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Relationships among multilocus genetic variation, geography, and environment can reveal how evolutionary processes affect

genomes. We examined the evolution of an Australian bird, the eastern yellow robin Eopsaltria australis, using mitochondrial

(mtDNA) and nuclear (nDNA) genetic markers, and bioclimatic variables. In southeastern Australia, two divergent mtDNA lineages

occur east and west of the Great Dividing Range, perpendicular to latitudinal nDNA structure. We evaluated alternative scenarios

to explain this striking discordance in landscape genetic patterning. Stochastic mtDNA lineage sorting can be rejected because the

mtDNA lineages are essentially distinct geographically for > 1500 km. Vicariance is unlikely: the Great Dividing Range is neither

a current barrier nor was it at the Last Glacial Maximum according to species distribution modeling; nuclear gene flow inferred

from coalescent analysis affirms this. Female philopatry contradicts known female-biased dispersal. Contrasting mtDNA and nDNA

demographies indicate their evolutionary histories are decoupled. Distance-based redundancy analysis, in which environmental

temperatures explain mtDNA variance above that explained by geographic position and isolation-by-distance, favors a nonneutral

explanation for mitochondrial phylogeographic patterning. Thus, observed mito-nuclear discordance accords with environmental

selection on a female-linked trait, such as mtDNA, mtDNA–nDNA interactions or genes on W-chromosome, driving mitochondrial

divergence in the presence of nuclear gene flow.
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SPECIAL SECTION

Evolutionary processes (e.g., genetic drift, natural selection, and

gene flow) operate at different times and places in species’ histo-

ries, differentially affecting genomes and phenotypes; thus, under-

standing their roles in speciation remains challenging (Coyne and

Orr 2004; Price 2008; Butlin et al. 2009; Smadja and Butlin 2011).

Discordant geographic patterns within and among genomes in

a species could result from coalescent variance (Lohse et al.

2010), genetically localized selective sweeps (Bensch et al. 2006),

life-history traits (e.g., sex-biased philopatry/dispersal; Turmelle

et al. 2011), different modes of marker inheritance (and thus effec-

tive population sizes), or differential marker behavior following

secondary contact (Petit and Excoffier 2009). A recent review

(Toews and Brelsford 2012) found that mito-nuclear discordance,

a major difference in the patterns of differentiation between mito-

chondrial and nuclear DNA, is a common phenomenon in animal

systems. In the great majority of reviewed cases, mito-nuclear

discordance arose following allopatric divergence and secondary

contact (Toews and Brelsford 2012). This is expressed either in

more structuring and/or narrower geographic clines in mtDNA

compared with nDNA (usually explained by nuclear introgres-

sion and/or sex-biased asymmetries including dispersal, mating,

or offspring survival) or relatively less structuring and/or wider

geographic clines of mtDNA, usually explained by adaptive in-

trogression of mtDNA, demographic disparities including genetic

drift, or sex-biased asymmetries. Historic isolation and secondary

contact can also result in coexistence of deeply divergent mito-

chondrial lineages in sympatry in one panmictic population (Zink

et al. 2008; Webb et al. 2011; Hogner et al. 2012). However, in four

cases, all involving avian systems, strong mitochondrial but not

nuclear structure has arisen in the absence of obvious geographic

isolation (Irwin et al. 2005; Cheviron and Brumfield 2009; Ribeiro

et al. 2011; Spottiswoode et al. 2011). Furthermore, in two bird

species, mitochondrial but not nuclear structure correlated with

environmental variation (Cheviron and Brumfield 2009; Ribeiro

et al. 2011), suggesting that mtDNA haplotypes might be differ-

entially adapted to environmental conditions. Growing evidence

of selection on mtDNA (Ballard and Whitlock 2004; Bazin et al.

2006; Meiklejohn et al. 2007) indicates that this process might be

more common than recognized, although it is rarely tested for in

phylogeographic studies (Toews and Brelsford 2012). Links be-

tween mitochondrial variation and energy metabolism (Mishmar

et al. 2003; Tieleman et al. 2009) suggest that mtDNA data should

be routinely examined in relation to environmental variables in

species distributed over wide ranges of climatic conditions. Mul-

tilocus investigation of spatial genetic structure in relation to

environmental variation should lead to better understanding of

evolutionary forces shaping molecular variation.

We have archived our data on sequences, microsatellites and CHD markers,

geographic coordinates, climatic variables, sex, etc. in Dryad and GenBank.

The eastern yellow robin Eopsaltria australis (Passeri-

formes: Petroicidae) is a common and widespread bird of mesic

woodlands and forests of tropical to temperate eastern Australia

(Barrett et al. 2003). The species’ distribution spans 20◦ of lati-

tude, associated with a wide range of climates (Higgins and Peter

2002). Superimposed on this climatic gradient, the Great Divid-

ing Range, a mountain chain of modest elevation peaking at 2228

m above sea level, runs the entire length of the eastern coast-

line, and imposes climates that are generally drier and warmer

further inland (Bowman et al. 2010; Byrne et al. 2011). Com-

prehensive, continent-wide bird surveys at 1◦ grids (1998–2002)

showed E. australis to be evenly distributed and breeding through-

out the Great Dividing Range (Barrett et al. 2003). Dispersal of

E. australis is limited and significantly female-biased (Higgins

and Peter 2002; Debus and Ford 2012; Harrisson et al. 2012),

thus local adaptation is feasible (Schneider et al. 1999). So, too, is

neutral divergence in allopatry: aridification and cooling during

Pleistocene glacial cycles have promoted divergence and speci-

ation of some forest and woodland Australian mesic organisms

(Sunnucks et al. 2006; Symula et al. 2008; Malekian et al. 2010;

Byrne et al. 2011).

