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Though Pleistocene refugia are frequently cited as drivers of species diversification, comparisons of mol-

ecular divergence among sister species typically indicate a continuum of divergence times from the Late

Miocene, rather than a clear pulse of speciation events at the Last Glacial Maximum. Community-scale

inference methods that explicitly test for multiple vicariance events, and account for differences in ances-

tral effective population size and gene flow, are well suited for detecting heterogeneity of species’

responses to past climate fluctuations. We apply this approach to multi-locus sequence data from five

co-distributed frog species endemic to the Wet Tropics rainforests of northeast Australia. Our results

demonstrate at least two episodes of vicariance owing to climate-driven forest contractions: one in the

Early Pleistocene and the other considerably older. Understanding how repeated cycles of rainforest con-

traction and expansion differentially affected lineage divergence among co-distributed species provides

a framework for identifying evolutionary processes that underlie population divergence and speciation.

Keywords: community phylogeography; lineage divergence; Litoria; Australia Wet Tropics
1. INTRODUCTION
Climatic oscillations during the Late Quaternary greatly

affected the global distribution of biomes and sea levels,

with concomitant effects on the distributions and diversi-

fication of species [1]. These climatic oscillations, driven

by Milankovitch orbital cycles, repeatedly altered the dis-

tributions of biomes and species from the Late Miocene

continuing throughout the Pliocene and Pleistocene

[2,3]. In spite of the cyclical nature of these fluctuations,

many phylogeographic studies focus on the effects of the

Late Pleistocene, and especially the rapid and pro-

nounced cycles of the Last Glacial Maximum (LGM),

from which the richest palaeo-ecological records are avail-

able. Though Pleistocene refugia are frequently depicted

as drivers of species diversification, comparisons of mol-

ecular divergence among sister species indicate a

continuum of divergence times from the Late Miocene

to Recent, rather than a clear pulse of speciation events

at the LGM [4–8]. Comparative studies of birds suggest

that reproductively isolated sister taxa with overlapping

distributions typically split during the Pliocene or Early
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Pleistocene and experienced recurrent cyclic changes

whereas lineages that diverged during the Late Pleistocene

more often show incomplete isolationorare non-overlapping

geographically [4,9–12]. Conversely, genetic or phenotypic

divergence established during glacial periods may be

reversed by intermittent (e.g. interglacial) connections and

subsequent widespread introgression between previously

isolated populations [3,13].

Phylogeography across multiple species with overlapping

ranges provides a powerful approach for evaluating models

of single versus multiple climate-driven vicariance events

across a shared landscape [14,15]. Variation in molecular

(mitochondrial and allozyme) divergence among species

with a geographically congruent phylogeographic break is

a well-documented pattern [15]. A more rigorous approach

is needed, however, to disentangle the effects of ancestral

effective population size and potential gene flow during

periods of high connectivity (e.g. [16]). Community-

scale inference methods that account for these interacting

processes and explicitly test for heterogeneity of divergence

times are well suited for detecting variation in species’

responses to climate fluctuation [17,18]. Application

of this approach to comparative mitochondrial DNA

(mtDNA) phylogeographic data has revealed disparate

divergence times (multiple vicariance events) for marine

taxa across the isthmus of Panama [17] and for terres-

trial taxa across the central Baja peninsula [19]. mtDNA,
This journal is q 2011 The Royal Society
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like any single gene, is subject to stochastic processes and

artefacts owing to selection [20]; thus combining mtDNA

and multiple nuclear DNA (nuDNA) loci should provide

more reliable inference of community-scale response to

habitat fluctuation. Here, we extend the community

phylogeographic approach from mtDNA to a comparative

multi-locus analysis to test for single versus multiple vicar-

iance events in stream-breeding frogs from the rainforests

of northeastern Australia—the ‘Australian Wet Tropics’.

