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Abstract 26 

To understand factors shaping species boundaries in closely related taxa, a powerful 27 

approach is to compare levels of genetic admixture at multiple points of contact, and 28 

determine how this relates to intrinsic and extrinsic factors, such as genetic, morphological 29 

and ecological differentiation. In the Australian Alps, the threatened alpine bog skink 30 

Pseudemoia cryodroma co-occurs with two morphologically and ecologically similar 31 
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congeners, P. entrecasteauxii and P. pagenstecheri, and all three species are suspected to 32 

hybridise. We predicted that the frequency of hybridisation should be negatively correlated 33 

with genetic divergence, morphological differentiation, and microhabitat separation. We 34 

tested this hypothesis using a mitochondrial locus, 13 microsatellite loci, morphological and 35 

microhabitat data, and compared results across three geographically isolated sites. Despite 36 

strong genetic structure between species, we detected hybridisation between all species pairs, 37 

including evidence of backcrossed individuals at the two sites where all three species are 38 

syntopic. Hybridisation frequencies were not consistently associated with genetic, 39 

morphological or ecological differentiation. Furthermore, P. entrecasteauxii and P. 40 

pagenstecheri only hybridised at the two sites where they are syntopic with P. cryodroma, 41 

but not at the largest site where P. cryodroma was not recorded, suggesting that P. 42 

cryodroma may serve as a bridging species. This study reveals the complex dynamics within 43 

a three species hybrid zone and provides a baseline for assessing the impact of climate 44 

change and anthropogenic habitat modification on future hybridisation frequencies. 45 

Introduction 46 

Contemporary contact between closely related species provides an opportunity to 47 

investigate the mechanisms maintaining or eroding species boundaries. The degree of genetic 48 

admixture between lineages at points of contact can range from no admixture to complete 49 

admixture, depending on numerous intrinsic and extrinsic factors, and their interaction 50 

(Singhal & Moritz 2013). Intrinsic barriers include genetic incompatibilities, which can 51 

prevent the development of viable or fertile offspring. Such incompatibilities are expected to 52 

accumulate over time due to genetic drift and/or divergent selection (Coyne & Orr 1989; 53 

Hewitt 2011; Mallet 2007), a concept central to the Bateson-Dobzhansky-Muller model of 54 

hybrid incompatibility (Turelli et al. 2001). To minimize energy wasted on the production of 55 

unfit offspring, post-zygotic barriers should select for the formation of pre-zygotic barriers, 56 

particularly in hybrid zones, and a large literature documents such a process of reinforcement 57 

(Liou & Price 1994; Noor 1999; Servedio & Noor 2003; Turelli et al. 2001). Common 58 

examples of such barriers include timing of reproduction, divergence in mating preferences, 59 

and mechanical incompatibility (Dobzhansky 1937). In contrast, extrinsic factors necessarily 60 

entail pre-zygotic barriers, comprising geographic barriers (e.g. rivers, mountains) and 61 

ecological separation (e.g. aboreal vs fossorial; Mayr 1942). 62 

A powerful approach to understanding factors shaping species boundaries is to 63 

compare levels of genetic admixture between species at multiple points of contact, and how 64 

this relates to intrinsic and extrinsic factors, such as genetic, morphological and ecological 65 
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differentiation; yet studies that do so are relatively rare (but see Chatfield et al. 2010; Nice et 66 

al. 2013). Morphological divergence is often correlated with ecological divergence (Losos et 67 

al. 1998), and both may be inversely related to the likelihood of admixture. Specifically, 68 

morphological differentiation can serve as a pre-zygotic barrier through female preference for 69 

specific male secondary sexual characteristics and/or physical incompatibilities between taxa 70 

(Coyne & Orr 2004). Hybrid offspring that are morphologically intermediate may be unsuited 71 

to either of the parental species’ ecological niches, reinforcing existing pre-zygotic barriers. 72 

Furthermore, differences in ecological requirements may reduce direct contact between 73 

species, decreasing opportunities for hybridisation (Mayr 1942) and/or result in hybrid 74 

offspring with lower fitness (Arnold & Hodges 1995; de Leon et al. 2010; Harrison & Rand 75 

1989). Consequently, species that have multiple, spatially isolated areas of geographic 76 

overlap provide an ideal system in which to examine potential factors influencing the degree 77 

of genetic admixture between species.  78 

Although closely related lineages generally evolve and exist in allopatry (Turelli et al. 79 

2001), changes in climate and habitat distribution may result in secondary contact and 80 

admixture (Rhymer & Simberloff 1996). Taxa that have recently speciated are expected to 81 

have accumulated the fewest reproductive barriers, and are consequently more likely to 82 

produce viable hybrid offspring (Orr 1995) when environmental changes bring previously 83 

isolated species into contact. When hybrids are equally fit compared to the parental species, 84 

ongoing admixture can produce a variety of outcomes. For example, hybridisation can result 85 

in the formation of hybrid swarms, which have been observed primarily in fishes (e.g. Avise 86 

et al. 1984; Hasselman et al. 2014; Seehausen et al. 1997), but also mammals (Latch et al. 87 

2011; McDevitt et al. 2009) and herpetofauna (Pritchard & Edmands 2013; Schulte et al. 88 

2012). In rare cases, widespread hybridisation can lead to the extinction of pure parentals, 89 

resulting in species collapse, as documented in three-spined sticklebacks (Taylor et al. 2006) 90 

and Darwin’s finches (Kleindorfer et al. 2014). Hybridisation can also be unidirectional and 91 

lead to genetic swamping of the introgressed species. This often occurs when invasive 92 

species introgress into native species (Rhymer & Simberloff 1996), and represents a 93 

significant conservation threat for numerous taxa (e.g. Abernathy 1994; Allendorf & Leary 94 

1988; Dowling & Childs 1992; Johnson et al. 2010; Leary et al. 1993). 95 

 Here we investigate contemporary genetic admixture and assess the relationships 96 

between the frequency of hybridisation and ecological and morphological differentiation in 97 

syntopic alpine skinks (genus Pseudemoia). While studies on hybrid systems generally focus 98 

on two species and/or a single point of contact (but see Bogdanowicz et al. 2012; Fisch et al. 99 
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2013; Marino et al. 2013), we examine three species that exhibit genetic signatures of 100 

historical mitochondrial introgression (Haines et al. 2014) at three geographically isolated 101 

locations. All three species, P. cryodroma, P. entrecasteauxii, and P. pagenstecheri, are 102 

morphologically similar and occupy overlapping ecological niches in the montane and sub-103 

alpine regions (> 1100 m above sea level) of south-eastern Australia (Wilson & Swan 2013). 104 

Pseudemoia cryodroma is a threatened alpine specialist (DSE 2013), restricted to habitats 105 

higher than 1200 m above sea level, while P. entrecasteauxii and P. pagenstecheri sensu lato 106 

are widespread generalists that are also sympatric in lowland areas (Wilson & Swan 2013). 107 

These three species form a clade within the genus, and divergence between P. pagenstecheri 108 

and P. cryodroma plus P. entrecasteauxii occurred as late as 4 mya, with more recent 109 

divergence occurring between P. cryodroma and P. entrecasteauxii (Haines et al. 2014). We 110 

have previously provided evidence of historic hybridisation between all three species pairs, 111 

with probable mitochondrial introgression from P. pagenstecheri into P. entrecasteauxii and 112 

P. cryodroma, as well as P. entrecasteauxii into its sister species P. cryodroma (Haines et al. 113 

2014). As the previous study was based on mtDNA and multiple nuclear gene regions, it 114 

remains unclear whether contemporary hybridisation occurs among these species (Haines et 115 

al. 2014).  116 

In the present study, we not only test for recent admixture between species, but also 117 

explore potential drivers of hybridisation. Specifically, we assess whether levels of 118 

interbreeding are consistent across three geographically isolated sites, and how genetic 119 

admixture relates to the degree of morphological and ecological differentiation between 120 

species. We predict that, if present, hybridisation will be highest between the recently 121 

diverged sister species P. cryodroma and P. entrecasteauxii, and that the level of admixture 122 

between species will be negatively correlated with morphological and ecological 123 

differentiation. By testing these predictions, this study provides rare insight into the factors 124 

influencing contemporary hybridisation dynamics of three historically interbreeding species. 125 

 126 

Materials and methods 127 

Study sites and sampling 128 

 Pseudemoia cryodroma, P. entrecasteauxii, and P. pagenstecheri are sympatric in the 129 

Australian Alps in north-eastern Victoria, Australia (Hutchinson & Donnellan 1992) and 130 

researchers in the field have observed them syntopically (N Clemann, pers. obs.). The three 131 

species were sampled from neighbouring mountain plateaux (Fig. 1; see Table S1, 132 

Supporting Information for sampling details) with a mosaic of snow gum (Eucalyptus 133 
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pauciflora) woodland, alpine heathland, and alpine grassland, isolated from one another by 134 

valleys of sclerophyll forests. The distance between sites ranged from 11 to 35 km. All three 135 

species were syntopic at Mount Higginbotham (HT) and the Bogong High Plains (BHP); 136 

whereas, only P. entrecasteauxii and P. pagenstecheri were observed on the Dargo High 137 

Plains (DHP). Located on the border of Mount Hotham Alpine Resort and the Alpine 138 

National Park, HT comprised an area 500 m by 500 m. The BHP site (500 m by 1750 m) was 139 

in the Alpine National Park, approximately 500 m south of Mt Nelse, and on the DHP, 140 

individuals were sampled along a 10 km section of the Dargo High Plains Road and along 141 

Long Spur Track. At DHP, individuals were sampled at multiple intersections of snow gum 142 

woodland and alpine grassland, where P. entrecasteauxii and P. pagenstecheri were syntopic. 143 