A preliminary molecular dataset (Loynes et al. 2009) showed

two highly divergent mitochondrial ND2 haplogroups in E. aus-

tralis (> 6% divergence), whereas one polymorphic nuclear gene

and two nuclear introns were not structured. Using mitochon-

drial COI Christidis et al. (2011) confirmed this mitochondrial

subdivision and suggested that, pending further phylogeographic

study, the haplogroups may comprise separate species. Notably,

the haplogroups did not correspond to the recognized subspecies,

northern E. a. chrysorrhoa and southern E. a. australis (Schodde

and Mason 1999), suggesting a possibility of mito-nuclear dis-

cordance. Interpreting strong mtDNA divergence as indicative of

speciation is based on the usually untested assumption that mi-

tochondrial lineages will behave as if under neutral evolution.

Although in some cases this assumption might be valid (Harri-

son 1989; Zink and Barrowclough 2008), simulations show that

even weak selection for local adaptations can result in strong

phylogeographic structure of a uniparentally inherited locus,

where divergent clades are geographically localized and differ-

ently adapted (Irwin 2012). Here we report an intriguing phy-

logeographic pattern in E. australis, where two major mtDNA

lineages were distributed roughly eastward or westward of the

Great Dividing Range in southeastern Australia, perpendicular to

roughly latitudinal isolation-by-distance (IBD) of some nuclear

loci, and we test rigorously whether selection or one or more

neutral process better explains this mito-nuclear discordance. We

used multiple types of loci (mitochondrial ND2 gene, nuclear mi-

crosatellites, and introns) having different rates of evolution and

patterns of inheritance (autosomal, Z-linked, and female-limited

W-linked), and climatic variables, applied over the full range of
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the species in landscape genetic and genealogical frameworks.

First, we tested if mitochondrial haplogroups diverged by drift

in allopatry followed by secondary contact (as in the majority of

cases reviewed by Toews and Brelsford 2012). Under this hypoth-

esis, we expected to observe low habitat suitability for E. australis

on and along the Great Dividing Range (an agent of vicariance for

some taxa along the length of Australia’s eastern seaboard; Byrne

et al. 2011) during the Last Glacial Maximum (LGM). We used

species distribution modeling to test this. Second, we tested if

mitochondrial divergence in E. australis occurred in the presence

of nuclear gene flow. Under divergence with gene flow (Pinho

and Hey 2010), some nuclear gene flow between mtDNA hap-

logroups is expected. We tested this by fitting an isolation-with-

migration (IMA) model to nDNA data. Finally, we tested the

hypothesis that female-linked environmental selection (including

selection on mtDNA and linked nuclear genes; Rand et al. 2004;

Meiklejohn et al. 2007; Dowling et al. 2008; Tieleman et al. 2009;

Shen et al. 2010; Moghadam et al. 2012) resulted in mtDNA diver-

gence in the presence of nuclear gene flow between populations

defined by their mtDNA haplogroups. This hypothesis includes

the case where dispersal (which is female-biased in E. australis)

between environmentally divergent areas is lower than dispersal

between similar areas. Under the female-linked selection hypoth-

esis, decoupled evolutionary history of mtDNA and nDNA is

expected to result in different patterns of geographic structure for

these genomes, and mtDNA may show associations with environ-

mental variation, after spatial autocorrelation has been controlled

for. We tested these predictions using phylogeographic, landscape

genetic, and distance-based redundancy analyses.

Methods
MODELING PRESENT AND LGM SPECIES

DISTRIBUTIONS

To understand how current and late Pleistocene climatic variation

in temperature and humidity might have impacted the spatial dis-

tribution of E. australis (and its genetic variation), and to test for a

vicariant effect of the Great Dividing Range, we modeled current

and LGM distributions of this species using the machine-learning

maximum entropy model implemented in MaxEnt 3.3.3e (Phillips

et al. 2006). Nineteen bioclimatic variables for the present and the

LGM (Busby 1991) at a resolution of 2.5 arc-min (∼5 km2 grid)

were obtained from the WorldClim 1.4 database (Hijmans et al.

2005). Layers were visualized and cropped to span from latitude

46–5◦S and longitude 130–156◦S using DIVA-GIS 7.4.0 (Hijmans

2009). Presence data comprised 454 presence localities of E. aus-

tralis in the Atlas of Living Australia (http://www.ala.org.au).

A set of 341 randomly chosen presence points (75%) was used

to train MaxEnt model under current climatic conditions, and

a set of 113 points (25%) was used to test the model. The fit

of several preliminary MaxEnt models generated with different

combinations of variables was compared using the area under

the receiver-operating curve (AUC). The final model of current

species distribution was generated using six variables that maxi-

mized AUC: max temperature of warmest month, min tempera-

ture of coldest month, mean diurnal range, precipitation of wettest

month, precipitation of driest month, and precipitation seasonal-

ity. LGM distribution was modeled by projecting the final current

model onto the set of these six variables estimated for the LGM

(see online Supplementary Material S1 for details).

SAMPLING AND MOLECULAR METHODS

Genomic DNA was extracted from 63 frozen tissues of E. aus-

tralis spanning the species’ entire geographic range (Australian

National Wildlife Collection, CSIRO Ecosystems Sciences,

Canberra) following Kearns et al. (2009), and from 44 blood sam-

ples collected in the south and north of the species’ range follow-

ing Harrisson et al. (2012) (Fig. 1, Supplementary Material S2).