The Australian Wet Tropics (AWT) rainforests have

emerged as a model system for understanding effects of

climate-driven habitat fluctuation on distributions and

genetic diversity of widespread and montane taxa [21–

24]. Initial comparative phylogeography of frogs and

lizards revealed several-fold differences in mtDNA diver-

gence across a common biogeographic break—the Black

Mountain Corridor (BMC)—indicating divergence

times that ranged from the LGM to the Pliocene or earlier

([22], reviewed in [25]). Multi-locus analyses of reptiles

indicate deep (Early Pleistocene–Pliocene) divergences

between phylogeographic lineages [26,27] and more

recent range expansions. These results are spatially con-

sistent with models of potential species’ ranges under

inferred LGM palaeoclimates; yet the estimated diver-

gence times clearly predate the most recent cycle of

climate oscillations. Thus, we hypothesize that preceding

climatic cycles also sundered species ranges into divergent

lineages that have not been obscured by subsequent gene

flow. Alternatively, and for species tolerant of edge or

open forest habitats in particular, ancient divergences

among refugial areas may be obscured by episodic

introgression during rainforest expansion phases, which

highlights the importance of implementing divergence

models that include the potential for migration [28].

Using multi-locus sequence data (mtDNA and 7–10

nuDNA loci) from five species of co-distributed frogs, we

test for the presence of single versus multiple vicariance

events across the BMC. To the extent that the degree of

rainforest restriction and reliance on streams affect species’

responses to climatic fluctuation, we expect divergence

times and migration rates to vary between species. Specifi-

cally, we expect to recover strongest signatures of isolation

in species highly dependent on streams within rainforest

habitats (e.g. Litoria serrata, Litoria rheocola and Litoria

dayi ), intermediate divergence in species restricted to

specialized habitats (Litoria nannotis, a torrent specialist)

but which can occur in dry forest as well as rainforest and

minimal divergence with consistent migration in species

restricted to neither rainforest nor specific stream habitats

(e.g. Litoria jungguy) [29–31].
2. METHODS
(a) Sampling details

We sampled across the AWT rainforest system, with equal

representation of populations on both sides of the BMC

suture zone. The exact location of the phylogeographic break

varies slightly for each species; in particular, populations in

the Malbon Thompson range and the Lamb Uplands are

‘northern’ in some species and ‘southern’ in others based on

previous mitochondrial studies [25]. We stratified sampling

across the geographical ranges of the species and known

mtDNA lineages [22]. Litoria jungguy comprises the northern

distribution of the L. lesueuri species complex [32], and
Proc. R. Soc. B (2012)
multi-locus analyses indicate that all populations in the cen-

tral–northern AWT are pure L. jungguy, whether they occur

in open or closed forest habitats (J.B.M., S. Donnellan,

C.M. 2011, unpublished data). The mitochondrial sampling

ranged from 42 to 134 samples per species and the nuclear

sampling ranged from 15 to 36 samples per species (electronic

supplementary material, table S1).

(b) Genetic data collection

We extracted total genomic DNA from toe clips preserved in

95 per cent ethanol [33]. We amplified and sequenced one

mitochondrial fragment (COI or ND4) in each species as

well as 7–10 nuclear loci. To amplify COI (L. nannotis,

L. rheocola, L. serrata, L. dayi ), we used published primers

(Cox/Coy [22]). Polymerase chain reactions (PCRs) included

20 ng of total DNA in a final volume of 10 ml containing: 1�
buffer, 1.5 mM MgCl2, 0.6 mM of each primer, 0.4 mM

dNTP mix and 0.04 units of Taq polymerase. Amplification

was carried out as follows: initial denaturation for 3 min

at 948C, followed by 10 cycles (30 s denaturation at 948C,

30 s annealing at 488C, 60 s extension at 728C), 25 cycles

(30 s denaturation at 948C, 30 s annealing at 508C, 60 s exten-

sion at 728C) and a final extension for 7 min at 728C. For ND4

(L. jungguy), we used published primers (ND4 [34] and

Limno2 [35]). PCRs included 20 ng of total DNA in a final

volume of 10 ml containing: 1� buffer, 0.6 mM of each

primer, 0.8 mM dNTP mix and 0.025 units of Taq polymerase.

Amplification was carried out as follows: initial denaturation

for 3 min at 948C, followed by 35 cycles (45 s denaturation

at 948C, 45 s annealing at 558C, 60 s extension at 728C) and

a final extension for 7 min at 728C.