Large patches of tussock grasslands, where only P. pagenstecheri was detected, separated 144 

these small areas of syntopy. We focused our sampling on areas of syntopy in order to 145 

maximise the likelihood of detecting hybrids. Therefore, we had to cover a greater overall 146 

sampling area at DHP to obtain enough samples (>20) for genetic analysis.  147 

During the 2010-2013 breeding seasons (December to March), we collected 111, 42, 148 

and 70 Pseudemoia spp. from BHP, DHP, and HT, respectively, through noosing and hand 149 

capture. Lizards were measured, and then either a tail tip was collected as a genetic sample 150 

and the lizard then released at point of capture, or they were retained as museum voucher 151 

specimens and liver tissue used as the genetic sample. All tissues and voucher specimens 152 

were registered at Museum Victoria (Table S1). Species were identified in the field using 153 

current taxonomic identifiers: the presence/absence of vertebral stripes and paravertebral 154 

stripes, male breeding colouration, and whether the mid-lateral stripe was well defined 155 

(Hutchinson & Donnellan 1992). The 30 individuals that could not be identified 156 

morphologically were classified as Pseudemoia sp. In the field, we recorded the following 157 

standard morphometric measurements: snout-vent length, distance from tip of the snout to the 158 

cloaca (SVL); head length, distance from posterior of skull to snout (HL); eye width, distance 159 

between eyes (HWE); head width between the widest part of jaws (HWJ); head depth, length 160 

at deepest part of the head (HD); interlimb length, length of the body from insertion of 161 

forelimb to insertion of hindlimb (ILL); pelvic width, width of the body at insertion of 162 

hindlimb (PW); upper forelimb, length from limb insertion to elbow (UFLL); lower forelimb, 163 

length from elbow to wrist (LFLL); forefoot, length from wrist to tip of fourth toe (FFL); 164 

upper hindlimb, length from limb insertion to knee (UHLL); lower hindlimb, length from 165 

knee to ankle (LHLL); and hind foot, length from ankle to tip of forth toe (HFL; Table S2, 166 

Supporting Information). A standard ruler was used to measure SVL to the nearest 1 mm, and 167 
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digital calipers were used to measure the remaining morphological variables to the nearest 168 

0.01 mm.  169 

 170 

Additionally, we recorded a number of microhabitat features. We focussed 171 

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

climate, vegetation, geology) because differences between sites in broad environmental 173 

conditions, such as temperature, rainfall, elevation and vegetation, are negligible and because 174 

microhabitat variation is most likely to capture the fine-scale variation relevant to potential 175 

for admixture in these morphologically and ecologically similar species. We recorded plant 176 

litter depth to the nearest 5 cm at the point of capture, and estimated by eye the percentage of 177 

the area within a 2 m radius of the point of capture that was dominated by ground cover, 178 

shrub (vegetation < 1 m high), tree (> 1 m high), and rock to the nearest 5%. Tree refers to 179 

the tree trunk and low-lying branches. These ecological attributes were based on previous 180 

studies on lizard habitat use (e.g. Goodman et al. 2008; Melville & Swain 2003; Quirt et al. 181 

2006; Teasdale et al. 2013). All morphometric and habitat measurements were taken by the 182 

same researcher (M. Haines). 183 

 184 

Mitochondrial DNA sequence analysis 185 

Genomic DNA was extracted from liver and tail tip samples using a Qiagen DNeasy 186 

Blood and Tissue Extraction Kit (Qiagen, Hilden, Germany), a GenCatch Blood and Tissue 187 

Genomic DNA Miniprep Kit (Epoch Life Sciences, Sugar Land, Texas, USA) or a modified 188 

high-salt method (Aljanabi & Martinez 1997). To initially assign each individual to a given 189 

species, samples were sequenced for a 794 bp mitochondrial fragment NADH subunit 4 190 

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

6.1.2 (Biomatters, Auckland, New Zealand, available at: http://www.geneious.com), 192 

sequences were aligned using the default clustering algorithm, edited, and translated to amino 193 

acids. No premature stop codons were observed. Fourteen sequences had been published in 194 

Haines et al (2014) and previously unpublished sequences were deposited in GenBank (Table 195 

S1, Supporting Information).    196 

We conducted Bayesian phylogenetic analyses using MrBayes 3.2 (Ronquist & 197 

Huelsenbeck 2003) on CIPRES Science Gateway (Miller  et al. 2010) and Maximum 198 

Likelihood (ML) analyses using PhyML 3.0 (Guindon et al. 2010) at http://www.atgc-199 

montpellier.fr/phyml/. We assessed partitioning schemes and models of best-fit based on 200 
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Akaike Information Criterion (AIC) using MrModeltest 2.3 (Nylander 2004) and selected a 201 

GTR + Γ+ I model. We included several sequences previously published in Haines et al. 202 

(2014), including 14 P. cryodroma-pagenstecheri-entrecasteauxi sequences (Table S1), and 203 

sequences from the three other species within the genus Pseudemoia (P. baudini: KM263203; 204 

P. rawlinsoni: KM263321; P. spenceri: KM263326) and a closely related genus 205 

(Niveoscincus metallicus: KM263269) as outgroups.. The Bayesian analysis consisted of two 206 

independent runs, each with four chains of Markov Chain Monte Carlo (MCMC). Chains 207 

were sampled every 500 generations and chain convergence was confirmed using an 208 

assessment of average standard deviation of split frequencies (<0.01). For the maximum 209 

likelihood analysis, the topology was determined using NNI and approximate ratio-likelihood 210 

test (aLRT).  211 

Primer screening and development 212 

Fourteen microsatellite loci developed for P. entrecasteauxii by Stapley et al. (2003) 213 

were tested for cross amplification in P. cryodroma and P. pagenstecheri. Only seven loci 214 

amplified cleanly and consistently for all three species (Table S3, Supporting Information). 215 

For these markers, fluorescently labelled dyes were attached to forward primers and a 216 

GTTTCT ‘pig-tail’ sequence was added to the reverse primers to reduce stuttering when 217 

scoring microsatellites (Brownstein et al. 1996). 218 

As part of the current study additional microsatellite markers were developed using 219 

454-sequencing to supplement these published markers. One P. entrecasteauxii sample was 220 

sent to the Australian Genome Research Facility (AGRF, Queensland, Australia) for high 221 

throughput DNA sequencing on 1/16 of a plate using the Roche GS FLX (454) system. A 222 

detailed sequencing protocol can be found in Gardner et al. (2011). Using Geneious 6.1.6 223 

(Biomatters), we searched for sequences with a minimum of 8 tetra-, penta-, or hexa- repeats. 224 

Using the default parameters in the program Primer3 (Untergrasser et al. 2012), primers were 225 

designed for potential microsatellite loci. Following the approach by James et al. (2011), 226 

forward primers were tailed with a 454A adapter primer sequence (5’ 227 

GCCTCCCTCGCGCCATCAG 3’; Margulies et al. 2005), using a modified protocol of 228 

Schuelke (2000). Thirty-seven candidate loci were identified and primers for 17 loci were 229 

tested with DNA from each of the three Pseudemoia spp. Loci that amplified successfully 230 

were further optimized (see below for PCR details). The seven loci that were polymorphic for 231 
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the three Pseudemoia spp. were used, with seven of the published markers, to genotype all 232 

individuals (Table S3, Supporting Information). 233 

 234 

Microsatellite genotyping and allelic diversity 235 

All 223 individuals were genotyped at 14 microsatellite loci. For the loci identified by 236 

Stapley et al. (2003), PCRs were performed in 20 µL reactions containing 0.5 µL of each 237 

primer (10µM), 10 µL GoTaq Hot Start Master Mix (Promega, Madison, Wisconsin, USA), 238 

and 2 µL genomic DNA. The PCRs using primers designed for this study were performed in 239 

20 µL reactions containing 0.25 µL forward primer with 454A tail (10 µM), 0.15 µL 240 

fluorescent dye with corresponding tails (6-FAM, VIC, NED, or PET; 10 µM), 0.5 µL 241 

reverse primer (10 µM), 10 µL GoTaq Hot Start Master Mix (Promega, Madison, Wisconsin, 242 

USA), and 2 µL genomic DNA. All PCR protocols started with an initial denaturation at 243 

95 oC for 5 min, followed by 40 cycles consisting of denaturation at 95 oC for 30 s, annealing 244 

at temperatures ranging from 50-65 oC (for details see Table S4, Supporting Information) for 245 

30 s, and extension at 72 oC for 45 s, followed by a final 5 min extension at 72 o

Van Oosterhout et al. 2004

C. The PCR 246 

products were sent to Macrogen, Inc (Seoul, South Korea) and analysed on an AB 3730 247 

platform using a LIZ-500 size standard. Chromatograms were scored in Geneious 6.1.6 248 

(Biomatters) and visually checked for accuracy. We checked samples for identical genotypes 249 

using Microsoft Excel. In Microchecker version 2.3.3 ( ), we 250 

checked for evidence of stutter products, large allele dropout, and null alleles.  251 

Allelic diversity was quantified for each species within sites, using only individuals 252 

with genetically pure ancestry (see Results). The number of alleles and private alleles were 253 

calculated in GenAlEx 6.5 (Peakall & Smouse 2012). We determined allelic richness and 254 

private allelic richness, correcting for sample size, using HP-Rare (Kalinowski 2005). We 255 

calculated expected and observed heterozygosity and tested for Hardy-Weinberg equilibrium 256 

and linkage disequilibrium in Arlequin 3.5.1.3 (Excoffier & Lischer 2010). To assess 257 

statistical significance of Hardy-Weinberg equilibrium and linkage disequilibrium results, a 258 