Individuals were screened for eight autosomal nuclear microsatel-

lites, Cpi3, Cpi8 (Doerr 2005), Escmu6 (Hanotte et al. 1994),

HrU2 (Primmer et al. 1995), Pocc6 (Bensch et al. 1997), Smm7

(Maguire et al. 2006), Pgm1, and Pgm7 (Dowling et al. 2003)

following Harrisson et al. (2012), and for allele-length polymor-

phism in the female-specific CHD-W locus and its Z-chromosome

homolog CHD-Z (Griffiths et al. 1998; Supplementary Material

S3). Pgm1 had suspected null alleles, and Pgm7 was found to be

Z-linked and extremely variable, thus neither were used in analy-

ses. The other six microsatellite loci were previously shown to be

in Hardy–Weinberg equilibrium and independently segregating in

E. australis (Harrisson et al. 2012).

The mitochondrial (mtDNA) ND2 gene was amplified us-

ing primers L5215 (Hackett 1996) and H6313 (Sorenson et

al. 1999) following Kearns et al. (2009) and sequenced com-

mercially in both directions using the amplification primers

(Macrogen, Korea). Six nuclear introns (aldolase B intron 4 [AB4],

glyceraldehyde-3-phosphate dehydrogenase intron 11 [GAPDH],

phosphenolpyruvate carboxykinase intron 9 [GTP], Z-linked

muscle skeletal receptor tyrosine kinase intron 3 [MUSK-I3],

rhodopsin intron 2 [RI2] and transforming growth factor-β2 intron

5 [TGFβ2]) were amplified in 47 individuals (Table 1, Supplemen-

tary Material S2) using published primers (Waltari and Edwards

2002; Sorenson et al. 2004; McCracken and Sorenson 2005; Val-

lender et al. 2007). All nuclear DNA (nDNA) PCRs contained

MgCl2 (1.5 mM), 1× KCl buffer, 0.125 μM each dNTP, 0.4 μM

primers, 0.01 units/μL Taq polymerase, and 0.2 mg/mL BSA,

and the microsatellite touchdown protocol above was applied.

Nuclear loci were sequenced using forward primers by the UK

NERC Genepool sequencing facility (University of Edinburgh,
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Figure 1. (a) Sampling localities (dots) and geographic distribution of mitochondrial haplogroups (colors): light red dots—A1, dark

red dots—A2, black dots—B; numbers show distribution of haplotypes (labeled as in Fig. 3). Insets show two locations where both

haplogroups were sampled: in Tenterfield, a haplogroup A male was collected on the same day from the same group of birds as a

haplogroup B male and female; in Shelbourne, a haplogroup B male and a haplogroup A male were caught in May and October 2008,

respectively. (b) Distribution of Q-values (pie charts within circles) for two microsatellite genetic clusters (“red” and “black”), detected by

STRUCTURE; each circle’s outer border color shows the mitochondrial haplogroup for each individual: light red—A1, dark red—A2, black—B;

samples are spaced apart for easier viewing. Altitudinal layers of the Great Dividing Range are: light gray—200 to 500 m, gray—500 to

1000 m, dark gray—above 1000 m.

UK). For a subset of individuals representing all inferred haplo-

types, nuclear loci were further sequenced in reverse direction to

check that the haplotypes did not represent sequencing errors.

Chromatograms were edited and aligned in Geneious Pro

4.8.5 (Drummond et al. 2010). The mitochondrial origin of

ND2 sequences was supported by lack of stop-codons, inser-

tions/deletions, or sequence ambiguities. For nuclear introns

containing indels, only the first fragments of sequence, where

the majority of sequences were unambiguous, were analyzed

(Table 1), and individuals heterozygous for indels within these

fragments were removed from analysis (one for GAPDH, five

for GTP, eight for TGFβ2). Gametic phases of heterozygous

sequences were reconstructed using the PHASE 2.1 algorithm

(Stephens et al. 2001; Stephens and Donnelly 2003) implemented

in DNASP version 5.10.1 (Librado and Rozas 2009). Because of

presence of many rare alleles for some loci, haplotypes for small

proportions of individuals (0.07 for GTP, 0.19 for MUSK-I3, 0.01

for RI2, 0.18 for TGFβ2, and 0.16 for MC1R) were resolved with
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< 80% probability. We used all best pairs of haplotypes for anal-

yses to avoid systematic bias in estimates of population genetic

parameters (Garrick et al. 2010), although incorrectly resolved

haplotypes could slightly influence estimates of linkage disequi-

librium, recombination, and coalescence analyses (Balakrishnan

and Edwards 2009). Introns were checked for recombination

in DNASP using the four-gamete test (Hudson and Kaplan

1985).

MULTILOCUS PHYLOGEOGRAPHY AND SPATIAL

ANALYSIS OF GENETIC VARIATION

Relationships among haplotypes for mtDNA and nDNA

loci were visualized on a median-joining network (Bandelt

et al. 1999) constructed in NETWORK version 4.5.1.6

(www.fluxus-engineering.com). Owing to recombination, nuclear

gene networks may not represent true genealogical relationships,

but are nonetheless useful for assessing allele clustering with

respect to mtDNA-defined lineages. Support for mitochondrial

ND2 haplogroups and their divergence times were estimated in

BEAST 1.6.1 and 1.7 (Drummond and Rambaut 2007; Drummond

et al. 2012) using all 100 ND2 sequences (Supplementary Material

S4). STRUCTURE 2.3.3 (Pritchard et al. 2000) and TESS 2.3.1 (Chen

et al. 2007) were used to explore genotype substructuring in mi-

crosatellites and autosomal introns (Supplementary Material S5).

Spatial principal component analysis (sPCA; Jombart et al. 2008)

implemented through the functions spca and global.rtest in the

package ADEGENET version 1.2-8 (Jombart 2008) for R (R Devel-

opment Core Team 2011) was used to investigate spatial patterns

of genetic variation. SPCA maximizes the product of spatial au-

tocorrelation and genetic variance to summarize multivariate data

on allele frequencies into a few uncorrelated axes. This approach

is powerful for detecting cryptic spatial patterns that are not as-

sociated with high genetic variation (Jombart et al. 2008); unlike

STRUCTURE or TESS, it does not require Hardy–Weinberg or link-

age equilibria, and can be applied to sequence data. We used a

Gabriel graph and introduced a small amount of random noise to

coordinates of multiple individuals collected at the same location

(function jitter, factor = 1, amount = 0.1; the network was robust

to the addition of noise). Analyses were run separately for ND2,

each of the sequenced nuclear markers, and the dataset of six

microsatellites (removing 9 individuals with missing scores for a

locus).

