and HT. However, in contrast to predictioRs cryodromaandP. entrecasteauxshowed the
greatestradmixturgiet showed intermediate morphological differentiateamoss localities
and thehighest ecological differentiatiosf any species paat HT. Furthermore, overall
microhabitat differentiation between species was substantially lower at BHP than HT; yet a
higher proportion of hybrids were observed at HT. Lastpbserved comparable
ecological differentiation betwedh entrecasteauxandP. pagenstechedt HT andDHP;
howeverwe detected®. entrecasteauxi P. pagenstechehybrids at HT and none at DHP.
Overall, thereforeour results do not support the general prediction that hybridisation should
be inversely related to the degree of morphological or ecolatdjiterentiation(Mayr 1942
Turelli et al.2001).

Previous work on other morphologically conserved lizards similarly found no
consistent patterns between morphological differentiation and reproductiteis¢&inghal
& Moritz 2013)-Moreover, hybridisation was roughly symmetric for all species pairs based
on the mtDNA.in contrast to the asymmetric introgression commonly observed betwee
morphologically divergent lizards (Jezkoetal. 2013 Olaveet al. 2011 Robbinset al.
2014 Schulteet'al. 2012 While et al. 2015). InterestinglyP. cryodromas morphologically
intermediate td®. entrecasteauxandP. pagenstecherand more hybrids hael. cryodroma
ancestry than either of the two other species. If intermeklydtieds are selected against in
either parental habitat, then this should have a greater imp&ctemtrecasteauxit P.
pagenstechercrosses than those involviRg cryodromaNeverthelessmany other pre- and
post-zygotic mechanisms are likely to influence the propensity to hybridiaalllihizards
(Podarcisspp.), where hybridisation has been documented in a contact zone with no known
ecological’or.temporal barrie(Rinhoet al. 2009), previous studies suggest that
chemosensory:cues likely serve aspygotic barriers to hybridisatiofBarbosaet al. 2006
Gabirotet al«2010b).Sinceall threePseudemoiapp.have overlapping breeding seasons
(Hutchinsen*& Donnellan 1992) and none exhibit mutually exclusive breeding colouration,
the strength"othemosensory cuemnd other previously unmeasured sexually selected traits
may determine hybridisation levels. Moreovezpgraphic variation isuchtraits may further
explain the observed patternshybridisation in this study.

External factors, such dset spatial extent of suitable habitat and degree of

anthropogenic habitat loss or modification, may also influence hybrididegigmenciesFor

This article is protected by copyright. All rights reserved



637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670

example, rising global temperatures have allowed both flviaz{(Varelaet al. 201Q

Grabherret al. 1994) and faunaBferetonet al. 1995 Poundset al. 1999 Sinervoet al.

2010) to expand their ranges upward, creating overlaps with higher elevation speaies that
unable to realize an equivalesitift in elevationBreretonet al. 1995 Parmesan 2006).
Suitablersulalpine habitats foPseudemoispp. are expected to shrink and/or disappear with
rising average tengraturegIPCC 2013) Spatially smaller habitats provide less

opportunities for microhabitat segregation, increasimgglikelihood of direct contact between
species and, therefore, hybridisat{®hymer & Simberloff 1996). Correspondingly, the
locality with.the most restricted area of suitable habitat (HT) had the highest percentage of
hybrids.All'samples fronHT were collected witin 400 m of commercial buildings, and the
site itself wasfintersected by the region’s only major roadmayeased habitat openness has
already been linked with hybridisation between syntopic sister species of alezlesviget

al. 2013).In contrastthelocalitieswith moreextensiveunmodifiedhabitat BHP and DHP)
hadfewer orno hybrids. Thus, additional habitat fragmentation may increase hybridisation
among populations and should be considered when planning future ski resort development.
Multiple, additive threats to these species (such as climate change and habétad loss

fragmentation).compound their conservation status.

Conclusion

This study provides rare insight into tharrent dynamics of hybridisation between
threemontanespeciesvhose distributions are likely to shift with anthropogenic climate
change Greenet al. 1992 Hennessyet al. 2003 Pickering 2007)Consistent with theoretical
expectationsTurelli et al. 2001) thefrequency of hybrids was greatest betweemtbst
recently diverged sister species gaircryodromaandP. entrecasteauxiHowever, there
was no consistent relationship betwdle@ propensity fospecies to hybridisandtheir
genetic distance based on microsatellites thestrength of the potential p@rgotic barriers
examined (morphology and microhabit@gspite clear evidence b¥bridisation at two of
the three sitesywe fourstrong genetic structure among spedegureresearctshould
therefore explorether potential preygotic reproductive barriers, such as chemosensory
cues Furthermere, subsequent studies should explore the posshalify. cryodromamay
serve as a bridging speciéacilitating hybridisation betwedd. entrecasteauxandP.
pagenstechemvherethe three species amcur. We stress the importance of continuing to
monitor admixture among these species to determine whether the frequency osatibridi

shifts in response to future changesabitat size and qualiturrent suitable habitébr the
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montane endemi. cryodromas expected to shrink as average temperatures continue to
rise and may disappear as early as J@@enet al. 1992 Hennessyet al. 2003 Pickering
2007). Thus, such information is critical to understanding the evolutionary implisation
hybridisation amondgseudemoiapp. as well as the conservation management of the

threatenedPreryodroma
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Table 1. Genetic differentiation between population pairs for eachBié& Bogong High
Plains,HT Mt HigginbothamDHP Dargo High Plains. & (above diagonal) and JosBs
(below diagongl All values are significant at p < 0.01.