Bonferroni correction was used to account for multiple comparisons (Rice 1989). For each 259 

site, genetic distance between species was estimated by calculating Jost’s D in GenAlEx 6.5 260 

and pairwise FST Meirmans 2006in Genodive 2.0b25 ( ).  261 

 262 

Admixture analysis 263 

To determine the presence of contemporary hybridisation at each site, we analysed the 264 

microsatellite data from the three sites separately in the programs STRUCTURE 2.3.3 265 
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(Pritchard et al. 2000) and NewHybrids 1.1 (Anderson & Thompson 2002). STRUCTURE 266 

uses a Bayesian clustering algorithm to determine the most likely number of genetic clusters 267 

(K) in the dataset, and calculates the individual proportion of membership (Q) of each 268 

individual to each of the clusters. Individuals with a Q value close to 1 are considered pure, 269 

while those with Q values of ~0.5 for two separate clusters are likely to be F1 hybrids. In 270 

STRUCTURE, the parameters were set to allow for admixture between clusters and 271 

implemented the correlated allele frequency model. Analyses were run with a burn-in of 104 272 

iterations followed by 106 

Earl 

iterations. The number of clusters (K) was set from 1-8 and 273 

executed five runs for each K. Results were combined in STRUCTURE HARVESTER (274 

& von Holdt 2012) and the most likely K was estimated based on where the Ln(K) plateaued 275 

(Pritchard et al. 2009) and the highest value of Δ K (Evanno et al. 2005). Outputs from 276 

STRUCTURE HARVESTER were combined in CLUMPP (Jacobsson & Rosenberg 2007). 277 

In addition to STRUCTURE, the data was analysed with NewHybrids, which 278 

specifically calculates the probability of an individual belonging to either of the parental 279 

species and one of four hybrid classes (F1, F2, and backcrosses). Since NewHybrids can only 280 

accommodate two species, for sites with three species (BHP and HT), we separately analysed 281 

individuals from each pair of parental species. Individuals were assigned to a species based 282 

on the mtDNA analysis. A model with a Jeffrey’s-like prior was applied for allele frequencies 283 

and mixing proportions, and implemented burn-in of 104 sweeps, followed by 106

Since the appropriate threshold for identifying pure individuals can vary depending on 286 

factors such as allele size convergence, overall proportion of hybrids, and number of loci 287 

analysed (

 sweeps. 284 

Runs were executed five times and repeated using Uniform priors. 285 

Vähä & Primmer 2006), simulations were run to compare how accurately 288 

STRUCTURE and NewHybrids could identify both pure and admixed individuals at the 289 

commonly used thresholds of Q ≥ 0.90 and Q ≥ 0.95 (Bogdanowicz et al. 2012; Burgarella et 290 

al. 2009; Marino et al. 2013). Because all three species are sympatric throughout the 291 

Australian Alps, pure individuals could not be simulated using genotypes from nearby 292 

allopatric populations. Instead a subset of the empirical data was used for the simulations, 293 

which has been shown to produce almost identical results (Vähä & Primmer 2006). 294 

Preliminary STRUCTURE analyses indicated that the most likely number of clusters 295 

corresponded to the number of species morphologically identified at each site (see Results); 296 

therefore, we used individuals that met the stringent threshold of Q ≥ 0.95 for the cluster 297 

corresponding to their mitochondrial lineage to simulate pure individuals (Garroway et al. 298 

2010; Tsy et al. 2013). Using the individuals classified as pure, we simulated genotypes for 299 
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500 individuals for each species in HybridLab (Nielsen et al. 2006). These simulated 300 

genotypes were used to simulate another 500 individuals for each combination of F1s and the 301 

simulated pure individuals and F1s were then used to simulate F2s, and backcrosses. To 302 

ensure that the overall proportion of simulated hybrids was comparable to that predicted for 303 

the empirical data, the number of simulated hybrids was limited to 20 randomly selected 304 

individuals from each hybrid class. The resulting dataset was run through STRUCTURE 305 

using the same parameters as the original analyses, except K was set to the number of species 306 

at that site. Results were summarized in CLUMPP and visualized in MS Excel. The 307 

simulated data was also run in NewHybrids using the same settings as for the empirical data 308 

to compare the accuracy of applying cut-off values of 0.90 and 0.95 for membership to either 309 

parental group or a specific hybrid class. Individuals with Q ≥ 0.90, or Q ≥ 0.95 for a parental 310 

category were considered to be pure for that species and all other individuals were classified 311 

as hybrids for subsequent comparisons of hybridisation frequencies between sites, and in 312 

relation to ecology and morphology.  313 

 314 

Morphological analysis 315 

To evaluate morphological differentiation, we first tested for differences between the 316 

sexes and between sites for each species for each morphological variable. Only adults (SVL > 317 

40 mm; Hutchinson & Donnellan 1992) were used for analyses to eliminate possible 318 

ontogenetic effects on morphology. To account for body size, measurements were regressed 319 

against SVL and the residuals were used for further analyses. Individuals were assigned to a 320 

species or classified as hybrids based on the genetic analyses. Due to small sample sizes, all 321 

hybrid classes from possible parental combinations were pooled for subsequent analyses. 322 

Univariate analyses were performed in the program R 3.0.2 (R Development Core Team 323 

2013), applying false discovery rate corrections for multiple tests (Benjamini & Hochberg 324 

1995). These initial univariate analyses revealed significant differences between the sexes in 325 

all species and hybrids for HL, HWJ, UFLL, LHLL, and HFL (α = 0.05); therefore, we 326 

analysed the sexes separately. As neither sex differed significantly between sites, individuals 327 

were pooled across sites for subsequent multivariate tests. A multivariate discriminant 328 

function analysis with cross-validation (PROC DISCRIM, SAS 9.3) was implemented to 329 

assess how accurately individuals could be assigned to their genetic species based on 330 

morphology.  331 

 332 

Microhabitat analysis 333 
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Using the genetic species identifications, we assessed the degree of habitat 334 

differentiation between species at each site. Due to excess zero values in the dataset (i.e. 335 

numerous individuals had 0% for one or more of litter depth, shrub, tree and rock cover), 336 

only one habitat variable (ground cover) met assumptions of normality and homogeneity of 337 

variance, even after data transformation; therefore, non-parametric analyses were performed. 338 

As initial plots of the raw data showed clear differences between sites, differences between 339 

species were tested for each microhabitat variable separately at each site using Mann-340 

Whitney-Wilcoxon tests in R. For sites with more than two species, p-values were adjusted 341 

for multiple comparisons using false discovery rate. For each site, a non-parametric 342 

discriminant analysis with cross-validation (PROC DISCRIM, SAS 9.3) was also performed 343 

to assess how accurately individuals could be assigned to their genetic species based on 344 

microhabitat characteristics. 345 

 346 

Results  347 

Verification of species assignments 348 

 The Bayesian and maximum likelihood analyses of the mitochondrial locus ND4 349 

separated individuals into three well-supported clades, each representing one of the three 350 

species (Fig. S1, Supporting Information). This mitochondrial species assignment was used 351 

as an a priori hypothesis of true species identity for all subsequent analyses. The majority of 352 

mitochondrial and microsatellite identifications were congruent, and hybrids generally 353 

grouped with the mitochondrial clade corresponding to the microsatellite cluster (Q > 0.5). 354 

Putative F1 hybrids were randomly distributed among mitochondrial clades, suggesting bi-355 

directional hybridisation. There were four mismatches between mitochondrial and 356 

microsatellite species assignments, indicating mitochondrial introgression of P. cryodroma 357 

into P. pagenstecheri, P. pagenstecheri into P. cryodroma, and two instances of P. 358 

entrecasteauxii into P. cryodroma.  359 

 360 

Microsatellite diversity 361 

All microsatellites were polymorphic in each species. Locus Pe24 was removed from 362 

subsequent analyses because Microchecker consistently showed an excess of homozygotes 363 

and deviation from Hardy-Weinberg Equilibrium, following a Bonferroni correction, for 364 

species at the sampling location level. This result indicates the presence of null alleles, which 365 

can lead to the underestimation of true allelic diversity (Chapuis & Estoup 2007). While other 366 

loci (Pe31, Pe124, Pe197, Pe303, Pe304, Pe305, and Pe306) exhibited an excess of 367 
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homozygotes and deviated from Hardy-Weinberg Equilibrium, this was randomly distributed 368 

across species and localities (Table S5, Supporting Information); consequently, these loci 369 

were retained in subsequent analyses. For these 13 loci, 97.6% of alleles were successfully 370 

scored. For each species, between 1.9% and 4.5% of all possible pairwise combinations of 371 

loci were found to be in linkage disequilibrium, following a Bonferroni correction (α = 0.05). 372 

However, linkage disequilibrium was not observed consistently between the same loci across 373 

species; therefore, no additional loci were excluded. At DHP and HT, P. entrecasteauxii had 374 

the greatest number of alleles and private alleles, whereas at BHP P. cryodroma had the 375 

highest values in these two categories (Table S5, Supporting Information). Pseudemoia 376 

entrecasteauxii exhibited the highest allelic richness and private allelic richness, correcting 377 

for sample size, at each locality. Average observed heterozygosity ranged from 0.61 to 0.69 378 

but was not consistently higher or lower for a given species or location. At each locality, both 379 

Jost’s D and FST

 388 

 were statistically significant (p < 0.01) and were qualitatively the same; 380 

therefore, subsequent use of the term ‘genetic distance’ refers to both measures unless 381 

otherwise stated (Table 1). While genetic distance between P. cryodroma and P. 382 

entrecasteauxii was almost identical at BHP and HT, genetic distance for this pair was lower 383 

than between the other species pairs at BHP, but comparable to the genetic distance between 384 