Multiple processes, such as IBD and local selection (e.g.,

isolation-by-adaptation; Nosil et al. 2008), can simultaneously

shape spatial structure of variation of different molecular mark-

ers. To separate the effect of geographic position, which may

reflect local processes, from any underlying effect of IBD, we

applied redundancy analysis (RDA, function rda, R package VE-

GAN; Dixon 2003; Oksanen et al. 2011). RDA is a constrained

ordination technique that tests whether a given predictor explains

residual variation in response after fitting (conditioning on) other

predictors first. We tested whether geographic position can explain

genetic variance of nuclear loci beyond what can be explained

by the IBD effect. As the response, we used data on presence

or absence of each identified allele (microsatellites) or variant

nucleotide at polymorphic sites (sequences) in each individual,

computed using a genind constructor and centered and scaled us-

ing scaleGen (R package ADEGENET). The two predictors were

geographic position (latitude and longitude, analyzed together for

simplicity of interpretation) and pairwise geographic distance be-

tween locations. For RDA (and also distance-based RDA, below),

the information about an individual’s pairwise geographic dis-

tances to other individuals was reduced to a few columns using

the following procedure. First, geographic distances between lo-

cations, initially computed with function rdist.earth (R package

FIELDS), were expressed as a rectangular matrix using principal co-

ordinates of the neighborhood matrix procedure (pcnm; Borcard

and Legendre 2002) implemented in function pcnm in VEGAN.

Then this rectangular matrix was reduced to ≤ 3 columns best

explaining genetic variance. For that, we fitted all pcnm axes as

predictors of allele presence using RDA, and chose up to three

axes significant at P < 0.05 to represent geographic distances in

the final RDAs. This approach is more powerful than Mantel tests,

which require multivariate environmental data (such as latitude,

longitude, and environmental variables) to be expressed as dis-

tances (Legendre and Fortin 2010). For the final RDAs, we tested

for the ability of each predictor to explain significant variance in

allele presence–absence data alone (marginal tests), and after fit-

ting the other predictor first (conditional tests). Significance was

assessed with 999 permutations (of the rows and columns of the

predictor matrix for marginal tests, or of the rows and columns of

the multivariate residual matrix for conditional tests). A predictor

variable that explained significant (P < 0.05) genetic variance in

marginal and conditional tests was inferred to have major effect

on genetic structure. If both marginal tests were significant but

conditional tests were not, both variables were inferred to influ-

ence genetic variation. RDAs were performed on each sequenced

nuclear marker, and complete genotypes at six microsatellites.

For mitochondrial ND2 sequences, effects of geographic position

and distance were explored using distance-based RDA (dbRDA)

as explained later.

GENETIC DIVERSITY, GENETIC DIFFERENTIATION,

AND SELECTION

For each sequenced locus, we calculated haplotype diversity (Hd),

nucleotide diversity (π), pairwise �ST between haplogroups,

Tajima’s D (Tajima 1996), and Fu’s Fs (Fu 1997) tests for se-

lective neutrality using ARLEQUIN 3.11 (Excoffier et al. 2005).

DNASP was used to test for selection on ND2 itself using the

McDonald–Kreitman (MK) test (McDonald and Kreitman 1991),
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two individuals with missing data for two sites were removed

from this analysis (for additional tests for selection, see online

Supplementary Material S7). ARLEQUIN was used to compute ex-

pected heterozygosity (He) and FST between haplogroups for six

microsatellites (Supplementary Material S6). Calculations were

performed for all data, and for the two populations defined by

mtDNA haplogroups.

ISOLATION-WITH-MIGRATION ANALYSIS (IMA2)

We fitted the model of isolation-with-migration (Hey and Nielsen

2004) as implemented in IMA2.0 (Hey and Nielsen 2007) to the

multilocus dataset comprising the largest nonrecombining frag-

ments of four autosomal introns that had no signature of selec-

tion (AB4, GAPDH, MUSK-I3, and TGFβ2), the size-variable Z-

linked intron (CHD-Z), and six autosomal microsatellites for the

two populations defined by mtDNA haplogroup membership (A1

and B—see Results), omitting three individuals from an isolated

northernmost population. Under this classification, any migra-

tion detected between haplogroups would indicate presence of

nuclear gene flow inconsistent with vicariant divergence. The fit

of a full migration model was compared to that of a no-migration

submodel using a likelihood ratio test. Parameter estimates were

converted to demographic units (number of years or individu-

als) using a generation time of 3.5 years (calculated as average

age of reproductive females, assuming age of first reproduction

of 1 year and lifespan of 6 years) and mutation rates of Lerner

et al. (2011) (see online Supplementary Material S8 for details of

analyses).

DISTANCE-BASED RDA (DBRDA)

We used dbRDA (Legendre and Anderson 1999) implemented

in the capscale function in R-package VEGAN to test whether

mitochondrial divergence occurred as a result of selection act-

ing upon a female-linked trait (broadly defined, i.e., mtDNA,

mtDNA–nDNA interaction, or genes on the W-chromosome). We

examined whether the two bioclimatic variables that were most

informative in predicting the E. australis distribution (Supplemen-

tary Material S1) explain mitochondrial variation above that ex-

plained by geographic position and/or distance between individu-

als (Legendre and Fortin 2010). In this analysis, individuals were

the units of observation, and pairwise interindividual TN93 +
G mitochondrial genetic distances (calculated in MEGA5 [Tamura

et al., 2011] excluding two individuals with missing sites; Supple-

mentary Material S4) were treated as information on multivariate

response (and not as a single univariate response variable as in

Mantel tests; Geffen et al. 2004). Predictors (standardized to a

zero mean and unit variance) were two environmental variables:

maximum temperature of warmest month and precipitation of

driest month, and three geographic variables: latitude, longitude,

and geographic distance between samples represented by the first

significant (P < 0.05) pcnm axis (as explained above for RDA).