P. cryodroma P. entrecasteauxii P. pagenstecheri

BHP  P. cryodroma -- 0.060 0.084

P. entrecasteauxii 0417 - 0.080

P. pagenstecheri 0567 0.552
HT

P. cryodroma -- 0.059 0.109

P. entrecasteauxii 0412 - 0.057

P. pagenstecheri 0.653 0.374
DHP  P. entrecasteauxii -- -- 0.108

P. pagenstecheri -- 0.706

Table 2. Peoled.within class canonical coefficients for canonical variables 1 and 2 for males
and femaledrom discriminant analysis of morphological variablgrphometric variables
most strongly‘€orrelated with canonical variables atmid. Refer to text for explanations of

morphologieal variables.

Morphometric Males Females
Variable Canl Can?2 Canl Can?2
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955
956
957
958
959
960
961

SvVL* 0.020 0.061 0.016 -0.374

HL 0457  0.014 0.410 0.175
HWE 0.215 -0.192 0.395 0.058
HWJ 0.346 -0.086 0.192 0.134
HD 0.167 -0.155 0.152 -0.159
ILL -0.118 0.278 -0.137  0.487
PW -0.252  0.149 -0.193 0.210
UFLL 0401  0.359 0.358 0.454
LFLL 0473  0.404 0.668  0.471
FFL 0.184 0.481 0.453  0.307
UHLL 0448  0.288 0.417 0.317
LHLL 0.287 0.042 0.436 -0.016
HFL 0.237 -0.118 0.429 0.183
F value 5.39 4.19 2.47 1.13
p value <0.001 <0.001 <0.001 0.327
Eigenvalue 1.33 0.96 1.38 0.35
Proportion of 0.526 0.378 0.755 0.190
Variance

* With the exception of SVL, morphometric variables refer to residuals eadclilby

regressing.measurements against SVL

Table 3. Pooled within class canonical structure for canonical variables 1 and 2 for BHP, HT

and DHPfrom discriminant analysis of habitat variablelabitat variables strongly

correlated with canonical variables aréwid. Site abbreviationd®HP Bogong High Plains,

HT Mt HigginbothamDHP Dargo High Plains.

Habitat BHP HT DHP

Variable Canl Can 2 Canl Can?2 Can1

Litter depth -0.642 0.226 0.785 0.042 0.339
Ground covers, -0.185 0.425 0.437 0.212 0.965
Shrub cover 0.452 -0.294 -0.082 0.059 -0.419
Tree cover -0.081 0.378 -0.664 0.525 -0.128
Rock cover -0.057 -0.796 0.083 -0.727 -0.647
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F value 2.31 1.80 4.92 3.06 5.41

p value 0.004 0.079 <0.001 0.004 0.002
Eigenvalue 0.228 0.128 0.933 0.430 0.569
Proportion-of
variance 0.589 0.331 0.678 0.312 1
962
963 Figure Captions
964

965 Fig. 1. Elevation'map depicting sampling sites within the Victorian Alps in seastern
966  Australia.Site'names are abbreviat&HP Bogong High PlaindpHP Dargo High Plains,
967 HT Mt Higginbotham.

968

969  Fig. 2. Numberof individuals classified as each species or hybrabs based on individual
970  proportion‘of membership (Q) estimatedSARUCTUREat A) Bogong High Plains, B) Mt
971 Higginbothamsand C) Dargo High Plaii@assifications based on the following criteria:
972  pure individuals‘had @ 0.90 for one species, hybrid-crosses had 0.90 >X%0.10 for two
973  species, and unclassified hybrids had either 0.90>>0Q0 for all three species or 0.90 > Q
974  >0.10 for onespecies and Q > 0.10 for the other two species.

975

976  Fig. 3. Hyhrid individuals identified fronBHP Bogong High PlaingdT Mt Higginbotham,
977 andDHP Dargo High Plains inA) STRUCTUREand B) NewHybrids. Individuals are
978 represented by a single vertical line, with the percerdfigachcolourrepresenting the
979 individual proportion of membership (Q) for each of spedtsgudemoia cryodroma

980 (yellow), P..entrecasteaux{red), and®. pagensteche(blue). In B) three additional

981 categories arepresent: F1 hybrid (white), F2 hybrid (black) and F1 backcrosgmdi
982  black stripesy™Within each site, individuals are groupethibgychondrial lineagéP.c. =P.
983 cryodromarPrer=P. entrecasteauxiP.p. =P. pagenstechéx * Individual classified as a
984  hybrid cross'for two different sets of species pairs. The data presented was averaged over
985  both analyses:

986

987 Fig. 4. Discriminant analyses based on the morphological dataset for A) males and B)

988 females. Individuals are represented by thiofahg symbols: yellow circles?. cryodroma
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990
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992
993
994
995
996
997

red squared. entrecasteauxiblack asteriskshybrids; and blue triangleB, pagenstecheri
Ellipses represent 95% confidence levels.

Fig. 5. Discriminant analyses based on the microhabitat dataset for each site. In A) Bogong
High Plainssand B) Mt Higginbotham, individuals are represented by the following symbols
yellow circles P. cryodromared squares. entrecasteauxiblack asteriskshybrids; and

blue trianglesP. pagenstecherEllipses represent 95% confidence levels. In C) Dargo High
Plains, individuals are represented by horizontal Barentrecasteaux{red)andP.

pagenstechel(blue).
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