P. entrecasteauxii and P. pagenstecheri at HT. In addition, genetic distance was always 385 

greater between P. cryodroma and P. pagenstecheri than P. cryodroma and P. 386 

entrecasteauxii.  387 

Population structure and hybridisation 389 

STRUCTURE results indicated that the most likely number of clusters (K) was equal 390 

to the number of species recorded at that locality, with each cluster corresponding to a 391 

different species (Fig. S2). Although at HT there was greater support for K=2 with P. 392 

cryodroma and P. entrecasteauxii as one cluster and P. pagenstecheri as another cluster, 393 

when the P. cryodroma and P. entrecasteauxii cluster was analysed separately, there was 394 

highest support for splitting individuals by species into two clusters. The 95% confidence 395 

intervals (CIs) for individuals classified as pure individuals were generally between 1.00 and 396 

0.90 and did not overlap with the CI for another cluster. For the simulated datasets, we 397 

calculated the number of pure and admixed individuals that were accurately identified at Q ≥ 398 

0.95 and Q ≥ 0.90, and found negligible differences (Fig. S3, Supporting Information, Table 399 

S6, Supporting Information). In order to maximize the likelihood that individuals classified 400 

as hybrids were truly hybrids, the lower threshold was applied (Vähä & Primmer 2006). 401 
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Individuals were classified as admixed between two or more species when 0.90 > Q ≥ 0.10 402 

for multiple clusters. A lower limit of Q ≥ 0.10 was applied to minimize the number of 403 

individuals incorrectly classified as having ancestry from all three species. Using this 404 

criterion, only 1.9% and 0.6% of simulated hybrid (F1, F2, backcrosses) individuals from 405 

BHP and HT, respectively, were mis-classified.  406 

Based on the threshold of Q ≥ 0.90 for pure individuals, there was evidence of 407 

admixture at BHP and HT but not at DHP (Fig. S2; Table S1, Supporting Information). The 408 

overall proportion of putative genetic hybrids was higher at HT (22.9%) than BHP (18.0%; 409 

Fig. 2), with hybridisation detected between all pairs of species. The majority of hybrid 410 

individuals had Q values > 0.70 for one species and < 0.30 for a second species, indicative of 411 

backcrossing (Fig. 3A). Notably, P. cryodroma – P. entrecasteauxii hybrids were either as 412 

common or more common as the other hybrid combinations. However, the relative 413 

proportion of other hybrid combinations was not consistent across sites. Specifically, the 414 

rarest hybrid combination at BHP was P. entrecasteauxii – P. pagenstecheri, which was 415 

detected in less than 2% of individuals. Nevertheless, this type of hybrid at HT was as 416 

common as P. cryodroma – P. pagenstecheri hybrids, and comprised 4% of the dataset. At 417 

both BHP and HT, one individual was morphologically identified as P. cryodroma yet had Q 418 ≥ 0.10 for all three clusters. One of the individuals was placed in the P. cryodroma mtDNA 419 

clade and the other in the P. entrecasteauxii clade. This indicates possible hybridisation 420 

between two species followed by back-crossing with the third species. Additionally, four 421 

individuals identified morphologically from HT and one from BHP were assigned as 422 

genetically pure individuals (Q ≥ 0.90) of a species that did not correspond to their 423 

morphologically assigned species. In one instance, an individual that morphologically 424 

resembled P. pagenstecheri but was classified as P. cryodroma (Q = 0.97) was assigned to 425 

the P. entrecasteauxii mtDNA clade. Notably, 17 males from BHP had a single dorsal stripe 426 

and a defined lateral stripe, which is characteristic of P. cryodroma, yet they also exhibited 427 

orange/red ventral breeding colouration, which has only been reported previously in male P. 428 

entrecasteauxii. Fifteen of these individuals were genetically classed as pure P. cryodroma 429 

based on both the mtDNA and microsatellite analyses, indicating that ventral breeding 430 

colouration is not exclusive to P. entrecasteauxii.    431 

The results from the NewHybrids analyses indicate an overall higher proportion of 432 

hybrids compared to the STRUCTURE outputs. As with STRUCTURE, there was little 433 

difference between applying the cut-offs of Q ≥ 0.90 and Q ≥ 0.95 to correctly distinguish 434 
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between simulated pure and hybrid individuals (Table S6, Supplementary Information). 435 

Consequently, a more conservative Q ≥ 0.90 was applied to maximize the probability of 436 

identifying true hybrids. Using uniform priors, NewHybrids identified slightly more hybrid 437 

individuals than did STRUCTURE, and considerably more using Jeffrey’s-like priors. 438 

Although the NewHybrids results were broadly consistent with the results from the 439 

STRUCTURE analysis, we conservatively based the assignment of pure and hybrid 440 

individuals on the results from the STRUCTURE analyses. Notably, the NewHybrids 441 

analysis revealed stronger evidence for F2 and backcrossed individuals than F1 hybrids; 442 

however, individuals were only assigned as F2s with more than 90% probability (Fig. 3B).  443 

The relationship between the proportions of hybrids for each species pair was 444 

inconsistently associated with their respective genetic relatedness across sampling sites. 445 

Although genetic distance at HT was approximately 1.5 times greater between P. cryodroma 446 

and P. pagenstecheri compared to P. entrecasteauxii and P. pagenstecheri, we observed an 447 

equal number of hybrids for both pairings. However, we observed the opposite pattern at 448 

BHP, with approximately equal genetic distances between P. cryodroma and P. 449 

pagenstecheri versus P. entrecasteauxii and P. pagenstecheri but six P. cryodroma – P. 450 

pagenstecheri hybrids compared to one P. entrecasteauxii – P. pagenstecheri hybrid. The 451 

only pattern consistent with predictions was that as genetic distance increased between P. 452 

entrecasteauxii and P. pagenstecheri, the number of hybrids for this species pair decreased. . 453 

While this pattern holds for the number of P. cryodroma – P. pagenstecheri hybrids, the 454 

proportion of P. cryodroma – P. pagenstecheri hybrids at BHP and HT is only one percent 455 

different. Therefore, there appears to be little general concordance between genetic distance 456 

estimates between species and propensity to hybridise. 457 

 458 

Morphological differentiation  459 

The univariate analyses revealed significant differences in HL, HWE, and all limb 460 

measurements for both sexes, and males also showed differences in HWJ and PW (Table S7, 461 

Supporting Information). In males, P. entrecasteauxii had larger head proportions but 462 

narrower PW compared to P. cryodroma. While P. cryodroma had longer UFLL and LFLL 463 

than P. pagenstecheri, both species had shorter limb measurements for five of the six limb 464 

variables compared to P. entrecasteauxii. Pairwise tests for females revealed similar patterns, 465 

with P. entrecasteauxii having relatively larger heads and longer limbs than P. cryodroma 466 

and P. pagenstecheri. 467 
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Accordingly, the discriminant function analyses revealed significant discrimination 468 

between species for both males (Wilks’ λ = 0.177, F39, 264 = 5.39, p < 0.001) and females 469 

(Wilks’ λ = 0.284, F39, 189 

Overall, morphological similarities between species did not correspond consistently 481 

with genetic distance or the overall proportion of different hybrid categories. The most 482 

common hybrids were between the closely related P. cryodroma and P. entrecasteauxii, but 483 

P. cryodroma and P. pagenstecheri showed least morphological differentiation. However, P. 484 

entrecasteauxii and P. pagenstecheri showed the greatest morphological differentiation in 485 

both sexes, and hybrids between this pair of species were absent at DHP, and uncommon at 486 

BHP and HT. This was most prominent in females, where no P. entrecasteauxii was mis-487 

classified as P. pagenstecheri and only 2 P. pagenstecheri were mis-classified as P. 488 

entrecasteauxii.  489 

= 2.47, p < 0.001). Canonical variables (CV) 1 and 2 together 470 

explained 90.4% and 94.5% of the variation for males and females, respectively (Table 2). 471 

For males, HL, LFLL, UFLL and LHLL contributed most strongly to CV 1, while FFL 472 

contributed most strongly to CV 2, followed by the forelimb measurements. Similarly, LFLL 473 

and FFL contributed most strongly to CV 1 in females (CV 2 was not significant). In both 474 

sexes, P. entrecasteauxii had longer limbs compared to the other two taxa (Fig. 4). However, 475 

there was substantial morphological overlap with correct assignment of males and females to 476 

their genetic species being only 61.1% and 33.3% for P. cryodroma, 67.9% and 78.3% for P. 477 

entrecasteauxii, and 85.2% and 50.0% for P. pagenstecheri, respectively (Table S8, 478 

Supporting Information). Male and female hybrids were most likely to be mis-classified as P. 479 

cryodroma.  480 

 490 

Microhabitat differentiation 491 

We assessed the degree of ecological separation between species based on five 492 

microhabitat characteristics: litter depth, ground cover, shrub cover, tree cover and rock 493 

cover. At all sites, univariate analyses showed significant differences between species in at 494 

least one microhabitat variable; however, differences between species were greatest at DHP 495 

and HT (Table S9, Supporting Information). Nonparametric discriminant analyses 496 

accordingly revealed the greatest habitat separation at DHP. At DHP, CV 1 explained 100% 497 

of the variation and correlated positively with ground cover and negatively with rock cover. 498 

Pseudemoia entrecasteauxii generally occupied areas with less ground cover and greater rock 499 

cover than P. pagenstecheri (Fig. 5; Table 3). However, these species did exhibit some 500 

ecological overlap, and 21.7% of P. entrecasteauxii and 15% of P. pagenstecheri were mis-501 
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classified as each other based on habitat variables (Table S10, Supporting Information). At 502 

