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ABSTRACT

Aim
To develop a robust phylogeny for timnic Australian water skink¢Eulampru$ and toexplorethe

influence of landscape evolution of eastern Australia on phylogeographic patterns.

Location

Eastermrand southeasterhustralia

Methods
We used Sangemethods tssequence anitochondrialDNA (mtDNA) locus for386 individualsacross
the five Eulamprusspeciedo elucidate phylogeographic structuvée also sequencea secondmtDNA

locus and founuclearDNA (nDNA) loci for a subset of individuals teelp inform our sampling strategy
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for next generation sequencirignally, we generated aanchored hybrid enrichme(AHE) approach to
sequenced78 loci for 25 individuals representing the major lineages identified inSaurgerdataset
These data were uséalresolve the phylogenetic relationshgmong the speciassing coalesceriiased
species tree inference in *BEAST and ASTRAL

Results

The relationshipssbetwedfulamprusspecies were resolved with a high level of confidence using our
AHE datasetln addition, air extensive mtDNA sampling revealsdbstantiaphylogeographistructure

in all specieswithrthe"exception othe geographicallfighly restrictecE. leuraensisRatios of patristic
distances (MtDNA/MDNA) indicate on average a 30 fold greater distance as estimated using the mtDN,
locus NDA4.

Main conclusions

The major divergences between lineagé®ngly supporpreviously identified biogeographic barriers in
eastern Australidased on studies of other taxiéhese breakappear to correlate to regions where the
Great Escarpment is absent or obscure, suggesipagraphic lowlands and the accompanying dry
woodlandsare a major barrier to dispersal for water skinks. While some river cotrisioch aghe
Hunter Valley were likely historically dry enough tmhibit the movement oEulampruspopulations,
our dataindicatethat otherssuch as thdlurray and DarlingRivers, are able tdacilitate extensive gene
flow throughthe vastarid and semarid lowlands of New South Wales and South Austr&i@amparing
the patristic diStances between the mitochondrial and AHE datasetgyhigtthe continued value in

analysing both types of data.

Key words Eastern AustraliagGreat Dividing Rangegene flow, Murray—Darling BasitNewer Volcanics

Province Anchored:Hybrid Enrichment

INTRODUCTION

Much of the Australian continent is weathered and Wat little indication of the ancient, eroded
landscapes that once existéa contrastthe margin of asternAustralia istopographically complexhe
geologicalhistory isyounger andelatively well known,andit is from this region thasome of the best
evidenceof Australia’spalaeoecologyhas been deriveMoss & Kershaw 2000).The Geat Divide and

the Great Escarpment to the eéstllectively referred to here as the Great Dividing Rangea
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topographicmountain system that extendlmost 4000 kilometres dowthe entirelength of theeastern
coastline, from the northeastern tip of Queensi@dD), through New South Walg®NSW) and into
Victoria (VIC), before finally fading into the central plain at the Grampians in westi€&nThe Great
Dividing Range and its biotaave been impacted hylacial cyclesand the episodic expansion and
contraction of forest refugdellowing the onset of arid conditions in the Miocehiypotheses abothe
location and timing efmajor vicariance events have beeeveloped based oan understandingf
palaeoenvironmeni@nd concordant biogeograhpatternsof a diverse suitef moisture-dependanaxa
(e.g. James & Moritz 200Q Nicholls & Austin, 2005; Helsewood Lowe, Crayn, & Rossetta2014
Pepper Barqueroy*Whiting, & Keogh2014 Frankham, Handasyde, & Eldridg2015) and more
recenly, sophisticatedspatial analysebave identified evolutionary refugi@osauer Catullo, Van Der
Wal, Moussalli,/& Moaritz 2015) centres of endemisifweber Van Der Wal, Schmidt, McDonald, &
Shoo, 2014Thornhill et al, 2016), anatharacterised suture zon&{vards, Crisp, Cook, & Cook, 2017
Pdialbg Mason, Schodde, Moritz, & Jose#017)as well asareas of lineage turnover and lineage range
boundariesRosaueret al.2015). In addition, a recently published synthesis provides a detailed review of
the geological and-landscape evolution of thest common biogeographical barriereastern Australia
that have long been hypothesised as having begrial in generating present day diversiy mesic
organisms(Bryant & Krosch 2016). Typically theseare dry habitatarriersof open woodland and

savannah, developed on lowland regions between mountain ranges.

Water skinkswof the genuBulamprusFitzinger 1843are among the bekhown lizards in
Australia. Until-recently theyeneric name was applied & polyphyleticassemblagg¢Reeder 2003;
O’Connor & Moritz, 2003), comprising three highly divergent “species groupsgir(ayrgroup,quoyii-
group andtenuisgroup) of uncertain relationship. A revision of the Australi@phenomorphugroup
skinks confirmed thé&: quoyii grouprepresenteé monophyletic lineage (Skinner, Hutchinson, & Lee
2013) though theiranalysis did not incluéie leuraensis Subsequentlyhe nameEulamprushas been
restrictedonly ta species othe E. quoyiigroupas the type species &ulamprusis Lygosoma quoyii
(Duméril & Bibron, 1839) The tenuisgrouphas been assigned to the gefascinnig while two new
generaSilvascincusand Tumbunascincysiow accommodate members of tharrayi group(Skinner et
al.,, 2013).Eulamprussensu strictaherefoe comprises fivespeciescollectively referred to as tHérue”
water skinks (Gregrd989) as they typically occur in association with creeks and rivers in dry forests.
These areE. heatwoleiWells & Wellington, 194, the yellowbellied water skink E. kosciuskoi
(Kinghorn, 1932)the alpine water skinke. leuraensisVells and Wellington, 1984, the Blue Mountains
water skink,E. tympanum(Lénnberg & Anderssqgn1913) the highland water skinkand E. quoyii
(Duméril & Bibron, 1839) the eastern water skinfsee Appendix S1 in Supporting Informaticior
details on species’ distributiong)heir distribution, abundance and ease of maintenance in thaddbd