For nuclear genes, we used one published locus (b-crystallin

[36]) and developed further nuclear loci by sequencing clones

from a cDNA library for L. serrata, which were blasted against

the Gallus and Xenopus genomes to establish the locations of

exon and, by inference, intron regions. Primers, designed

using PRIMER3 v. 0.4.0 [37], were anchored in conserved regions

of exons flanking the intron sequence. Details for loci developed

in this study are in electronic supplementary material, table S2.

PCRs included 20 ng of total DNA in a final volume of 12.5 ml

containing: 1� buffer, 1mM betaine, 0.75 mM of each primer,

0.08 mM dNTP mix and 0.04 units of Taq polymerase. Amplifi-

cation was carried out with initial denaturation for 3 min at

958C, followed by 35 cycles (30 s denaturation at 958C, 30 s

annealing at 57–598C (electronic supplementary material,

table S2) and 45 s extension at 728C) and a final extension

for 7 min at 728C. Depending on the species, we amplified

approximately 2300 total base pairs across seven loci to 4400

total base pairs across 10 loci. PCR products were visualized

on an agarose gel, purified using ExoSAP-IT (USB) and

sequenced using BIGDYE v. 3.1 (Applied Biosystems) on an

ABI 3730 automated DNA sequencer. DNA sequences were

edited using SEQUENCHER v. 4.7 (Gene Codes Corporation)

and are accessioned in GenBank (JN130400–JN131474).

Sequences less than 200 base pairs in length are deposited in

the Dryad Repository (doi:10.5061/dryad.1cf5d).

(c) Mitochondrial data analysis

Sequences were aligned using CLUSTALX v. 2.0.10 [38]. We

implemented MRMODEL TEST v. 2.3 [39] to establish which

substitution models best fit each dataset (HKY for L. dayi;

HKY þ G for L. jungguy, L. rheocola and L. serrata; and

GTR þ G for L. nannotis). Bayesian phylogenetic analyses

were conducted using MRBAYES v. 3.1.2 [40] with datasets
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partitioned by codon position. We allowed six incrementally

heated Markov chains to proceed for 20 million generations,

sampling every 1000 generations. Bayesian posterior prob-

ability values were estimated from the sampled trees

remaining after 2000 burn-in samples were discarded and

convergence was evaluated using the standard deviation of

split frequencies. We used ARLEQUIN v. 3.1 [41] to calculate

nucleotide diversity (us, up) and sequence divergence (Dxy

and Da using the Tamura–Nei model) for the northern

and southern lineages.

(d) Nuclear data analysis

Sequences were aligned using CLUSTALX v. 2.0.10 [38]. To

resolve haplotypes from heterozygous individuals, we used

PHASE v. 2.1 [42]. For individuals with heterozygous indels,

we used CODONCODE ALIGNER v. 2.0 (CodonCode Corpor-

ation) to resolve haplotypes. For the northern and southern

lineages, we calculated nucleotide diversity (us, up) and

sequence divergence among populations (Dxy and Da using

the Tamura–Nei model). All calculations were conducted in

ARLEQUIN v. 3.1 [41]. We used a linear model (implemented

in R v. 2.9.2) to test for an association between mitochondrial

and average nuclear values of sequence divergence (Da) and

nucleotide diversity (up).

To visually represent overall divergence patterns, we used

a multi-locus, individual-based network approach. We used

PAUP v. 4.0 [43] to create genetic distance matrices between

phased haplotypes at each locus using the HKY85 [44]

model. Using POFAD v. 1.03 [45], we combined individual

locus matrices into one, multi-locus distance matrix (equally

weighted across loci). Finally, we constructed a genetic net-

work of the multi-locus distance matrix in SPLITSTREE

v. 4.6 [46] using the NeighborNet algorithm [47].