The final dbRDA analyses included (1) marginal tests, where

the relationship between mtDNA genetic distances and each

of the predictors was analyzed separately; (2) conditional tests,

where significance of environmental variables (maximum temp-

erature or precipitation) as predictors of mtDNA distances was

assessed after first fitting other variables one at a time or together;

and (3) the reciprocal conditional tests, where significance of

geographic variables was similarly assessed by first fitting envi-

ronmental variables. Significance was assessed with 999 permu-

tations. Environmental variables were inferred to explain mtDNA

variance over that explained by geographic position and distance if

marginal as well as conditional tests were significant. Significant

association of mitochondrial variation and climatic variables be-

yond its correlation with geographic position and distance would

provide strong evidence against hypotheses assuming neutral be-

havior of mtDNA.

Results
CURRENT AND LGM SPECIES DISTRIBUTION MODELS

Current and LGM species distribution models (Supplementary

Material S1) predict the northernmost (Wet Tropics) range of E.

australis to be isolated from the remainder. Thus, for this outlying

region, vicariant effects might have acted at some time. In con-

trast, the species is predicted under LGM and current conditions

to have a continuous distribution on and along the Great Dividing

Range, except for a proportionally small area of habitat unsuit-

ability (localized glaciation) during the LGM in the mountains of

southeastern Victoria and southern New South Wales (Barrows

et al. 2001). These predicted distributions provide no basis to ex-

pect vicariant patterns due to the Great Dividing Range (arguing

against allopatric divergence). Two variables describing extremes

of climatic conditions, maximum temperature of warmest month

and precipitation of driest month, explained the majority of vari-

ance in E. australis presence (50% and 38%, respectively, in the

final model).

mtDNA PHYLOGEOGRAPHY

The 100 individuals sequenced for 1002 base pairs of ND2 re-

vealed 102 polymorphic sites (80 parsimony informative), defin-

ing 40 haplotypes (GenBank accession numbers KC466740–

KC466839). All individuals fell into one of haplogroups A or

B, between which there was 6.6% net nucleotide divergence

(Bayesian posterior probability = 1, MCC BEAST tree; Supple-

mentary Material S4, and ND2 network; Fig. 2). Assuming neu-

tral evolution with rates similar to ND2 rate of the Hawaiian

honeycreepers (Lerner et al. 2011), the haplogroups A and B
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Figure 2. Haplotype networks for mitochondrial ND2 and six nuclear introns. Circles indicate unique haplotypes, with area proportional

to haplotype frequency. Connections between circles are a single mutation unless indicated otherwise (italic). Colors correspond to

the haplogroups: gray—A (light gray—A1, corresponding to light red dots in Figure 1A, dark gray—A2 [two haplotypes, H9 and H12,

on mtDNA network], dark red dot in Figure 1A), white—B (black dots in Fig. 1A); black pies on nuclear networks indicate individuals

sequenced for nDNA but not for mtDNA (thus, mtDNA haplogroup for these individuals was unknown).

diverged in the early Pleistocene, ∼1.5 (95% highest poste-

rior density [HPD] = 0.975–2.147) million years ago. Five of

53 fixed differences between A and B represented nonsynony-

mous but biochemically conservative amino acid substitutions

(Grantham 1974; Supplementary Material S7). Haplogroup A was

widespread north to south, and inland of the Great Dividing Range

in southeastern Australia (Fig. 1a, red points), whereas haplogroup

B was principally coastward and restricted to southeastern Aus-

tralia (Fig. 1a, black points). Two locations, Tenterfield and Shel-

bourne (Fig. 1a) had individuals of both haplogroups. Haplogroup

A comprised haplogroups A1 (widespread except Wet Tropics)

and northernmost A2 (three Wet Tropics individuals; Bayesian

posterior probability = 1, MCC tree; net divergence 1%; Sup-

plementary Material S4), which diverged in the mid-Pleistocene,

∼212 (95% HPD = 104–341) thousand years ago, assuming neu-

tral evolution. One of 10 fixed differences between A1 and A2 was

non-synonymous. Consistent with these results, SPCA of mtDNA

(Fig. 3) detected two significant global structures (P < 0.001),

the first (mt-sPC1) reflecting sharp A versus B subdivision, and

the second (mt-sPC2) subdivision between A2 (Wet Tropics) and

the rest (A1 + B).

SEX-LINKED CHD VARIATION AND POPULATION

STRUCTURE INFERRED FROM NUCLEAR

MICROSATELLITES

For 32 females and 64 males sequenced for ND2 and sexed by

CHD variation, the distribution of two W-linked (female-limited)

alleles exactly matched mtDNA haplogroup variation (allele 366

was restricted to haplogroup A, allele 362 to B), whereas the two

Z-linked alleles were widespread and unstructured with respect to

haplogroups (Supplementary Material S3). Ninety-two individ-

uals were genotyped for six microsatellites. Genotypic analyses

in STRUCTURE and TESS suggested two genetic clusters, with a

gradual north to south change of individual cluster probabilities

(Fig. 1b, Supplementary Material S5). SPCA on microsatellites

detected two significant global structures (P < 0.001; Fig. 3).