to over a hundreénd fifty paperspublished on various aspts of their biology, includingcology €.g.
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Law & Bradley 1990 Wilson & Booth 1999, behaviour €.g. Stapley & Keogh 2004 Noble
Wechmann, Keogh, & Whiting2013), physiology (e.gRobert & Thompson2000; Murphy Parker,
Murphy, & Thompson2011),life history (e.g. Rohr, 1997Caley & Schwarzkopf2004) reproduction
(e.g. Schwarzkopf & Shine1991 Morrison, Keogh, & Scott 2002) demography(e.g. Dubey Sinsch,
Dehling, Chevalley, & Shine2013), andpopulation geneticend evolution(e.g. HodgesRowell, &
Keogh, 2007Dubey & Shing 201Q O’Connor & Moritz, 2003 Skinner et al.2013).However, @spite
this extensivebody=of work, no phylogenetic hypothesis of relationships among populations from

throughout their'range has been available for interpreting these data in an evylutooriext.

Here we usedetailed new genetic datat three different phylogeneticscalesto infer the
evolutionary history oEulamprus We firstgenerated a substantmtDNA dataset foB86individualsto
provide the dense taxonomic sampling necessary for a comprehasse@ment of phylogeographic
structure.To this we added secondntDNA locusand fournDNA loci for a subset 084 individuals to
help inform our*sampling strategy f@dditional phylogenomicscale assessmerfinally, we used
anchored hybrid=enrichme(HE) to sequenc&78nuclear loci for 8 individuals to provide the dense
locus sampling(required taesolve the deeper relationshiged settle longtanding systematic issues

within the iconicwater skinks.

MATERIALSAND METHODS

Taxonomic sampling

We obtained sequence data frBBE. heatwoleif1 E. kosciuskoi5 E. leuraensis137 E. quoyiiand100

E. tympanuntAppendixTableS1). We collected specimens fradEW andVictoria (VIC) between 2005
and 2@8 ([Department of Sustainability and Environment Flora and Fauna Permit No. 10003702
[4.4.2006 — 2.3.2008], NSW National Parks and Wildlife Scientific LiseNo. S12153 [17.12.2007
31.12.2008], ANU Animal Ethics Committee: NSW Wildlife Animal Researchhauty Proposal
F.BTZ.94.06 [21.3.2006 31.3.2008pnd Australian Museum Animal Ethics Committee: NSW Animal
Research Autherit¥8-08 [21/05/2008 31/05/201)) and the remaining samples were obtained for all
unique localities that were available from the collections of Museum Victoria (MV), the Sositfalian
Museum (SAM), and the Australian Museum (ANDutgroupdor analysesncludefour additional taxa
belonging to theSphenomorphugroup skink cladeEulamprus tenuisCtenotus leonhardiiHemiergis
initialis, and Glaphyromorphus darwiniensighat reresent the four successively nearest lineages to

Eulamprusrecovered by Skinner, Hutchinson and Lee (2013).
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Sanger gene sequencing and gene tree estimation

We collected traditional mulbcus data using Sanger sequendmgsix loci: two mitochondrialDNA,
threesingle copy protekencoding nuclear geneand asingle nuclear intranThe mtDNA data includes
870 bpsof NADH dehydrogenase subunitgéne ND4) and the adjacent tRNA gen&gp andAla, and
536 bpsof the 16S ibasomalRNA gene 169. The nuclear genesnsist 0f820bps ofrecombination
activating proteins(RAGJ, 556 bps ofprolactin receptofPRLR, 538 bpsof intronal ATP Synthetase
Subunit B(ATPSB . and 725 bps of protein tyrosine phosphatase -neceptor type 12PTPN13. Details

on PCR amplification"and cycle sequencing can be found in Appendix S2.

For our largeND4 dataset, we conducted a maximum likelihood (ML) analysis using RAYML
HPC v7.0.4 (Stamatakis2006). We partitioned the dataset by codon positicWe then used
PartitionFinde2 (Lanfearet al. 2016 to establish the best partitioning strategy for the analysisg
unlinked branch®lengths, RAXML model of evolution and selected the best model basedamt (he
subset partitiomfND4 posl, ND4 pos2, ND4 pos3]yWe implemented the general tianeversible
substitution model with gamnmistributed rates among sites (GTR + G), with the best ML tree
determined using 20 distinct randomized Maximum Parsimony (MP) starting treestr@osupport was
detemined using 1000 replicate®ur 6 gene Sanger dataset was used to refine the mitochondrial results
so that we could pick samples for our AHE databstially, we conducted separate ML analyses of
individual gene treem RAXML. We then concatenated tata and partitioned the combined dataset by

gene, using the same.model conditions described above.