BHP, CV 1 and 2 collectively explained 92.1% of the variation, though only the former was 503 

significant. Higher values of CV 1 corresponded to shallower litter depth, with P. cryodroma 504 

occupying habitats with shallower litter depth than P. entrecasteauxii . Overall, discrimination 505 

was very poor at BHP and correct classification was low (P. cryodroma 29.0 %; P. 506 

entrecasteauxii 47.6%; hybrids 27.3%; P. pagenstecheri 14.1%). By contrast, discrimination 507 

between species was much greater at HT. Both CV 1 and 2 were significant and explained a 508 

combined 99.0% of the variation. CV 1 correlated positively with litter depth and ground 509 

cover, and negatively with tree cover, whereas CV 2 correlated positively with tree cover and 510 

negatively with rock cover. The most noticeable separation was between P. entrecasteauxii 511 

and P. pagenstecheri, with the former occupying areas with lower litter depth, lower ground 512 

cover and more tree cover than the latter. Based on nonparametric discriminant analyses, 513 

hybrid individuals at BHP were most likely to be classified as P. pagenstecheri. 514 

Classification of hybrids was poorest at HT, where hybrids were more likely to be assigned to 515 

any of the parental species than the hybrid category. 516 

As with morphology, mis-classification rates based on ecological variables did not 517 

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

greatest ecological separation was between P. entrecasteauxii and P. pagenstecheri at DHP, 519 

where no hybrids were detected. By contrast, even though ecological differentiation between 520 

species was much greater at HT than at BHP, there was a higher proportion of hybrids at HT. 521 

Furthermore, the species pair with the most hybrids, P. cryodroma and P. entrecasteauxii, 522 

showed the least ecological differentiation at BHP but the highest ecological differentiation at 523 

HT. Genetic distance estimates between P. entrecasteauxii and P. pagenstecheri were highest 524 

at DHP and lowest at HT, yet mis-classification rates were not substantially different between 525 

these sites. 526 

  527 

Discussion 528 

Our results provide evidence of strong genetic differentiation between three 529 

morphologically and ecologically similar taxa that occur syntopically within alpine and 530 

subalpine regions of south-eastern Australia and have an evolutionary history of introgression 531 

(Haines et al. 2014). Despite strong genetic differentiation, we detected evidence of 532 

hybridisation between all three species at two sites, BHP and HT, including evidence of 533 

backcrossed individuals. At the third site, DHP, only P. entrecasteauxii and P. pagenstecheri 534 

were collected, and there were no hybrids despite admixture between these two taxa at both 535 
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BHP and HT. Consistent with the absence of hybrid individuals at DHP, P. entrecasteauxii 536 

and P. pagenstecheri showed the greatest morphological differentiation (all three sites 537 

combined) and the greatest genetic and ecological differentiation at DHP of any pair of 538 

species at a given site. However, contrary to predictions, genetic, morphological and 539 

ecological differentiation did not consistently correspond to the proportion of the other 540 

hybrid-crosses at BHP and HT. Below, we first discuss processes that may generate the 541 

observed patterns of hybridisation, and then suggest alternative explanations for geographic 542 

variation in hybridisation. 543 

Genetic differentiation despite hybridisation 544 

We detected evidence of admixture between P. cryodroma, P. entrecasteauxii and P. 545 

pagenstecheri at two of the three localities, yet the proportion of hybrids was generally small, 546 

particularly at BHP, and we found no evidence of hybridisation between P. entrecasteauxii 547 

and P. pagenstecheri at DHP. Thus, reproductive barriers must exist; however, they are likely 548 

incomplete, as there was strong evidence of backcrossed individuals. Specifically, 19% 549 

hybrid individuals were assigned Q values of approximately 0.75 and 0.25 to two different 550 

populations (species) in STRUCTURE, indicative of first generation backcrosses. Although 551 

the number of loci used was insufficient to confidently assign individuals to specific hybrid 552 

classes in NewHybrids (Vähä & Primmer 2006), there was strong evidence (Q > 0.50) that 553 

23% of putative hybrids were either F2s or backcrosses. In contrast, the NewHybrids analysis 554 

showed a maximum of Q = 0.17 for the F1 hybrid category. A similar pattern of fewer F1s 555 

compared to backcrossed individuals has been documented in other taxa, such as the 556 

Ensatina eschscholtzii salamander species complex (Alexandrino et al. 2005), wall lizards 557 

Podarcis spp. (Pinho et al. 2009), and spiny lizards Sceloporus spp. (Robbins et al. 2014). 558 

The low observed proportion of F1 individuals suggests potential selection against hybrids. 559 

There is a notable absence of hybrids between P. entrecasteauxii and P. 560 

pagenstecheri at DHP, despite evidence of admixture between these species at both BHP and 561 

HT. One explanation for the disparity in hybridisation between sites is that P. entrecasteauxii 562 

and P. pagenstecheri do not hybridise, or rather they do not hybridise directly. An intriguing 563 

possibility is that P. cryodroma serves as a bridging species. Specifically, hybrids of P. 564 

cryodroma and P. entrecasteauxii (or P. pagenstecheri) may hybridise with P. pagenstecheri 565 

(or P. entrecasteauxii), resulting in offspring that exhibit alleles from both P. entrecasteauxii 566 

and P. pagenstecheri despite no direct mating between pure P. entrecasteauxii and P. 567 

pagenstecheri. We did detect an individual with Q > 0.10 for all three species at BHP, 568 
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suggesting that hybrids involving all three species do occur. Moreover, a similar case has 569 

been documented in fishes from the Colorado River Basin where direct hybridisation was not 570 

detected between two of the three study species, but there was evidence of hybrids with 571 

ancestry from all three species (McDonald et al. 2008). Alternatively, it is possible that P. 572 

entrecasteauxii – P. pagenstecheri hybrid-crosses exist at DHP at very low frequencies 573 

because these species are further along the speciation continuum at DHP compared to BHP 574 

and HT. This is consistent with the greater genetic and ecological differentiation between this 575 

species pair at DHP compared to the other two sites. 576 

 577 

Geographic variation in hybridisation: relationships between genetic, ecological and 578 

morphological differentiation 579 

According to the Bateson-Dobzhansky-Muller model of genetic incompatibility, 580 

recently diverged species will have accumulated relatively fewer genetic incompatibilities 581 

compared to more distantly related species and are therefore more likely to hybridise. This 582 

pattern has been observed in numerous other vertebrates including lizards (Singhal & Moritz 583 

2013), snakes (Tarroso et al. 2014), and bats (Bogdanowicz et al. 2012). Accordingly, we 584 

predicted that hybridisation should be highest between the recently diverged sister species P. 585 

cryodroma and P. entrecasteauxii and indeed this was the case at BHP and HT.  However, 586 

the total percentage of hybrids as well as the relative proportion of each hybrid combination 587 

differed between sites. Hybridisation was only observed at BHP and HT, where all three 588 

species were recorded, and was substantially higher at HT (22.9%) than at BHP (18.0%). At 589 

BHP, genetic distance between species pairs was negatively associated with the frequency of 590 

hybrids but this was not the case at HT. Specifically, P. cryodroma – P. entrecasteauxii 591 

hybrids were more common than P. entrecasteauxii and P. pagenstecheri hybrids at HT, 592 

despite the two species pairs having a similar genetic distance. Thus, genetic distance 593 

between species may more closely correspond to the relative strength of pre-zygotic than 594 

post-zygotic barriers (Coyne & Orr 1989; Turelli et al. 2001), particularly at HT.  595 

We predicted that greater morphological and ecological differentiation between 596 

species would correspond to lower levels of admixture because morphological and ecological 597 

differentiation are often associated with pre-zygotic barriers to reproduction (Coyne & Orr 598 

2004; Mayr 1942; Turelli et al. 2001). Consistent with this prediction, P. entrecasteauxii and 599 

P. pagenstecheri showed the greatest morphological differentiation in both sexes and 600 

differences in stripe patterning are most pronounced between this species pair. Furthermore, 601 

at DHP, these species exhibited the greatest ecological differentiation between any species 602 
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pair at any site. Thus, ecological and morphological differentiation between P. 603 

entrecasteauxii and P. pagenstecheri may generate selection against intermediates and 604 

account for the absence of hybrids between the two species at DHP and their rarity at BHP 605 

and HT. However, in contrast to predictions, P. cryodroma and P. entrecasteauxii showed the 606 

greatest admixture, yet showed intermediate morphological differentiation across localities, 607 

and the highest ecological differentiation of any species pair at HT. Furthermore, overall 608 

microhabitat differentiation between species was substantially lower at BHP than HT; yet a 609 

higher proportion of hybrids were observed at HT. Lastly, we observed comparable 610 

ecological differentiation between P. entrecasteauxii and P. pagenstecheri at HT and DHP; 611 

however, we detected P. entrecasteauxii – P. pagenstecheri hybrids at HT and none at DHP. 612 

Overall, therefore, our results do not support the general prediction that hybridisation should 613 

be inversely related to the degree of morphological or ecological differentiation (Mayr 1942; 614 

Turelli et al. 2001).  615 

Previous work on other morphologically conserved lizards similarly found no 616 

consistent patterns between morphological differentiation and reproductive isolation (Singhal 617 

& Moritz 2013). Moreover, hybridisation was roughly symmetric for all species pairs based 618 

on the mtDNA in contrast to the asymmetric introgression commonly observed between 619 

morphologically divergent lizards (Jezkova et al. 2013; Olave et al. 2011; Robbins et al. 620 

2014; Schulte et al. 2012; While et al. 2015). Interestingly, P. cryodroma is morphologically 621 

intermediate to P. entrecasteauxii and P. pagenstecheri, and more hybrids had P. cryodroma 622 

ancestry than either of the two other species. If intermediate hybrids are selected against in 623 

either parental habitat, then this should have a greater impact on P. entrecasteauxii – P. 624 

pagenstecheri crosses than those involving P. cryodroma. Nevertheless, many other pre- and 625 

post-zygotic mechanisms are likely to influence the propensity to hybridise. In wall lizards 626 

(Podarcis spp.), where hybridisation has been documented in a contact zone with no known 627 

ecological or temporal barriers (Pinho et al. 2009), previous studies suggest that 628 

chemosensory cues likely serve as pre-zygotic barriers to hybridisation (Barbosa et al. 2006; 629 