The strongest structure (msat-sPC1) showed a roughly north–

south cline similar to that detected by STRUCTURE and TESS;

the second, subtle structure (msat-sPC2) showed a cline across

the Great Dividing Range perpendicular to msat-sPC1, direction-

ally consistent with the major mitochondrial lineage subdivision

(Fig. 3). IBD was a dominant process shaping microsatellite

variation: geographic distances alone could explain the variance
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Figure 3. Geographic distribution of spatial principal component

(sPCA) scores for mitochondrial ND2 (mt-sPC1 and mt-sPC2), mi-

crosatellites (msat-sPC1 and msat-sPC2), GAPDH (GAPDH-sPC1),

and MUSK-I3 (MUSK-I3-sPC1). Large black squares indicate sam-

ples well differentiated from those denoted by large white

squares, small squares are less differentiated. Lines indicate val-

ues of sPCA scores for interpolated surface (lags). Narrowly spread

lines and a lack of small squares indicate discontinuity or sharp ge-

ographic transition between two groups (as for mtDNA). Presence

of smaller squares and broadly spread lines indicate a cline (as for

microsatellites).

in microsatellite frequencies (P = 0.005, marginal RDA test;

Table 2), and remained significant even after geographic posi-

tion was fitted first (P = 0.017 conditional RDA test). In con-

trast, geographic position, although significant when fitted alone

(P = 0.005, marginal RDA test), did not explain microsatellite

structure after geographic distances were controlled for (P = 0.1,

the reciprocal conditional RDA test).

GEOGRAPHIC VARIATION OF SEQUENCED NUCLEAR

INTRONS

Sequences were obtained from six nuclear introns in 31–47 indi-

viduals, which had two to 19 alleles (Table 1; GenBank accession

numbers KC466694–KC466739 and KC466694–KC467012). No

intron displayed clusters or allele-sharing concordant with mito-

chondrial haplogroup designations (Fig. 2). Two genetic clusters

detected by genotypic analysis of the autosomal introns in TESS

were consistent with north–south gradient in cluster membership

detected from microsatellites (Supplementary Material S5). Sig-

nificant spatial structure was suggested by sPCA for GAPDH

(P = 0.053) and for MUSK-I3 (P = 0.065; Fig. 3) in which

southwestern individuals were somewhat differentiated from the

rest; no structure was found for the other sequenced introns

(P > 0.15; RI2 was not tested as only two haplotypes were

present). RDA (Table 2) showed that IBD as well as geographic

position explained variation in GTP (both P < 0.05 on marginal

tests, P > 0.05 on conditional tests), geographic position ex-

plained variation in AB4, GAPDH, and MUSK-I3 beyond that

explained by IBD (P < 0.05 on marginal and conditional tests);

and IBD but not geographic position explained patterns in TFGβ2

(P < 0.05 on marginal test).

POPULATION GENETIC VARIABILITY,

DIFFERENTIATION, AND SELECTION

Within-haplogroup nucleotide diversity was lower for ND2 than

that for four (of six) nuclear loci (AB4, GAPDH, MUSK-I3, and

TGFβ2; Table 1); π for nuclear loci ranged 0–0.0075 and 0.0003–

0.0102, and for ND2 was 0.0013 and 0.0023 for A1 and B, respec-

tively. Significant differentiation between A1 and B was detected

for ND2 (�ST = 0.968; P < 0.001), inevitable under reciprocal

monophyly. Much lower but significant A1–B differentiation was

also found for nuclear introns AB4 (�ST = 0.047; P = 0.03),

GAPDH (�ST = 0.065; P = 0.01), GTP (�ST = 0.034; P = 0.02)

and for microsatellites (FST = 0.029; P < 0.001), but not for

MUSK-I3, RI2, or TGFβ2 (P > 0.05; Table 1). Significantly neg-

ative Tajima’s D and/or Fu’s Fs, indicative of population expan-

sion, purifying selection, or genetic hitchhiking, were found in

three loci with the lowest nucleotide diversity (for A1 in ND2

and GTP, and for B in ND2, GTP, and RI2). Furthermore, an

MK test for selection on ND2 detected significant deficiency of

nonsynonymous polymorphism between A1 and B (Fisher’s ex-

act test P = 0.047) with 50 synonymous and five nonsynonymous

changes fixed between groups, compared to 30 synonymous and

10 nonsynonymous polymorphisms present within groups; MK

tests between haplogroups A and B or between A1 and A2 were

not significant (P > 0.05). Thus, purifying selection is indicated

to have acted upon ND2; positive selection can be rejected (addi-

tional tests in Supplementary Material S7).

IMA2 ANALYSES

Coalescent analysis of nuclear data in IMA2 could not definitively

estimate some model parameters for two populations defined by

their mitochondrial haplogroup membership (details in online

Supplementary Material S8), thus, and because assumptions of

the model might not be met, IMA2 results should be interpreted

with caution. Based on all nuclear loci, populations A and B were

estimated to have diverged in the late Pleistocene or Holocene,

∼7,000 (95% HPD = 700–149,000) years ago. Posterior distribu-

tions of some � parameters did not reach zero, nevertheless, each

of them had a distinct peak within the range of prior parameter

distributions. Demographic estimates of population sizes from all

nuclear data were NA = 14 (95% HPD = 3–86), NB = 13 (2–101),
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Table 2. Redundancy (RDA) analysis: separating the effect of IBD and geographic position (latitude and longitude analyzed together)

on multivariate distribution of allele frequencies (presence–absence) for six microsatellites and nuclear introns. Distance = geographic

distance (represented as a rectangular matrix of pcnm axes), geography = joint effect of latitude and longitude, N pcnm axes = number

of significant pcnm axes representing geographic distance. Marginal tests show the relationship between allele frequencies and either

distance or geographic position alone. Conditional tests show the same relationships, but having first fitted the alternative variable

(geographic position and distance, respectively) as the covariates in the analyses. Significant P-values (P < 0.05) are in bold.