Anchored hybridienrichmeand species tree estimation
The anchored phylogenomics data include E23amprus qoyii group skinks representing dilve
currently recognised taxa as well as four outgroups (THbIBetails onextraction, library preparation

andassemblycan be found in Appendix S3.

To account for differences in phylogenetic estimation as a result of alternate reconstruction methods ar
data partitions, we.used a pluralistic approach to determine relationshipg &ulamprus skinks.
Missing or patehy data may produce undesirable effects (Lemmon, Brown, Stiailgef: Lemmon

2009), so we initially filtered our set of 378 loci using EAPhy (BlI@®15), with a focus on retaining

only loci for which all samples had data. This resulted in two data sets: a complete set of all @GfI8 loc
data [AD]; 652,747 bp), and a filtered set of 281 loci with no taxa missing from any aligritterad

data [FD]; 468,246 bp). For all loci, we generated individual gene trees using RAXML v8.2.21, under
GTR + G, with 100 independent tree searches and 100 rapid bootstraps. We then concdtrataudal
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ran a maximum likelihood analysis under the same conditions, with each locusmedtiseparately.
Because individual loci may differ in their evolutionary history, we implemented &cshaoalescent
(ASTRAL II; Mirarab & Warnow 2015) anda full Bayesian coalescent method (StarBEASTZ2; Ogilvie
Bouckaert, & Drummond2017). We used RAXML gene trees as our input for ASTRAL analyses,
utilizing the 100 bootstraps per locus to undertake Audts bootstrapping applied to both the AD and
FD datsets. Finally, using StarBEASTZ2 in BEAST v2.4.7, we ran two independent analyses with cha
lengths of 500 millien generations for each dataset. We used the results of our AST&pées to
inform the specietevel distinctions necessary for StarBEASTalgsis. Loci were partitioned
individually under*the* GTR substitution model, with independent trees edlimatier a relaxed clock
(uncorrelated lognermal) and a bidleath process. After inspecting the runs for stationarity (ESS > 150
for all parametels we discarded burim, and combined the runs, ultimately yielding two species trees.
All alignments are available digshare DOI 10.6084/m9.figshare.c.4092164).

Comparing nuclear-and mitochondrial datasets

In vertebrates, /mitochondrial DNAMtDNA) is known to evolve at a faster rate than nuclear DNA
(nDNA) (Allio, Donega, Galtier & Nabholz, 2017)n squamate reptiles, this disparity may result on
average in a 2%ld increase in mutation rates, and has considerable impacts on the use of mtDNA anc
NDNA for phylogenetic reconstruction. To investigate variation among our nuclear archonidoial
datasets, we plotted.tl{§ correlation between estimated patristic distances as inferred by our mtDNA
(ND4) and nBNA.(AHE) maximuntikelihood trees and (i) the net phylogenetic informagwnessof

each loasusing PhyDesign (http://phydesign.townsend.yale.edse provide aisual representation

of the persite variatioramong these data.

RESULTS

Sanger gene sequencing and gene tree estimation

Our dense taxonomisampling forthe mtDNA ND4 geneprovides the basis for clarifying geographic
distributions ‘and_identifying intraspecific genetic variati(gee Appendix Figure S1, for ease of
visualisation we constrained the backbone topology to matcAHKetred. Eulamprus quoyihas the
largest distribution of all the species in the group, ranging from Atherton in far northd@ub the east
coast to southern NS\Where are three major lineages witkinquoyii(Fig. 2A): a northern lineage from
Gladstme to the Atherton Tableland, another lineage around Brisbane, and a third from Krbopshih

QLD south to southern NSW and down to &ilamprus kosciusk@iomprises seven divergent lineages
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restricted to different mountain tops through NSW and east€r{Fig. 2B). Eulamprus leuraensisas a

very restricted range in the Blue Mountasrsd Newnes Plateaand is represented in our study by 5
sampledrom a single localityFig 2B). Eulamprus heatwoleiomprises four major clades (Fig 2C); one
(the mostdivergent) represents populations to the north of the Hunter River, two appear toybe ve
restricted in their geographic distributions in the Blue Mountains NSW and the Cathedral Ranges VIC
while the third is more broadly distributed from Coolah Topsdrthern NSW through to VIC with a
disjunct populatiensin SA. This third lineage includes other individuals from the Bloentdins.
Eulamprus tympanumomprisesthree major clade§Fig 2D); one broadly distributed througtentral
NSW to the eoastal*lowlasdof southern VIC and into SA, and tvgeneticallydivergent allopatric
lineages with muehssmaller geographic distributions around Dargo in VIC, and shetsutf the ACT,
respectivelyOur 6 gene datasetas largely consistent with ti¢D4 tree and provided better resolution

of the deeper relationshiphan the mitochondrial data alone. This enabled us to pick appropriate

representatives for the AHE dagét.

Anchored hybrid-enrichment and species tree estimation

From the original target set 889 lbci, we successfully captured and sequenced 378 across all samples
including the outgroups. After filtering with EAPhy to remove loci with missing,tthe resultant 281

loci had an average contig length of 1568 bp (range-23® bp). Prior to filtering, gaps and missing
data accounted for 2.9% of the total alignment (N = 1,140,683), and filtering resulted inadigataknt
including less than*1:1% missing data (N = 285,450).