(e) Test of simultaneous vicariance

To explicitly test for simultaneous vicariance in the five taxa,

we used MTML-msBayes, a hierarchical approximate

Bayesian computation (ABC) method that allows for across-

species demographic variation, inter-gene variability in

coalescent times and DNA mutation rate heterogeneity

[48,49]. The analysis was conducted in three stages. We first

compared models of migration versus isolation post-

divergence for each species, then we tested for temporal

congruence in divergence and finally, we estimated the

timing of divergence events. For comparison, all three stages

of analysis were conducted using the mtDNA-only dataset,

as well as the combined mtDNA and nuDNA dataset. To

avoid confounding the analysis, we removed L. jungguy

samples from localities with potential hybridization.

To compare the relative likelihood of a model with complete

isolation between lineages north and south of the BMC

(species-pairs) versus a model with low levels of post-isolation

migration, we used ABC model choice for each of the five

species. Under the post-isolation migration model, migration

ranged from 0 to 1.0 migrants per generation across the

BMC after the time of isolation. Simulated data using par-

ameter values randomly drawn from both isolation and

migration models with equal probability (3 000 000 simu-

lations each) were used to approximate the posterior

probability of these two models by using the 500–1000 short-

est Euclidian distances of the summary statistic vectors (see

below) between the observed data and the corresponding

500–1000 simulated datasets out of a total 6 000 000 simu-

lated datasets. This was followed by a logistical regression
Proc. R. Soc. B (2012)
transformation between the two model indicator variables

and corresponding simulated summary statistic vectors to

improve the accuracy of the posterior model choice procedure

[50]. A Bayes factor was used to compare support for either the

isolation or migration model [51].

The ABC model choice procedure used a summary stat-

istic vector consisting of five quantities that in combination

are shown to discriminate between isolation and migration

models given multi-locus data and this hierarchical ABC

technique [49]. These are: (i) p, the average number of pair-

wise differences among all sequences within each species

pair; (ii) qW, the number of segregating sites within each

species pair normalized for sample size [52]; (iii) s.d. (p 2

qW), the standard deviation in the difference between these

two quantities; (iv) pnet, net average pairwise differences

between two descendent species samples [53]; and (v) Wake-

ley’s CW, a derivation of the interpopulation correlation

coefficient of the number of pairwise differences between

species pairs. This latter summary statistic was originally

developed to be useful for distinguishing migration from iso-

lation models [54,55].

The second stage of the analysis estimated the amount of

temporal congruence for vicariance across the BMC in all

five species while incorporating for each species the diver-

gence model with the greatest support (complete isolation

or low levels of migration). Under the most probable

model, hierarchical ABC was used to estimate Var(t)/E(t),

the dispersion index of divergence times (t) which takes a

value of 0 under simultaneous vicariance. All possible

multi-taxa models of divergence were modelled by exploring

the full hyper-prior range of the hyper-parameter C, the

number of different divergence times across a total of Y

species pairs under the most likely model, whereby C is

drawn from a discrete uniform hyper-prior, in this case ran-

ging from 1 (simultaneous vicariance) to 5 (complete

incongruent vicariance). To quantify the posterior strength

in comparing simultaneous with non-simultaneous vicar-

iance, a Bayes factor B(C ¼ 1,C . 1) was calculated, such

that values greater than 10 suggested strong support of sim-

ultaneous vicariance [51].

The third stage of analysis involved estimating the

common divergence times across taxa for which there is sup-

port for simultaneous vicariance. The divergence time (ti) of

each of the Y taxon-pairs was scaled for each taxon-pair rela-

tive to its effective population size (Ni), i.e. ti ¼ ti 4Nig, where

g is the generation time in years. To estimate a common

divergence time across species, given that each species has

a unique value of Ni, each ti was rescaled using the relation-

ship t ¼ tiuib, where b ¼ uAVE/ui, and uAVE is the mean of the

prior for u. For example, if a population pair happens to have

a small Ni and a large ti (in units of 4Nig), its globally

expressed divergence time t will be directly comparable to

a population pair with an equal divergence in absolute time

but with differing Ni (and hence differing ti). Conversion

of each divergence event t into years is then t ¼ t 4NAVE g,

where 4NAVE ¼ uAVE/m and m is the average per gene per

generation mutation rate. Generally, loci are assumed to

be unlinked and have rate variability with rate differences

that are scaled from the mean of a gamma distribution.