Marginal tests Conditional tests

N pcnm Predictor % Variance Variables % Variance
Locus (Loci) axes Variable tested F P explained fitted first F P explained

Microsatellites 3 Distance 2.62 0.005 9.1 Geography 1.4 0.017 5.2
Geography 3.15 0.005 7.3 Distance 1.33 0.107 3.3

AB4 2 Distance 0.41 0.87 1.9 Geography 1.58 0.19 7.5
Geography 2.44 0.049 10.7 Distance 3.6 0.023 15.7

GAPDH 3 Distance 1.96 0.015 12.3 Geography 1.58 0.08 10.6
Geography 3.14 0.005 12.8 Distance 2.5 0.015 11.1

GTP 3 Distance 1.8 0.015 12.4 Geography 1.53 0.08 11.3
Geography 1.92 0.01 9.0 Distance 1.53 0.15 7.8

MUSK-I3 2 Distance 2.02 0.037 18.3 Geography 1.69 0.07 16.9
Geography 3.27 0.005 18.9 Distance 2.65 0.01 17.5

TGFβ2 2 Distance 1.6 0.03 12.0 Geography 1.53 0.07 12.2
Geography 1.51 0.069 7.74 Distance 1.43 0.14 8.1

and NANC = 186 (122–222) thousand individuals (for A, B, and

ancestral populations, respectively). Although nonzero probabil-

ities were associated with all prior values of coalescent migration

parameters, peak posterior distribution estimates suggested some

migration between populations. Migration estimates from all nu-

clear data converted to population migration rate (2 Nm) corre-

sponded to forward-in-time gene movement of 6.2 (95% HPD =
0–32) genes per generation from A to B and 3.8 (0–22) genes per

generation from B to A. IMA2 was unable to conclusively reject

the no-migration submodel based on a likelihood ratio test.

ENVIRONMENTAL, LATITUDINAL, AND IBD EFFECTS

ASSOCIATED WITH mtDNA DIVERSITY

DbRDA (Table 3) showed that maximum temperature of warmest

month (max.temp), precipitation of driest month, and lati-

tude explain a significant amount of variance in mtDNA ge-

netic distances (marginal tests P < 0.005), accounting for

51%, 47%, and 24% of genetic variance in marginal tests,

respectively, whereas longitude and geographic distance do

not (P = 0.59 and 0.072). So we excluded longitude from

partial tests but retained geographic distance, which was

close to significance. There was evidence of strong corre-

lation of environmental variation with mtDNA haplogroups:

max.temp remained a significant predictor of genetic distances

even when other variables were fitted first alone or together

(P = 0.005; Table 3). Precipitation seems somewhat less influen-

tial than max.temp: it remained significant when the three other

variables were fitted individually, or latitude and geographic dis-

tance were fitted first (P = 0.005), but not when max.temp plus

the two geographic variables were fitted first (P = 0.38; Table

3). Latitude remained significant after first fitting the other vari-

ables alone or together (P < 0.05; Table 3). Overall, these results

suggest that max.temp and latitude may play an important role

in shaping mitochondrial genetic structure of E. australis. Hap-

logroup A individuals occupied locations with higher maximum

temperatures of the warmest month and lower precipitation of the

driest month than those of haplogroup B (Fig. 4).

Discussion
We attempted to clarify the evolutionary processes shaping a pro-

found mito-nuclear discordance in the Australian bird, the eastern

yellow robin E. australis, in which the major patterns of spatial

variation in mtDNA and nDNA are perpendicular. We addressed

several evolutionary scenarios, applying a series of landscape-

genetic, spatial-genetic, and genealogical tests.

Deep mitochondrial divergence can arise by chance in a con-

tinuous population, when dispersal and population size are low,

due to the stochastic nature of the coalescent process (Irwin 2002).

However, such an effect is highly unlikely in E. australis, where

the two haplogroups have a sharp spatial division within this con-

tinuously distributed, common, widespread species (Barrett et al.

2003). The haplogroups about over > 1500 km with substantial

potential for mixing, yet only in two sampled locations did they
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Table 3. Results of dbRDA analysis: tests of relationship between multivariate mtDNA genetic variation (defined by pairwise mtDNA

genetic distances) and several predictor variables (geographic and environmental). The first row for each tested predictor is a marginal

test for that variable, the next four rows are conditional (partial) tests where variables given in second column are partialed out (fitted

before the variable being tested). Last column indicates percentage of multivariate genetic variation explained by variable being tested.

Max.temp = maximum temperature of warmest month, precipitation = precipitation of driest month, All = all variables except the one

being tested. Longitude was not a significant predictor of genetic distance in the marginal test (F = 0.34, P = 0.59), and was not used for

partial tests. Significant P-values (P < 0.05) are in bold.

Variables fitted first % variance
Predictor variable tested in partial tests F P (> F) explained

Geographic distance 3.3 0.072 3.3
Latitude 26.6 0.005 21.9
Max.temp 0.6 0.42 0.6
Precipitation 1.6 0.24 1.6
All 7.5 0.01 7.5

Latitude 31.1 0.005 24.5
Geographic distance 60.9 0.005 39.0
Max.temp 12.3 0.005 11.5
Precipitation 4.4 0.030 4.6
All 11.6 0.005 11.1

Max.temp 100 0.005 51.1
Geographic distance 94.1 0.005 49.7
Latitude 70.6 0.005 42.6
Geog. distance + latitude 57.8 0.005 38.1
Precipitation 27.0 0.005 22.0
All 33.2 0.005 26.3

Precipitation 86.4 0.005 47.4
Geographic distance 82.4 0.005 46.5
Latitude 47.6 0.005 33.4
Geog. distance + latitude 18.8 0.005 16.7
Max.temp 18.3 0.005 16.1
All 0.7 0.38 0.8

co-occur (Fig. 1). Random processes also cannot explain correla-

tion of mtDNA lineages with environmental variables.

Under a scenario of allopatric divergence followed by sec-

ondary contact, common neutral explanations for more structured

mtDNA than nDNA include incompletely sorted nuclear lin-

eages, nuclear introgression, and/or sex-biased asymmetries such

as dispersal, mating, or offspring production/survival (Toews and

Brelsford 2012). Although the species distribution models did in-

dicate vicariance as a plausible explanation of the A1 and A2 split

at or after the LGM, there is little basis for vicariance in the range

of E. australis south of the Wet Tropics. The species is common

and widespread along the Great Dividing Range (Barrett et al.