All phylogenetic methods (maximum likelihood of concatenated data, shoctralescent
analyses of filtered_and unfiltered data, Bayesian coalescent analyses of filtered and unfiltered dat:
provide a congruentianobustinterspecific topology for the genilamprus This consistency among
data sets and metheds was not previously attainable using a small number of Sanger sequenced loci alc
All individuals sampled remain monophyletic in analyses of phased nucleaEd&mprus tympanum
and E. heatwoleiare sistertaxa, and together are sister to a clade contaiBin¢geuraensisand E.
kosciuskai Eulamprus leuraensiss nested withinE. kosciuskoiwith robust support, rendering.
kosciuskoiparaphyletic.The branch length for the relationship betweenEhéympanum/E. heatwolei
species pair and tHeskosciuskdE. leuraensispecies pair is very short and this is the aelationdip
for which theresis only moderate suppdrhere is strong support for the monophylyEofquoyii which
is inferred as sister to all othEulamprusspecies in the grqu However,there are two deeply divergent
lineages within this taxqrithe level of divergence commensurate with the differences between atker pa
of Eulamprusspecies With the exception ofE. kosciuskqi all species were recovered with 100%

bootstrap support as monophyletic.
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Comparing nuclear and mitochondrial datasets

Pdristic distances fothe 22 taxa which overlap between ND4 and AHE datasets confimoderate
correlation (f = 0.59)(Fig.3).Ratios of mtristic distances (mtDNA/nDNA) indicate on average a 30 fold
greater distance as estimated using NDide mitochondrial locus ND4 outperforms all nDNA loci in
phylogenetic informativeness, with a peak score nearly an order of magnitude treatdre average
AHE locus.

DISCUSSION

A tremendous amount is known abd&ulamprusecdogy and life historyhowevera robust phylogenetic
framework has'not been available for others to evalti@se data in an evolutionary contex®ur
compehensive geegraphic sampling forElllamprusspecies has allowed us to provide the first detailed
assessment of thesphylogeographic structure of each species in southeastern Ansgdidion, ar

AHE dataset has allowed us to resolve the spéeies relationships among the iconic water skinks

Phylogeny oEulamprusskinks

Previous hypothess of relationships within the group based on sections of mtiglides and a small
number of nuclearsloeci we unable to provide resolution for interspecific relationsii@<onnor &
Moritz, 2003 Skinner. et al.2013).The former study supported the close affinityeofkosciiskoi andE.
leuraensisand ofE. quoyii(inferred to be paraphylejito these, however the placementotympanum
and E. heatwolemwas. ambiguous. Skinner et al. (20E830 recovered. quoyiias the outgroup to the
others, but did pot recover a sistgoup relationship betweds. heatwoleiand E. tympanum instead
finding a relationship betwedh heatwoleiandE. kosciuskoi(albeit with low support)Using the same
data,Pyron et al. (2013)ecoverecE. heatwoleis the sister t&. tympanumwith these species sister to
E. kosciuskoiEulamprus quoyiwas inferred ashe outgroup tothese but was placed witk. leuraensis
(for which they had just a single sequen€&)r *BEAST and ASTRALphylogeres based on the AHE
datastrongly support the monophyly &. quoyiiand place this taxomnambiguouslyas sister to the
remaining species_insthe graup line with Pyron et al. (2013) wiund strong support for the sister
group relationship/betweds. heatwoleiand E. tympanumThis accords with the previous taxonomic
history of these two species, where they were coreideorphological sisteaxa, after being combined
together in a single speciésee Rawlinson, 1969 & Hutchinson & Rawlinson, 1995). We recouered
kosciuskoias sister tE. heatwoleiand E. tympanumthough the branch length for this relationship is

extremely short and only has moderate support (bootstrap =T82)close relationship &. koscuskoi
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and E. leuraensisalso is strongly supporteith our AHE phylogenyhoweverE. leuraensisis nested

within what is currently considerdfl koscuskoi

Despite average mtDNA genetic divergences of up to 8% between species, members o
Eulamprusare remarkably conservative in many aspects of their biology, including morphologgt habi
preferenceandmating systemgGreer 1989; O’Connor & Moritz 2003There is extensive overlap in the
species ranges (see,figuzg particularlyin the Blue Mountains of NSWhere the distributions dE.
quoyii, E. leuraensisandE. heatwoleioverlap, andhe Kanangra PlatealNSW, where the distributions
of E. tympanunmandE? heatwoleioverlap. At the finer geographic scale, where water skinksccar
they broadly appear«to replace each ottedifferent elevationswith E. heatwoleiand E. quoyiiin the
foothills, E. tympanumn middle elevationareas, andt. kosciuskoon mountain tops (Jenkins & Bartell,
1980).However, there also are areas of habitat sympatry where different speomsicon the same log

(ie. E. heatwoleandE. tympanumHodges et al., 2007).