We used a mean substitution rate of 1 per cent Myr–1 for

mitochondrial genes [56] and a mean substitution rate of

0.2 per cent Myr–1 for nuclear genes, the latter based on esti-

mates of mutation scalars inferred from preliminary IMa

analyses [57]. Gamma-distributed rate heterogeneity across
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genes and uncertainty in the shape parameter a of this

gamma distribution were incorporated by randomly drawing

a from a uniform hyper-prior distribution as described in

Huang et al. [49].

In both the second and third stages of analysis, we used the

500–1000 shortest Euclidian distances between the observed

summary statistic vectors and those calculated from the

corresponding 500–1000 simulated datasets out of a total of

3 000 000–15 000 000 simulated datasets using hyper-

parameter values randomly drawn from the hyper-prior [49].

To improve ABC estimation of the dispersion index of

divergence times and the divergence times themselves, we use

weighted local linear regression on the 500–1000 accepted sum-

mary statistic vectors and their associated hyper-parameter

values [58]. As in the first stage comparing isolation and

migration models, when calculating B(C¼ 1,C . 1) to

compare hyper-posterior probabilities between simultaneous

and non-simultaneous vicariance, we use a polychotomous

regression adjustment on the 500–1000 accepted summary

statistic vectorsand their associatedhyper-parameter values [50].
3. RESULTS
(a) Mitochondrial and nuclear phylogeography

The mitochondrial phylogenies of all five species recovered

varying levels of net sequence divergence (dA) between

lineages north and south of the BMC region, ranging

from 1.6 per cent in L. rheocola, to 14.4 per cent in

L. serrata, with intermediate values in L. jungguy (3.7%),

L. dayi (6.2%) and L. nannotis (6.5%; figure 1 and elec-

tronic supplementary material, table S3). Consistent with

previous studies [22], L. nannotis populations south of

the BMC formed two highly divergent (dA ¼ 6.7%) para-

patric lineages: one in the central AWT and the other in

the south.

The multi-locus distance networks were largely con-

gruent with the mitochondrial phylogeography in terms

of locations of genetic breaks and the relative magnitude

of divergence (figure 1). There were two notable excep-

tions. First, though most northern and southern

populations of L. jungguy were reciprocally monophyletic

in the mitochondrial phylogeography, there was substan-

tial geographical overlap of these mtDNA lineages in

the central AWT and the nuclear loci indicated very

little, if any, differentiation across the BMC (dA ¼

0.001, p . 0.05). Second, there was no corresponding

nuclear gene divergence (dA ¼ 0.001, p . 0.05) between

the distinct southern and central mitochondrial lineages

of L. nannotis. Otherwise, estimates of nuclear gene diver-

gence (dA) between lineages distributed either side of the

BMC suture zone were significant and were correlated

with mitochondrial estimates with an approximately

10-fold difference in per cent divergence (slope ¼ 0.12,

p , 0.01; figure 2 and electronic supplementary material,

table S3). In contrast, estimates of nuclear gene diversity

within lineages (up) were highly variable and were

not correlated to corresponding estimates for mtDNA

(slope ¼ 20.02, p . 0.05; electronic supplementary

material, table S3).

(b) Test of simultaneous vicariance

Given the mtDNA data only, Bayes factors strongly sup-

ported isolation over migration for all five species (Bayes

factor ¼ 275.50). In the multi-locus analyses, however,
Proc. R. Soc. B (2012)
Bayes factors strongly supported isolation in three of the

five taxon-pairs (L. serrata, L. nannotis and L. dayi, Bayes

factors from 11.03 to 31.61) but could not resolve an iso-

lation model from a low-migration model in the other two

taxa (L. jungguy and L. rheocola, Bayes factors ¼ 0.49 and

0.48). Therefore, we performed subsequent analysis separ-

ately for these two groupings of taxon-pairs, considering L.