Gabirot et al. 2010b). Since all three Pseudemoia spp. have overlapping breeding seasons 630 

(Hutchinson & Donnellan 1992) and none exhibit mutually exclusive breeding colouration, 631 

the strength of chemosensory cues and other previously unmeasured sexually selected traits 632 

may determine hybridisation levels. Moreover, geographic variation in such traits may further 633 

explain the observed patterns of hybridisation in this study. 634 

External factors, such as the spatial extent of suitable habitat and degree of 635 

anthropogenic habitat loss or modification, may also influence hybridisation frequencies. For 636 
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example, rising global temperatures have allowed both flora (Díaz-Varela et al. 2010; 637 

Grabherr et al. 1994) and fauna (Brereton et al. 1995; Pounds et al. 1999; Sinervo et al. 638 

2010) to expand their ranges upward, creating overlaps with higher elevation species that are 639 

unable to realize an equivalent shift in elevation (Brereton et al. 1995; Parmesan 2006). 640 

Suitable sub-alpine habitats for Pseudemoia spp. are expected to shrink and/or disappear with 641 

rising average temperatures (IPCC 2013). Spatially smaller habitats provide less 642 

opportunities for microhabitat segregation, increasing the likelihood of direct contact between 643 

species and, therefore, hybridisation (Rhymer & Simberloff 1996). Correspondingly, the 644 

locality with the most restricted area of suitable habitat (HT) had the highest percentage of 645 

hybrids. All samples from HT were collected within 400 m of commercial buildings, and the 646 

site itself was intersected by the region’s only major roadway. Increased habitat openness has 647 

already been linked with hybridisation between syntopic sister species of anoles (Jezkova et 648 

al. 2013). In contrast, the localities with more extensive unmodified habitat (BHP and DHP) 649 

had fewer or no hybrids. Thus, additional habitat fragmentation may increase hybridisation 650 

among populations and should be considered when planning future ski resort development. 651 

Multiple, additive threats to these species (such as climate change and habitat loss and 652 

fragmentation) compound their conservation status. 653 

 654 

Conclusion 655 

This study provides rare insight into the current dynamics of hybridisation between 656 

three montane species whose distributions are likely to shift with anthropogenic climate 657 

change (Green et al. 1992; Hennessy et al. 2003; Pickering 2007). Consistent with theoretical 658 

expectations (Turelli et al. 2001), the frequency of hybrids was greatest between the most 659 

recently diverged sister species pair P. cryodroma and P. entrecasteauxii. However, there 660 

was no consistent relationship between the propensity for species to hybridise and their 661 

genetic distance based on microsatellites, nor the strength of the potential pre-zygotic barriers 662 

examined (morphology and microhabitat). Despite clear evidence of hybridisation at two of 663 

the three sites, we found strong genetic structure among species. Future research should 664 

therefore explore other potential pre-zygotic reproductive barriers, such as chemosensory 665 

cues. Furthermore, subsequent studies should explore the possibility that P. cryodroma may 666 

serve as a bridging species, facilitating hybridisation between P. entrecasteauxii and P. 667 

pagenstecheri where the three species co-occur. We stress the importance of continuing to 668 

monitor admixture among these species to determine whether the frequency of hybridisation 669 

shifts in response to future changes in habitat size and quality. Current suitable habitat for the 670 
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montane endemic P. cryodroma is expected to shrink as average temperatures continue to 671 

rise and may disappear as early as 2050 (Green et al. 1992; Hennessy et al. 2003; Pickering 672 

2007). Thus, such information is critical to understanding the evolutionary implications of 673 

hybridisation among Pseudemoia spp. as well as the conservation management of the 674 

threatened P. cryodroma.  675 

 676 

 677 

Acknowledgements 678 

We thank A. Moussalli for insightful discussions and we thank L. Beilharz, R. Groenewegen, 679 

S. Heap, K. Howard, and M. Scroggie for assistance with specimen and tissue collection. We 680 

thank the Department of Environment and Primary Industries for in-kind support. C. Moritz, 681 

C. Schneider, and anonymous reviewers provided useful comments on earlier drafts of this 682 

manuscript. Funding was provided to M.L.H. through the Holsworth Wildlife Research 683 

Foundation, Museum Victoria 1854 Student Scholarship, Dame Margaret Blackwood 684 

Soroptimist Scholarship, and Wildlife Preservation Society of Australia. D.G.C. was 685 

supported by a Monash University Linkage Project Application Support (LPAS) grant. 686 

 687 

References 688 

 689 

Abernathy K (1994) The establishment of a hybrid zone between red and sika deer (genus 690 

Cervus). Molecular Ecology 3, 551-562. 691 

Alexandrino J, Baird SJE, Lawson L, et al. (2005) Strong selection against hybrids at a 692 

hybrid zone in the Ensatina ring species complex and its evolutionary implications. 693 

Evolution 59, 1334-1347. 694 

Aljanabi SM, Martinez I (1997) Universal and rapid salt-extraction of high quality genomic 695 

DNA for PCR-based techniques. Nucleic Acids Research 25, 4692-4693. 696 

Allendorf FW, Leary RF (1988) Conservation and Distribution of Genetic Variation in a 697 

Polytypic Species, the Cutthroat Trout. Conservation Biology 2, 170-184. 698 

Anderson EC, Thompson EA (2002) A model-based method for identifying species hybrids 699 

using multilocus genetic data. Genetics 160, 1217-1229. 700 

Arnold ML, Hodges SA (1995) Are natural hybrids fit or unfit relative to their parents. 701 

Trends in Ecology and Evolution 10, 67-71. 702 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Avise JC, Bermingham E, Kessler LG, Saunders NC (1984) Characterization of 703 

mitochondrial DNA variability in a hybrid swarm between subspecies of bluegill 704 

sunfish (Lepomis macrochirus). Evolution 38, 931-941. 705 

Barbosa D, Font E, Desfilis E, Carretero MA (2006) Chemically mediated species 706 

recognition in closely related Podarcis wall lizards. Journal of Chemical Ecology 32, 707 

1587-1598. 708 

Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: A practical and 709 

powerful approach to multiple testing. Journal of the Royal Statistical Society B 57, 710 

289-300. 711 

Bogdanowicz W, Piksa K, Tereba A (2012) Hybridization hotspots at bat swarming sites. 712 

Plos One 7. 713 

Brereton R, Bennett S, Mansergh I (1995) Enhanced greenhouse climate-change and its 714 

potential effect on selected fauna of South-eastern Australia - a trend analysis. 715 

Biological Conservation 72, 339-354. 716 

Brownstein MJ, Carpten JD, Smith JR (1996) Modulation of non-templated nucleotide 717 

addition by taq DNA polymerase: Primer modifications that facilitate genotyping. 718 

Biotechniques 20, 1004-1006. 719 

Burgarella C, Lorenzo Z, Jabbour-Zahab R, et al. (2009) Detection of hybrids in nature: 720 

application to oaks (Quercus suber and Q. ilex). Heredity 102, 442-452. 721 

Chapuis M-P, Estoup A (2007) Microsatellite null alleles and estimation of population 722 

differentiation. Molecular Biology and Evolution 24, 621-631. 723 

Chatfield MWH, Kozak KH, Fitzpatrick BM, Tucker PK (2010) Patterns of differential 724 

introgression in a salamander hybrid zone: inferences from genetic data and 725 

ecological niche modelling. Molecular Ecology 19, 4265-4282. 726 

Coyne JA, Orr HA (1989) Patterns of speciation in Drosophila. Evolution 43, 362-381. 727 

Coyne JA, Orr HA (2004) Speciation Sinauer, Sunderland, Massachusetts. 728 

de Leon LF, Bermingham E, Podos J, Hendry AP (2010) Divergence with gene flow as 729 

facilitated by ecological differences: within-island variation in Darwin's finches. 730 

Philosophical Transactions of the Royal Society B-Biological Sciences 365, 1041-731 

1052. 732 

Díaz-Varela RA, Colombo R, Meroni M, et al. (2010) Spatio-temporal analysis of alpine 733 

ecotones: A spatial explicit model targeting altitudinal vegetation shifts. Ecological 734 

Modelling 221, 621-633. 735 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Dobzhansky (1937) Genetics and the Origin of Species Columbia University Press, New 736 

York. 737 

Dowling TE, Childs MR (1992) Impact of hybridization on a threatened trout of the 738 

southwestern United States. Conservation Biology 6, 355-364. 739 

DSE (2013) Advisory List of Threatened Vertebrate Fauna in Victoria (ed. Environment 740 

DoSa). Victorian Government Department of Sustainability and Environment, 741 

Melbourne. 742 

Earl DA, von Holdt BM (2012) STRUCTURE HARVESTER: a website and program for 743 

visualizing STRUCTURE output and implementing the Evanno method. 744 

Conservation Genetics Resources 4, 359-361. 745 

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals using 746 

the softwards STRUCTURE: a simulation study. Molecular Ecology 14, 2611-2620. 747 

Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series of programs to perform 748 

population genetics analyses under Linux and Windows. Molecular Ecology 749 

Resources 10, 564-567. 750 

Fisch KM, Mahardja B, Burton RS, May B (2013) Hybridization between delta smelt and 751 

two other species within the family Osmeridae in the San Francisco Bay-Delta. 752 

Conservation Genetics, 1-6. 753 

Gabirot M, Castilla AM, Lopez P, Martin J (2010b) Differences in chemical signals may 754 

explain species recognition between an island lizard, Podarcis atrata, and related 755 

mainland lizards, P. hispanica. Biochemical systematics and ecology 38, 521-528. 756 

Gardner MG, Fitch AJ, Bertozzi T, Lowe AJ (2011) Rise of the machines - recommendations 757 

for ecologists when using next generation sequencing for microsatellite development. 758 