While differences irhabitat preferencketween the members of the quoyiigrouparesmall this
could have had significant evolutionary consequemgesn past environmental changelodges et a).
2007).The moistforest environmentef the east coast haexistedin varying patchiness and extent for
millions of yearsand probably covered much of the continent prightoonset of arid conditions in the
mid-Miocene~ 15 million years ago (MyaKershawet al, 1994 Macphail 2007).This broad climatic
shift is thought to have greatly contracted and fragmented formerly extensive mtimtlioas rainforest,
profoundly altering.the distributions of many specigsviewed in Byrne et 31.2008).O’Connor and
Moritz (2003) suggestedn ancient divergence betwetre nainly saxicoline and creek dwelling.
qguoyii group water. skinks anthe closely related moist forest gen&anguraand Gnypetoscincusis
well as speciesgin theEulamprus tenuisand murrayi complexes(now Concinnig Silvascincusand
Tumbunascincyssee'Skinner et al. 2013). More recently adated phylogeny for the Australian
Sphenomorphugroup estimated this deep divergence to have occurred arouilyap(Skinner et al.
2013). The crown age of th&. quoyiigroupwasinferred to be 12 Myavith subsegentintraspecific
divergence around 7 Myaonsistent with midate Miocene rainforest fragmentatiand the expansion
of open forests and woodlands associated with a drier climate (M2006).This timing is comparable
to studies of othetaxafrom eastern Australighat have dated major interspecific divergences to the late
MiocenéPliocene Chapple et al2011;Moussalli Hugall, & Moritz, 2005;Byrne et al. 2008 Couper et
al., 2008 Dubey & Shine 201Q Edwards & Melville 2019. While aridification and ainforest
contraction since themid-Miocene may haveriven extinction of rainforest specialist®r species such
as E. quoyii persisting in now drier forests, these pronounced historical landscape changes may hav
insteadpromoted ecdagical shifts towards more mesic microhabitats (O’Connor & Moritz, 2008 per

et al, 2008). Considerable ifferences were foundin the genetic signaturesf E. tympanumand E.
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heatwolei where they occur in sympatry at Tallaganda State Fofdss has been attributed to

palaeoenvironmental changes in the tliee, wherebyspecies with a tolerance for drier conditions
associated with higheelevationsuch ast. tympanumare thought tchave been less susceptible to
extinction during glacial periodsompared toE. heatwoleithat has a preference for more mesic sites

associate with loweglevations (Hodges et al., 2007).

Phylogeographic.structure

Our detailed mtBNA‘ phylogenyndicates substantial genetic structure within each of the recognised
species in the groupsée Appendix Figs. S1-54), with the exception othe geographically limitecE.
leuraensisfor which=we only had samples from a single localityithin each species, the majy of
intraspecific clades have relatively narrow geograplstributionsand are largely allopatrievhich may

be indicative of broadcale forest fragmentation in more recent timescelésle themesiceast coast of
Australia is generallythought to have been less influenced thg increased dryness, coolness and
windinessduring®glacial cycles, geomorphological and palynological evidémtieates foest refugia
during the Last=Glacial Maximum (~25 000 yr BWwgre much lesextensivethan today, andwere
concentrated in/discrete, protected sites along the eastern escaifimoantHesp & Bryant1994).The
semtarid zone is presumed to have extended eastwards into the Eastern Highlands (s&@39ppeith
widespread serarid environmats including mobile dundields occurringalong the eastermargin
(Thom et al._1994).In particular, insomeareas(such as the NSWentral coast)it is thought that
woodland or grassteever was patchy in extent during the LGM exposing baréleandet al. 1994),
whereas for ether areas such as the southeast highlands of Victoria there is little evidence for aridi
during this period (Kershaw et al2007). Unsurprisingly, genetic break® Eulamprusare largely
concordant witHowland dry habitat corridorgsee below)suggestingnoisturedeficientregions of drier

vegetation representieffective barriers to dispersal for the water skinks.

Deep intraspecificdivergenceshat also occur over small geographic distances are Be&n
kosciuskai a pattern likely related tthe distribution of these taxa geographically subdividedlpine
isolates (Glouaester Tops, Barrington Tops, Koscile ranges, and see Appendix Fig).S®opulations
of E. kosciuskoinhabitpatchily distributed montan@ealows along mountaintops, anteseappear to
act as “islands” of suitable habitat in aed of lower-altitude woodlands. The “sky island model”
predicts that alpine species will have limited gow between populations @uo theirgeographic and
ecdogicaliisolation(Knowles 2000;McCormack Huang, & Knowles2009) Diversificationis expected
through the divegent selective pressures generated from altitudinal habitat differences as well as
differentiation amonglifferentsky islands by genetidrift and/or selectioiMcCormack et aJ.2009).In
E. kosciuskqithe northermost samples (New England National Park to Glen Innes, NSW) are very

divergent from adjacent, southern New England (Riamukka/Werrikimbe) popujatiogssimilarly in
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southern NSW and Victoria there is fragmentation, with distinction of the Briddapebnowy
Mountains and Victorian populations, despite their relatively close proxifisymilar phylogeographic
pattern was found in thplague skinkLampropholis delicatawhich has a very similar distribution to
Eulamprusin mesic forests dowmastern AustraligChapple et al.2011). This genetically variable
speciesvas found to comprise multiple geographically structuredowarlapping cladewith a number