jungguy and L. rheocola under both the isolation and the

migration models and the pure isolation model only for

L. serrata, L. nannotis and L. dayi.

The mtDNA-only and combined datasets were indica-

tive of multiple vicariance events, though support for

multiple vicariance was slightly decreased in the analyses

that split taxa to allow for differing histories of post-

divergence migration. When we assumed no migration

post-isolation in both the mtDNA-only and the combined

datasets, there was little support for simultaneous vicariance

events across all five taxon-pairs (mtDNA only B(C ¼

1,C . 1)¼ 0.02 and combined data B(C ¼ 1,C . 1)¼

2.42, figure 3)). When we analysed the two groupings of

taxon-pairs separately with the combined dataset, we like-

wise found little support for simultaneous vicariance

events across the BMC in either the three taxa that diverged

under the isolation model (B(C ¼ 1,C . 1)¼ 3.06) or the

two taxa that diverged under the post-divergence migration

model (B(C ¼ 1,C . 1)¼ 1.07).

The mitochondrial-only analyses indicated a spread of

divergence times across species ranging from approxi-

mately 0.5 Myr in L. jungguy to 4.5 Myr in L. serrata

(figure 3b). Our multi-locus analyses demonstrated that

isolation and divergence across the BMC into southern

and northern lineages, with the exception of L. serrata,

was more temporally congruent (Bayes factor for 2

versus greater than 2 divergence times ¼ 3.56) and com-

menced in the Early Pleistocene or Late Pliocene (figure

3d). When we allowed for some introgression across the

BMC in L. jungguy and L. rheocola, however, we recov-

ered additional periods of isolation and divergence and

the temporal estimate for these periods was much less cer-

tain (dashed lines in figure 3d). To get the most accurate

temporal estimate of community-scale vicariance in the

four taxa that probably split in the Early Pleistocene (no

migration model, figure 3d), we ran the hierarchical ABC

model to test for simultaneous vicariance and the corre-

sponding divergence time estimate [17]. In this case, the

timing of simultaneous isolation of northern versus

southern lineages of L. jungguy, L. rheocola, L. dayi and

L. nannotis was in the Early Pleistocene (Bayes factor ¼

4668.00) approximately 1.5 Myr before present (95%

credibility interval: 30 000–3.70 Myr). The split between

northern and southern lineages of L. serrata was older,

most probably in the Early Pliocene or Late Miocene

approximately 5.8 Mya (figure 3d; 95% credibility interval:

3.70–17.08 Myr).
4. DISCUSSION
Using multi-locus sequence data from five co-distributed

frog species, we demonstrate temporal heterogeneity in

response to a common history of climate-driven forest

dynamics. Substantial variation in the degree of genetic

differentiation of all five species across the BMC is appar-

ent from the mitochondrial phylogeography. For instance,

in L. serrata, the genetic break across the BMC is very
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deep with minimal fine-scale genetic structure within

either the northern or southern lineages. At the other

extreme, L. rheocola exhibits shallow genetic divergence

across the BMC and more structured genetic diversity

within each of the northern and southern lineages (see

also [22]). Community-scale inference methods, based

on the mtDNA-only and on the multi-locus dataset, indi-

cate substantial variation in the timing and degree of

historical isolation, with consistent support for multiple

vicariance events.
Proc. R. Soc. B (2012)
The timing and degree of isolation for each of the five

species is only partly associated with ecological specializ-

ation and dependence on rainforest habitats. Litoria

serrata, one of the species with the greatest degree of eco-

logical specialization, exhibits signatures of long-term

isolation and substantial divergence dating to the Pliocene.

The other two species highly dependent on the rainforest

habitat (L. rheocola and L. dayi) as well as the two species

less reliant on the rainforest habitat (L. nannotis and

L. jungguy) exhibit signatures of divergence consistent
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with more recent isolation, or in the case of L. jungguy and

L. rheocola, ancient divergence with varying levels of sub-

sequent gene flow.