Molecular Ecology Resources 11, 1093-1101. 759 

Garroway CJ, Bowman J, Cascaden TJ, et al. (2010) Climate change induced hybridization in 760 

flying squirrels. Global Change Biology 16, 113-121. 761 

Goodman BA, Miles DB, Schwarzkopf L (2008) Life on the rocks: habitat use drives 762 

morphological and performance evolution in lizards. Ecology 89, 3462-3471. 763 

Grabherr G, Gottfried M, Pauli H (1994) Climate effects on mountain plants. Nature 369, 764 

448-448. 765 

Green K, Mansergh IM, Osborne WS (1992) The fauna of the Australian Alps: conservation 766 

and management. Review Geographie Alpine 2 and 3, 381-407. 767 

Guindon S, Dufayard JF, Lefort V, et al. (2010) A simple, fast, and accurate algorithm to 768 

estimate large phylogenies by maximum likelihood. Systematic Biology 59, 307-321. 769 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Haines ML, Moussalli A, Stuart-Fox D, Clemann N, Melville J (2014) Phylogenetic evidence 770 

of historic mitochondrial introgression and cryptic diversity in the genus Pseudemoia 771 

(Squamata: Scincidae). Molecular Phylogenetics and Evolution 81, 86-95. 772 

Harrison RG, Rand DM (1989) Mosaic hybrid zones and the nature of species boundaries. In: 773 

Speciation and its Consequences (eds. Otte D, Endler JA), pp. 111-133. Sinauer 774 

Associates, Inc., Massachusettes, USA. 775 

Hasselman DJ, Argo EE, McBride MC, et al. (2014) Human disturbance causes the 776 

formation of a hybrid swarm between two naturally sympatric fish species. Molecular 777 

Ecology 23, 1137-1152. 778 

Hennessy K, Whetton P, Smith I, et al. (2003) The impact of climate change on snow 779 

conditions in mainland Australia. CSIRO Atmospheric Research, Aspendale, 780 

Victoria, Australia. 781 

Hewitt GM (2011) Quaternary phylogeography: the roots of hybrid zones. Genetica 139, 782 

617-638. 783 

Hutchinson MN, Donnellan SC (1992) Taxonomy and genetic variation in the Australian 784 

lizards of the genus Pseudemoia (Scincidae, Lygosominae). Journal of Natural 785 

History 26, 215-264. 786 

IPCC (2013) Climate Change 2013: the Physical Science Basis.  Contribution of Working 787 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 788 

Change eds. Stocker TF, Qin D, Plattner G-K, et al.), p. 1535, Cambridge, U. K. 789 

Jacobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching and permutation program 790 

for dealing with label switching and multimodality in analysis of population struc- 791 

ture. Bioinformatics 23, 1801-1806. 792 

James EA, Brown GK, Citroen R, Rossetto M, Porter C (2011) Development of 793 

microsatellite loci in Triglochin procera (Juncaginaceae), a polyploid wetland plant. 794 

Conservation Genetics Resources 3, 103-105. 795 

Jezkova T, Leal M, Rodriguez-Robles JA (2013) Genetic drift or natural selection? 796 

Hybridization and asymmetric mitochondrial introgression in two Caribbean lizards 797 

(Anolis pulchellus and Anolis krugi). Journal of Evolutionary Biology 26, 1458-1471. 798 

Johnson JR, Johnson BB, Shaffer HB (2010) Genotype and temperature affect locomotor 799 

performance in a tiger salamander hybrid swarm. Functional Ecology 24, 1073-1080. 800 

Kalinowski ST (2005) HP-Rare 1.0: a computer program for performing rarefaction on 801 

measures of allelic richness. Molecular Ecology Notes 5, 187-189. 802 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Kleindorfer S, O'Connor JA, Dudaniec RY, et al. (2014) Species collapse via hybridization in 803 

Darwin's tree finches. American Naturalist 183, 325-341. 804 

Latch EK, Kierepka EM, Heffelfinger JR, Rhodes OE (2011) Hybrid swarm between 805 

divergent lineages of mule deer (Odocoileus hemionus). Molecular Ecology 20, 5265-806 

5279. 807 

Leary RF, Allendorf FW, Forbes SH (1993) Conservation genetics of bull trout in the 808 

Columbia and Klamath river drainages. Conservation Biology 7, 856-865. 809 

Liou LW, Price TD (1994) Speciation by reinforcement of premating isolation. Evolution 48, 810 

1451-1459. 811 

Losos JB, Jackman T, Larson A, de Queiroz K, Rodriguez-Schettino L (1998) Contingency 812 

and determinism in replicated adaptive radiations of island lizards. Science 279, 2115-813 

2118. 814 

Mallet J (2007) Hybrid speciation. Nature 446, 279-283. 815 

Margulies M, Egholm M, Altman WE, et al. (2005) Genome sequencing in microfabricated 816 

high-density picolitre reactors. Nature 437, 376-380. 817 

Marino IAM, Benazzo A, Agostini C, et al. (2013) Evidence for past and present 818 

hybridization in three Antarctic icefish species provides new perspectives on an 819 

evolutionary radiation. Molecular Ecology 22, 5148-5161. 820 

Mayr E (1942) Systematics and the Origin of Species Columbia University Press, New York. 821 

McDevitt AD, Mariani S, Hebblewhite M, et al. (2009) Survival in the Rockies of an 822 

endangered hybrid swarm from diverged caribou (Rangifer tarandus) lineages. 823 

Molecular Ecology 18, 665-679. 824 

McDonald DB, Parchman TL, Bower MR, Hubert WA, Rahel FJ (2008) An introduced and a 825 

native vertebrate hybridize to form a genetic bridge to a second native species. 826 

Proceedings of the National Academy of Sciences 105, 10837-10842. 827 

Meirmans PG (2006) Using the AMOVA framework to estimate a standardized genetic 828 

differentiation measure. Evolution 60, 2399-2402. 829 

Melville J, Swain R (2003) Evolutionary correlations between escape behaviour and 830 

performance ability in eight species of snow skinks (Niveoscincus: Lygosominae) 831 

from Tasmania. Journal of Zoology 261, 79-89. 832 

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science Gateway for 833 

inference of large phylogenetic trees. In: Proceedings of the Gateway Computing 834 

Environments Workshop (GCE), pp. 1-8, New Orleans, Louisiana. 835 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Nice CC, Gompert Z, Fordyce JA, et al. (2013) Hybrid speciation and independent evolution 836 

in lineages of alpine butterflies. Evolution 67, 1055-1068. 837 

Nielsen EE, Bach LA, Kotlicki P (2006) hybridlab (version 1.0): a program for generating 838 

simulated hybrids from population samples. Molecular Ecology Notes 6, 971-973. 839 

Noor MAF (1999) Reinforcement and other consequences of sympatry. Heredity 83, 503-840 

508. 841 

Nylander JAA (2004) MrModeltest. Evolutionary Biology Centre, Uppsala University.  842 

Available at: http://www.abc.se~nylander/. 843 

Olave M, Martinez LE, Avila LJ, Sites JW, Morando M (2011) Evidence of hybridization in 844 

the Argentinean lizards Liolaemus gracilis and Liolaemus bibronii (Iguania: 845 

Liolaemini): An integrative approach based on genes and morphology. Molecular 846 

Phylogenetics and Evolution 61, 381-391. 847 

Orr HA (1995) The population genetics of speciation: the evolution of hybrid 848 

incompatibilities. Genetics 139, 1805-1813. 849 

Parmesan C (2006) Ecological and evolutionary responses to recent climate change. Annual 850 

Review of Ecology, Evolution, and Systematics 37, 637-669. 851 

Peakall R, Smouse PE (2012) GenAlEx 6.5: genetic analysis in Excel. Population genetic 852 

software for teaching and research-an update. Bioinformatics 28, 2537-2539. 853 

Pickering CM (2007) Climate change and other threats in the Australian Alps. In: Protected 854 

Areas: Buffering Nature Against Climate Change. (eds. Taylor M, Figgis P), pp. 28-855 

34. Proceedings of a WWF and IUCN World Commission on Protected Areas 856 

Symposium, 18-19 June 2007, Canberra, Sydney. 857 

Pinho C, Kaliontzopoulou A, Carretero MA, Harris DJ, Ferrand N (2009) Genetic admixture 858 

between the Iberian endemic lizards Podarcis bocagei and Podarcis carbonelli: 859 

evidence for limited natural hybridization and a bimodal hybrid zone. Journal of 860 

Zoological Systematics and Evolutionary Research 47, 368-377. 861 

Pounds JA, Fogden MPL, Campbell JH (1999) Biological response to climate change on a 862 

tropical mountain. Nature 398, 611-615. 863 

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using 864 

multilocus genotype data. Genetics 155, 945-959. 865 

Pritchard JK, Wen X, Falush D (2009) Documentation for Structure Software Version 866 

2.3.  http://computing.bio.cam.ac.uk/local/doc/structure.pdf.  867 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t

http://www.abc.se~nylander/�
http://computing.bio.cam.ac.uk/local/doc/structure.pdf�


This article is protected by copyright. All rights reserved 

Pritchard VL, Edmands S (2013) The genomic trajectory of hybrid swarms: outcomes of 868 

repeated crosses between populations of Tigriopus californicus. Evolution 67, 774-869 

791. 870 

Quirt KC, Blouin-Demers G, Howes BJ, Lougheed SC (2006) Microhabitat selection of Five-871 

Lined Skinks in northern peripheral populations. Journal of Herpetology 40, 335-342. 872 

Rhymer JM, Simberloff D (1996) Extinction by hybridization and introgression. Annual 873 

Review of Ecology and Systematics 27, 83-109. 874 

Rice WR (1989) Analyzing tables of statistical analyses. Evolution 43, 223-225. 875 