of divergent populations found on isolated uplagit®ombit Tops, Blackdown Tableland, Coolah Tops)
inland from the main, Great Dividing Range (Chapple et28l11).Our AHE phylogeny partitionthe
major clade®f E. kosciuskointo a northern and southern grasdit by the Huntelalley biogeographic
barrier, with E. fleuraensisaffiliated with the southern grougihe Hunter Valleybarrier comprises
extensive lowlandssflanking the Hunter River, and is characterised by dry, open woodland anchsavann:e
that partitions upland closed forest habitat to the n@t. Barrington Tops) and south (e.g. the Blue
Mountains) (Bryant & Krosch2016). It is also coincident with one of only a handful of regions where the
Great Escarpment is.absent or obsc@ee(Fig 5 oDllier, 1981).Palynological data indicatextensive
aeolian instability*during the LGNand presumably at punctuated arid periods of the Neogerik)s
region, withevidence”ofmobile dunefields found on the terraces of the Hawkesbury River, the lower
Hunter River up to Crowdy Head and Point Plomer in the NSW mid north coast (Thom 1&94l).
Disjunctions acrosthe Hunterregion have been found in a number of otieerestrialtaxa(eg. Chapple

et al, 2011, Di Virgilio, Laffan, & Ebach2012; Pepper et a014).

Eulamprus quoyiis delineated int@ number oftladesin our mtDNA phylogeny bupartitiors
into two major_lineages irour AHE phylogeny This deep phylogenetisplit is observedaround
Gladstone on the central QLD caaghis is not one of the commonly identifibetbgeographic barrriers
in the areathe weltkknown Saint Lawrence Gagee Bryant& Krosch, 2016)is almost 300 km to the
north. However glke the tidal estuaries &@aint Lavrence Gladstone Harboualso occupies a large
estwrine areaf Poart«Curtis.The Boyne and Calliope Rivers which drain the hinterland to the sgegh
enter the estuary through its southstern coast near Gladstone Harb@onaghan, 1966Much of the
landscapéo the west of the Port Curtis Estuary consista lwiw coastal pia, particularlyto the north of
the Calliope RiverRelief alsois subdued along the coast soethst ofthe Boyne River(Conaghan,
1966). While under present climatic conditions these river systems may be favotwablgamprus
during arid glacialperiods of the Neogene, drier conditions and cooler temperatures are thought to have
been particularly _pronounced in lowlands (Reeves et al.,, 2@aed alluvial fan sequences from
northeast QLD streams shalkamatic changes to stream environments duringatigylacial cycle (Nott,
Thomas, & Price, 2001). The sparser vegetation cover of grasslands and open woodlaaddopesh
generated large volumes of sediments into the streaigh are thought to have beenuch less
efficient at transporting sediment as a result of the lower rainfall. This lead to the develagment

extensive alluvial fan and debffiew deposits along the base of the escarpment of the east Australian
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highlands (Nott, Thomas, & Price, 2001l)and may have restricted the movement Bélamprus
populationsAnother deep, but shalloweivergence withirE. quoyiiseparates populations either side of
the McPhersoMacleay Overlap.This region is biogeographically complex as it is inferred to have
driven the disjunction of taxa that inhabit the open and dry forests either siddaihaof upland ranges
(Main, McPherson and Bordeas well as acting asdry lowlandbarrier to dispersal for closed forest
species (reviewed in Bryant & KroscB016)as seems the case fér quoyii It is noteworthy thathe
deepest divergenees, withih quoyiiall occur in QLD, with much shallower genetic structure along a
similar geographic_gradieatown the NSW coast, as well as through western NSW and into SA (see the
Role of Rivers below)The dfference in elevation of the GreBscarpmat is far greater in the southup

to 1500 m- butdesssthan 50 m in far north Queensl|antich suggests this has little to do with high
elevation isolates such asenin E. kosciiskoi. These deep splits withiE. quoyiialso directly coincide

with a second extensive region where the Great Escarpment is absent or obscure (See Fig 5 of Ollie
1981). Although there are numerous museum and sight record&.fguoyii from this area, which
extends more than*350 km from Brisbane to Cania Gorge National Park, it repeegaptin our genetic
sampling, otherithana divergent lineage represented by a single sample from Fraser Island. Hence, we

unable to resolve the pattern and position of contact and interaction of these twesliimetids region.

The distributionof E. tympanunappears to be limited to the north by the HuMaltey barrier.A
broadly distributed cladfollows the GreaDivide from central NSWo the coastal lowlands of southern
VIC and into SA."An,additional two divergent lineages with much smaller geogrdjsiitbutionsare
found inareasraroun®argoin VIC, and thewesternoutskirtsof the ACT, respectivelyPlateausuch as
the Dargo Hi@p Plains have been isolated from the main tablelands by erosion ,(QBi&t) and
populationsmay have been unable toaintainconnectivityduring inhospitable peglacial periodsThe
population in Namadgi National Park on the western border of the ACT are isolatetthdésarto the east

by the low-lying fleedplains of the Murrumbidgee River.