In general, the nuclear loci are consistent with the

mitochondrial phylogeography, and the nuclear and mito-

chondrial estimates of sequence divergence across the

BMC are highly correlated with an approximately 10-fold

difference. However, inconsistencies between mtDNA

and nuDNA in L. nannotis and in L. jungguy amply illus-

trate the importance of multi-locus studies. For example,

the populations of L. nannotis south of the BMC form

two distinct mitochondrial lineages, a pattern documented

in previous molecular studies [22], but this division is not

supported by nuclear loci. Though this discrepancy may

result from stochastic processes [59] or geographically

varying selection on mtDNA [60], it might also reflect

Early Holocene expansion of the central lineage into relic-

tual southern populations, with distinct southern

mitochondrial alleles becoming fixed at the wavefront

(allele surfing [61]). Like L. nannotis, several reptiles ende-

mic to wet tropics, such as Carlia rubrigularis [26],

Lampropholis coggeri [27] and Saproscincus basiliscus [62],

also exhibit distinct mtDNA lineages in the southern

AWT, and for L. coggeri, this is supported by multi-locus

data. All three species along with L. nannotis are tolerant

of edge habitats [31], such that they could have persisted

in marginal habitats during glacial periods.

The inconsistency between markers in L. jungguy is

considerable in that the mitochondrial divergence

observed between northern and southern populations is

not recovered across multiple nuclear loci. In this

instance, minimal structure across multiple nuclear loci

indicates either broad-scale introgression across a broad
Proc. R. Soc. B (2012)
contact zone in the central AWT, or perhaps that

populations of L. jungguy remained connected across

the BMC during the extended periods of rainforest repla-

cement by drier habitats. Litoria jungguy, in contrast to

most wet tropics species, tolerate dry forest habitats

and are broadly distributed throughout dry sclerophyll

forests in northeast Australia [32]; thus, it is conceivable

that rainforest contraction did not limit migration across

the range of this species.

Though mtDNA alone are often sufficient to detect

major historical lineages [63], and here mtDNA lineages

distributed either side of the BMC barrier are typically

congruent with nuDNA evidence, multi-locus analyses

are critical to obtain reliable estimates of historical demo-

graphic parameters that provide insight into underlying

processes [64]. Our analysis of community vicariance

based on a single mitochondrial locus is suggestive of mul-

tiple vicariance events, but lacks the statistical power to

estimate the number and timing of divergence events. In

contrast, the multi-locus analysis clearly rejects a single

vicariance event in favour of two discrete episodes of vicar-

iance, and while estimates of divergence time remain

approximate, they are generally consistent with repeated

effects of Pliocene and Pleistocene climate cycling across

this geologically stable landscape. When we allow, in

appropriate cases, for post-divergence migration in the

multi-locus analysis, we still reject simultaneous vicariance

across the five species, but the number and timing of diver-

gence events are more ambiguous. This ambiguity reflects

the increase in complexity of models and probably requires

a substantial increase in the number of independent loci

to resolve. The demographic models for both L. rheocola

and L. jungguy were consistent with low levels of migration
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post-isolation. Though this implies that episodes of rainfor-

est contraction did not limit migration across the BMC as

strongly in these species, ephemeral divergence or multiple

cycles of isolation and subsequent introgression can pro-

duce a similar pattern of apparent genetic and phenotypic

stasis [13].

This study clearly demonstrates the advantages of com-

parative phylogeography, across both taxa and multiple

loci, for disentangling how repeated vicariance events

shape genetic diversity in a biogeographic system. Studies

of community vicariance inform how species differ in

their responses to a shared geographical and climatic his-

tory, and also shape expectations for further studies of

speciation and the evolution of reproductive isolation. For

instance, lineages that diverged in response to earlier (e.g.

Pliocene or Late Miocene) climatic fluctuations are

expected to exhibit stronger post-zygotic isolation than

those that formed in response to more recent (Mid–Late

Pleistocene) climatic cycles [4,12]. Previous studies of the

early-diverging lineages of L. serrata (formerly Litoria geni-

maculata) found strong post-zygotic isolation and also

evidence for pre-zygotic isolation when there is potential

for reinforcement [65]. Divergence in the other species

examined in this study is more recent; thus, we predict

that reproductive isolation between lineages will be

weaker in these taxa. Understanding how repeated cycles

of rainforest contraction and expansion shaped current
Proc. R. Soc. B (2012)
genetic diversity provides a framework for identifying evol-

utionary processes that underlie population divergence and

speciation.
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