Robbins TR, Walker LE, Gorospe KD, et al. (2014) Rise and fall of a hybrid zone: 876 

implications for the roles of aggression, mate choice, and secondary succession. 877 

Journal of Heredity 105, 226-236. 878 

Ronquist F, Huelsenbeck JP (2003) MRBAYES 3: Bayesian phylogenetic inference under 879 

mixed models. Bioinformatics 19, 1572-1574. 880 

Schuelke M (2000) An economic method for the fluorescent labeling of PCR fragments. Nat 881 

Biotech 18, 233-234. 882 

Schulte U, Veith M, Hochkirch A (2012) Rapid genetic assimilation of native wall lizard 883 

populations (Podarcis muralis) through extensive hybridization with introduced 884 

lineages. Molecular Ecology 21, 4313-4326. 885 

Seehausen O, van Alphen JJM, Witte F (1997) Cichlid fish diversity threatened by 886 

eutrophication that curbs sexual selection. Science 277, 1808-1811. 887 

Servedio MR, Noor MAF (2003) The role of reinforcement in speciation: Theory and data. 888 

Annual Review of Ecology Evolution and Systematics 34, 339-364. 889 

Sinervo B, Mendez-de-la-Cruz F, Miles DB, et al. (2010) Erosion of lizard diversity by 890 

climate change and altered thermal niches. Science 328, 894-899. 891 

Singhal S, Moritz C (2013) Reproductive isolation between phylogeographic lineages scales 892 

with divergence. Proceedings of the Royal Society B-Biological Sciences 280. 893 

Stapley J, Hayes CM, Keogh JS (2003) Population genetic differentiation and multiple 894 

paternity determined by novel microsatellite markers from the Mountain Log Skink 895 

(Pseudemoia entrecasteauxii). Molecular Ecology Notes 3, 291-293. 896 

Tarroso P, Pereira RJ, Martínez-Freiría F, Godinho R, Brito JC (2014) Hybridization at an 897 

ecotone: ecological and genetic barriers between three Iberian vipers. Molecular 898 

Ecology 23, 1108-1123. 899 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Taylor EB, Boughman JW, Groenenboom M, et al. (2006) Speciation in reverse: 900 

morphological and genetic evidence of the collapse of a three-spined stickleback 901 

(Gasterosteus aculeatus) species pair. Molecular Ecology 15, 343-355. 902 

Team RDC (2013) R: A Language and Environment for Statistical Computing. R Foundation 903 

for Statistical Computing, Vienna, Austria. 904 

Teasdale LC, Stevens M, Stuart-Fox D (2013) Discrete colour polymorphism in the tawny 905 

dragon lizard (Ctenophorus decresii) and differences in signal conspicuousness 906 

among morphs. Journal of Evolutionary Biology 26, 1035-1046. 907 

Tsy J, Lumaret R, Flaven-Noguier E, et al. (2013) Nuclear microsatellite variation in 908 

Malagasy baobabs (Adansonia, Bombacoideae, Malvaceae) reveals past hybridization 909 

and introgression. Annals of Botany 112, 1759-1773. 910 

Turelli M, Barton NH, Coyne JA (2001) Theory and speciation. Trends in Ecology and 911 

Evolution 16, 330-343. 912 

Untergrasser A, Cutcutache I, Koressaar T, et al. (2012) Primer3 - new capabilities and 913 

interfaces. Nucleic Acids Research 40, e115. 914 

Vähä JP, Primmer CR (2006) Efficiency of model-based Bayesian methods for detecting 915 

hybrid individuals under different hybridization scenarios and with different numbers 916 

of loci. Molecular Ecology 15, 63-72. 917 

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004) micro-checker: software 918 

for identifying and correcting genotyping errors in microsatellite data. Molecular 919 

Ecology Notes 4, 535-538. 920 

While GM, Michaelides S, Heathcote RJ, et al. (2015) Sexual selection drives asymmetric 921 

introgression in wall lizards. Ecology Letters 18, 1366-1375. 922 

Wilson S, Swan G (2013) A Complete Guide to Reptiles of Australia, Fourth edition edn. 923 

New Holland Publishers, Sydney. 924 

 925 

Data Accessibility 926 

 927 

- Morphological data, ecological data, and microsatellite genotypes are available 928 

at http://datadryad.org: doi 10.5061/dryad.kt70b 929 

- Mitochondrial sequences have been deposited in GenBank  930 

- Sampling locations are available in Supporting Information (Table S1). 931 

 932 

 933 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t

http://datadryad.org/�


This article is protected by copyright. All rights reserved 

Author Contributions 934 

 935 

M.L.H. contributed to the study design, conducted field sampling, performed laboratory 936 

work, analysed the data, and drafted the manuscript. J.M. contributed to study design, data 937 

analysis, and manuscript preparation. J.S. provided assistance with laboratory work and data 938 

analysis. N.C. contributed to project conception, interpretation, logistic support, fieldwork 939 

and provided invaluable insight into the study system. D.G.C. contributed to project 940 

conception and molecular marker development. D.S-F. contributed to the study design, data 941 

analyses and manuscript preparation. All authors provided editorial input to the final 942 

manuscript. 943 

 944 

Table 1. Genetic differentiation between population pairs for each site: BHP Bogong High 945 

Plains, HT Mt Higginbotham, DHP Dargo High Plains. FST

 948 

 (above diagonal) and Jost’s D 946 

(below diagonal). All values are significant at p < 0.01. 947 

    P. cryodroma P. entrecasteauxii P. pagenstecheri 

P. cryodroma BHP -- 0.060 0.084 

 

P. entrecasteauxii 0.417 -- 0.080 

 

P. pagenstecheri 0.567 0.552 -- 

 

 

HT 

   

 

P. cryodroma -- 0.059 0.109 

 

P. entrecasteauxii 0.412 -- 0.057 

 

P. pagenstecheri 0.653 0.374 -- 

     P. entrecasteauxii DHP -- -- 0.108 

 

P. pagenstecheri -- 0.706 -- 

 949 

Table 2. Pooled within class canonical coefficients for canonical variables 1 and 2 for males 950 

and females from discriminant analysis of morphological variables. Morphometric variables 951 

most strongly correlated with canonical variables are in bold. Refer to text for explanations of 952 

morphological variables. 953 

 954 

Morphometric  Males Females 

Variable Can 1 Can 2  Can 1 Can 2 
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SVL* 0.020 0.061  0.016 -0.374 

HL 0.457 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 0.401 0.359  0.358 0.454 

LFLL 0.473 0.404  0.668 0.471 

FFL 0.184 0.481  0.453 0.307 

UHLL 0.448 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 

Variance 

0.526 0.378  0.755 0.190 

         

* With the exception of SVL, morphometric variables refer to residuals calculated by 955 

regressing measurements against SVL.  956 

Table 3. Pooled within class canonical structure for canonical variables 1 and 2 for BHP, HT, 957 

and DHP from discriminant analysis of habitat variables. Habitat variables strongly 958 

correlated with canonical variables are in bold. Site abbreviations: BHP Bogong High Plains, 959 

HT Mt Higginbotham, DHP Dargo High Plains. 960 

 961 

Habitat  BHP  HT DHP 

Variable Can 1 Can 2  Can 1 Can 2  Can 1 

Litter depth -0.642 0.226  0.785 0.042  0.339 

Ground cover -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 

Figure Captions 963 

 964 

Fig. 1. Elevation map depicting sampling sites within the Victorian Alps in south-eastern 965 

Australia. Site names are abbreviated: BHP Bogong High Plains, DHP Dargo High Plains, 966 

HT Mt Higginbotham. 967 

 968 

Fig. 2. Number of individuals classified as each species or hybrid-cross based on individual 969 

proportion of membership (Q) estimated in STRUCTURE at A) Bogong High Plains, B) Mt 970 

Higginbotham, and C) Dargo High Plains. Classification is based on the following criteria: 971 

pure individuals had Q ≥ 0.90 for one species, hybrid-crosses had 0.90 > Q ≥ 0.10 for two 972 

species, and unclassified hybrids had either 0.90 > Q ≥ 0.10 for all three species or 0.90 > Q 973 

≥ 0.10 for one species and Q > 0.10 for the other two species. 974 

 975 

Fig. 3. Hybrid individuals identified from BHP Bogong High Plains, HT Mt Higginbotham, 976 

and DHP Dargo High Plains in: A) STRUCTURE and B) NewHybrids. Individuals are 977 

represented by a single vertical line, with the percentage of each colour representing the 978 

individual proportion of membership (Q) for each of species: Pseudemoia cryodroma 979 

(yellow), P. entrecasteauxii (red), and P. pagenstecheri (blue). In B) three additional 980 

categories are present: F1 hybrid (white), F2 hybrid (black) and F1 backcross (white and 981 

black stripes). Within each site, individuals are grouped by mitochondrial lineage (P.c. = P. 982 

cryodroma, P.e. = P. entrecasteauxii, P.p. = P. pagenstecheri). * Individual classified as a 983 

hybrid cross for two different sets of species pairs. The data presented was averaged over 984 

both analyses. 985 

 986 

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

females. Individuals are represented by the following symbols: yellow circles, P. cryodroma; 988 
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red squares, P. entrecasteauxii; black asterisks, hybrids; and blue triangles, P. pagenstecheri. 989 

Ellipses represent 95% confidence levels. 990 

 991 

Fig. 5. Discriminant analyses based on the microhabitat dataset for each site. In A) Bogong 992 

High Plains and B) Mt Higginbotham, individuals are represented by the following symbols: 993 

yellow circles, P. cryodroma; red squares, P. entrecasteauxii; black asterisks, hybrids; and 994 

blue triangles, P. pagenstecheri. Ellipses represent 95% confidence levels. In C) Dargo High 995 

Plains, individuals are represented by horizontal bars: P. entrecasteauxii (red) and P. 996 

pagenstecheri (blue). 997 
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