The Corangamite water skinku/amprus tympanum marniegearecently describedubspeas
(Hutchinson & Rawlinson, 199%ased ordifferences irscale counts andistinctive darkercolouration
that includesbold black longitudinal bars (Wilson & SwaR003).Its distribution isrestricted to the
basaltplainsof southwestern Victoriabetween Colac in the southeast drake Bolac in the nortest,
and is the only,water skink occurring within the naturally treeless grasslandstbéastern Australia
(Peterson & RobertsoR2011). Eulamprus tympanum marniealBois listed as Endangered on the IUCN
red list. We presenthe first genetic assessment of the subspeeams$our data indicate individuals
assigned to thé&. t. marnieaenorphotype ar@olyphyletic and partition into two geographically adjacent
and noroverlgpping groupdistribuied across the basalt plains of Victoaiad eastern South Australia

(collectively known as the Newer Volcanics Provirjb®/P]; Boyce, 2013).These groups are nested
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within the broadly distributedE. tympanumclade mentioned above, which shows little genetic
differentiation from central NSW through to eastern $Ae northern grougcomprises samples frothe
Hopkins Basinnear Lake Bolac, but alsacludessamples from the Grampians in the west through to
Heaksville in the easThe southergroupcomprises individualdirectly surroundind.ake Corangamite,
and also includesindividuals west to Carpenter Rocksn SA. An individual from eachgroup was
included in our AHE phylogenwhich showsthe individual from the “geographic” Lake Corangamite
clade (R49610asssister tahe Hopkins Basinindividual (D62033)which is nested witlthe remaininde.
tympanumsamples Volcanic activity was widespreaatcrosseastern Australighroughoutthe Cenozoic
(Wellman & McDougall 1974), with the most recent phase occurring in the NVP ~ 5000 BP (Boyce
2013). This voleanism produced extensive lava flows, especially in the Western Plains district of
Victoria. The ecological communities associated with this gecédgubstratere unique (the Southern
Volcanic Plain [SVP] IS one of Australia’s 89 bioregions
[http://www.environment.gov.au/land/nrs/science/ibra]), and undoubtedlyldgareimportant in shaping
the evolution of'bietarthat inhabit the regidndeedthe grassland legless lizalblma imparappears to
havea claderestricted tothe vdcanicsof the NVP (Maldonadg Melville, Peterson, & Sumneg012).
That the twoE. (tympanungroupsshare similardark-coloured morphotypebut are not eaclothers
closest relativessuggestpotentiallocal adaptation tthe peculiar basalt ridges and boulder heaps left by
the collapse of lava tunnels (Peterson & Robert2011). Colou variation in reptiles, including
melanism, is_known tde associatedvith differences in substrate coilo (Norris & Lowe, 1964;
RosenblumHoekstra; & Nachmar2004) IndeedHutchinson & Rawlinson (1995) note that melanism is
a feature of variation within nominate tympanum “A general trend is for roelwelling, streamside
populations to have a greater development of black dorsal flecking thadwéling, forest

populations....”.

Eulamprussheatwoldias a number of deep lineages. The most divergent clade is distributed along
the northern NSW coast, from Newcastle norttN&av England National Park and appears to be limited
to the south by the Hunter Valley barridhere aretwo subclades separated by lower elevations that
isolate the Barrington massif from the New England Tableldmah other lineages appetoy be very
restricted in their geographic distributions in the Blue Mountains NSW and theed?at Rangesf
centralVIC, respectively Additional sampling of tese populations will determingvhether these clades
reflect true shoftange endemism or if they are geographically more widespréadourth, more widely
distributedcladeis distributed from Coolah Tops in northern NSW througeasternvVIC with a disjunct
population in SA, with little genetic variation across this wide range (geRdle of Rivers below)Ve
lack sampling between the Cathedral Ranges and eastern VIC to assess ithe gudihature of any
contact between the CathedRdinge and eastern VIC lineages, although there are numerous museum

records for the intervening area (Hutchinson & Rawlinson, 1995).
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The role of riversn the distribution of two Eulamprus species

In addition to habitat or landscape barriers that limit gene flow in mesic taxa, riparian caltsdonsy
influence genetic structure by facilitating dispersal and gene flow through atbetwsuitable habitat
(Drake Blench, /Armitage, Bristow, & White2011).In inland eastern Australia, the arid and sard
regions of westernsQueensland and New South Wales are traversed by lowlandhdveeiisusaries of
the western flowing Murrayparling Basin Our data folE. quoyiireveas a cladethatextendsmore than
1200km from=coastal'northern New South Wales to eastern South Australia thmeugidtand semi
arid lowlands of-thesMurrafparling Basin(see Fig. 2)with very little genetic differentiation across this
vast areaThese mesic river corridongreviouslyhave beerinferredto facilitate genetic connectivity
between populations_of the large terrestrial monitor liAéadanus variusn coastal mesic habitats of
eastern Australia with those of South Australia (Smissen,&l3), as well as the skikampropholis
delicatawhich is*thought to have reached SA from southern NSW via an inland course ratheorthan fr
around thesoutherncoast(Chapple et al.2011).0One of our sampls (R162652)collectedfrom near
Wilcanniain westernNSW unambiguouslyillustrates the Darling Riveprovidesthe conduitfor gene
flow across NSW and into SA where a number of other individuals ftosnclade weresampled
Wilcanniais borderline semarid to desertvith an average rainfall glist 266mm per year (Australian
Government Bureau of Meteorology). That water skinks are maintaining genalfiay this dryland
river system often“eharacterised by waterholes of varying permanence and hydrological connectivit
(Bunn, Thoms; Hamilton, & Capgn2006),is a testament to how remarkably adapted theytare
Australian river environmentsA second independent example of this haligtance gene flow in
Eulampruscan be.seen in a clade Bf heatwolei where a disjunct population is found on the Fleurieu
Peninsula in SA¢Interestingly, the distributiontbfheatwoledoes not extend very far down the present
day Murray Rivers(see Hutchinson & Rawlinson. 1995), or the Murrumbidgee (see Sadier,S&
Shea, 2017), and it does not occur at all on the Lachlan River (see Swan, Sadlier, & She#, i28017).
possible thathe SA population may haveeenderived from ephemeral downwash events along Murray
and Murrumbidgee Rivers, with any intervening populations now extinct. Taigasy different situation

to E. quoyii which has a more continuous distribution along the Darling and lower MRivays

Conclusions

Using both traditional (Sanger) and ngeneration sequencing techniques, we have beétn tab
investigate andconfidently resolve relationships amondeulampruswater skinksat both inter and
intraspecific phylogenetic depthBor the many researchers that Esgamprusas a study systemuo

phylogeny will allowthem tointerprettheir data in an evolutionary context. In resolving pihglogeny
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for Eulamprus we have identifiedeveral issues that will need attentidtulamprusleuraensids nested
within what is currently considerdgl kosciuskoi rendering the latter taxgmaraphyleticWe also found
deepgenetic structure withirE. quoyii and E. heatwoleiand have found no genetic support for the
currently recognised subspecié&s tympanum marniea€This highlights the needfor a thorough
taxonomic revision of this group atigis will be dealt with elsewher@&he taxonomy and nomenclature of

E. quoyiiandE. heatwole@are the subject of current morphological studies by G. Shea and H. Pearson)
Finally, our resultsemind us othe duality & mito-nucleardatasets, and thmntinued value imnalysing

both. Though rates_of molecular evolution and phylogenetic informativeness vary considenably

our sampled 'mitechondrial and nuclear loci, investigating both provides a means toamud#rstfull

evolutionary story:

DATA ARCHIVALEIZOCATIONS
FigshareDOI information (L0.6084/m9.figshare.c.40921)d4 available for

— Anchored.phylegenomic data (nexus format).

— Sanger data alignment, concatenated (nexus format).
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Figure 1. Phylogenomic analyses provide consistent support of interspecific relationshigrsy a
Eulampruswater skinks, regardless of reconstruction method. Lizard images to the left depict the relative
size and appearance of each species. The first and third trees in this figure were constructed usi
anchored phylogenomics data (nuclear exenBNA), resultng in identical topologies between the full
(378) and filtered=(281) datasets. On these two trees (nDNA starBEASVA AAB5TRAL), nodes
labelled with a white‘circle denote fully supported relationships (posterior pligbabl, bootstrap =

100), with al other*nodes labelled according to estimated support. Note terminah beagths in
ASTRAL analysisvare fixed, and not to scale. The middle phylogeny has been recedsiigioy the
mitochondrial locus ND4 (mtDNA), with nodes labelled by a red circle cansttao match the nuclear
species tree topology. Intraspecific relationships of the mtDNA tree remained unconstrained, and are us
to illustrate the sampling depth, and relative diversity of each speciess loabttle far right of this figure
match he nDNA"ASTRAL tree, run on phased haplotype data, where each taxon is reprégetted
terminal tips representing the phased alleBssmpling data for each individual can be foundppendix

Table S1. Colors designated for each species correspond to sampling maps in Figure 2, spetifitra

mtDNA phylogenies in supplemental materials (Apperkdgs S+S4).

Fig. 2. Top leftiis.a.topographic map of the Australian continent (red = high, green = low, mzaage

lines = white). Bottom left map shows finer scale drainage lines (Global Map Australia 1M 2001,
Geoscience Australia) overlain on to a digital elevation model in{&pettle Radar Topography
Mission) where dightygrey equates to areas of high elevation, and dark grey equateas of low
elevation.Thick dark-grey lines indicate biogeographic barriers mentioned in the text. Stippldohbtue
indicate the major rivers; Darling River (DR), Lachlan River (LR), Murrumbidgee River (MBR), Murra
River (MR). Coloured symbols represent sampliocglities for two clades that use rivers to facilitate
long distance gene flow. Purple triangles indicate one ofEheuoyii clades, while green circles
representing our sample localities for one of Ehdneatwoleclades State boundaries are shown by thin
grey lines. QLD = _Queensland, SA = South Australia, NSW = New South Wales, AQistralian
Capital Territory, VIC = VictoriaRight panel shows the distribution of the figelamprusspeciesiE.

quoyii (A, purple),E. kosciuskoand E. leuraensigB, yellow and red, respectivelyls. heatwolei(C,
green) ancE. tympanun{D, pink). Different coloured shapes on each map refer to major clades within
each species, whereas small black + symbols refer to museum locality records. Relevant biogeograpl
barriers from the left large map have been overlain.

(Photo credit: Stephen Zozaya & Stewart Macdonald).
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Fig. 3. The rate of molecular evolution differs considerably among mitochondrial and nimbgar
providing resolution at differing evolutionaryades. (a) paristic distances as estimated by maximum
likelihood using the mtDNAND4) and nDNA (AHE) are correlated, providing moderately consistent
estimates of malecular distance among taxa (though differing in absolute scale). (b) these distances a
on average, 3fold.greater when estimated using the mitochondrial Id¢Dg alone. (c) at certain
evolutionary depthd\\D4 (red line) provides nearly an order of magnitude more phylogenetic information
than the average=AHE locus (grey lines), however lables independent sources of phylogenetic

information inherentin next generation multilocus nuclear datasets.
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