2003), and its likely presence there during the LGM is inferred

from our species distribution models (although the LGM popu-

lations on parts of the Range could have been sparse, according

to relatively low probability of occurrence; Supplementary Mate-

rial S1). Geographic inconsistencies between mtDNA and nDNA

structure rule out incomplete lineage sorting as a cause of discor-

dance (Toews and Brelsford 2012). Historical lack of gene flow

across the Great Dividing Range but not in other directions would

be expected to structure both mitochondrial and microsatellite

variation: yet no geographically distinct genetic clusters were de-

tected for microsatellites. Instead, the major spatial pattern for

microsatellites is latitudinal IBD, with only mild IBD across the

Great Dividing Range. This suggests that distance, rather than a

barrier, has structured nuclear variation. This, and inference of

some nuclear gene exchange from coalescent analysis in IMA2

(tempered by parameter uncertainty), suggests that some nuclear

gene flow between haplogroups has occurred. Different demo-

graphic histories were inferred from mtDNA and nDNA data:

significant Tajima’s D and Fu’s Fs neutrality tests, suggestive of

population expansion, purifying selection, or hitchhiking, were

detected for mtDNA and two least variable nuclear loci, not for any

of the more variable nuclear markers. Population expansion would

be expected to yield generally consistent signals across different

markers, thus nonneutral evolution or hitchhiking of some loci

appears more likely, which was also supported by the MK test for

ND2. This suggests that evolutionary histories of mitochondrial
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Figure 4. Distribution of two major mtDNA lineages of Eopsaltria australis in environmental space, as defined by two BIOCLIM variables,

max temperature of warmest month and precipitation of driest month. Two localities where both haplogroups occurred together are

marked with arrows.

and nuclear genomes are decoupled. The same conclusion arises

from contrasting A versus B divergence times estimated from

the two genomes while accounting for coalescent variance: the

late Pleistocene–Holocene divergence of ∼7000 (700–149,000)

years ago estimated by IMA2 from nuclear data (Supplementary

Material S8) is much more recent than the early Pleistocene mi-

tochondrial lineage divergence of ∼1.5 (1–2.1) million years ago

estimated by BEAST from ND2 (Supplementary Material S4). Al-

though we note that the divergence time estimates of BEAST and

IMA2 are not strictly comparable because IMA2 incorporated mi-

gration into the model, the difference represents evidence that

mtDNA and nDNA both cannot be responding solely to neutral

processes.

Very strong female philopatry unrelated to selection, and se-

lection correlated with mtDNA, are both expected to limit female

but not male movement and gene flow across populations and thus

to impact mtDNA more and nDNA less than expected in the ab-

sence of these effects. However, the female philopatry needed to

explain observed patterns in the data contrasts strongly with what

is known about the biology of E. australis: field observations

(Debus and Ford 2012) and population genetic data (Harrisson

et al. 2012) show that females disperse significantly further than

males (at least ∼7 and ∼1 km, respectively; Debus and Ford

2012). It is possible that females prefer to settle in habitats sim-

ilar to their natal habitats, whereas males are less discriminating

(Tonnis et al. 2005). However, behavior where females were so

unable or unwilling to disperse or settle between adjacent hap-

logroup ranges over > 1500 km of contact seems likely to be

linked to some major fitness advantage, implying female-linked

selection.

If we reject the selectively neutral hypotheses as unparsi-

monious, it remains to consider possibilities involving female/

mtDNA-linked selection. Geographically localized haplogroups

and very shallow coalescent times within haplogroups compared

to between-haplogroups observed in E. australis are consistent

with simulation scenarios under local selection and low to mod-

erate dispersal (Irwin 2012). The correlation of environmental

variables with the spatial distribution of mtDNA variation, af-

ter controlling for IBD and geographic position (dbRDA results;

Table 3) is consistent with environmental selection. The most

informative bioclimatic variables with regards to species occur-

rence (maximum temperature of the warmest month and, to a

lesser extent, precipitation of the driest month) explained signif-

icant mitochondrial patterning beyond that explained by latitude
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and IBD, suggesting that these climatic factors may be associated

with female-linked selection.

These results, coupled with the arguments against selec-

tively neutral explanations, lead us to propose that the most

likely solution to the geographically perpendicular mito-nuclear

discordance in E. australis is female-linked selection (broadly-

defined), taken here to include selection on one or more of

mtDNA, nuclear-encoded genes for proteins involved in oxida-

tive phosphorylation, nuclear-encoded genes for mitochondrial

proteins, joint mito-nuclear genotype or W-linked parts of the

genome (Rand et al. 2004; Meiklejohn et al. 2007; Dowling

et al. 2008; Tieleman et al. 2009; Shen et al. 2010; Moghadam

et al. 2012), female biology including biased habitat selection (as

in Tonnis et al. 2005) and “divergence hitchhiking” (gene flow

reduced as a side effect of strong divergent selection on genes

involved in local adaptation; Via 2012). Nuclear gene flow within

E. australis appears to be structured by IBD along the gradi-

ents in two perpendicular directions: latitudinal (main microsatel-

lite structure, msat-sPC1; Fig. 3) and across the Great Dividing

Range (the cryptic second structure in the microsatellites, msat-

sPC2, directionally consistent with distribution of TESS clusters

from analysis of sequenced introns assuming three genetic clus-

ters [Supplementary Material S5], which could be a signature of

gene flow impeded by arrested dispersal or survival of females

across the Range). The inference of IBD is also supported by

congruent geographic structure in color of the upper tail-coverts,

which changes from bright yellow to olive-green from north to

south and east to west in E. australis (Ford 1979). Keast (1958)

and Ford (1979) suggested that this color variation arose due

to local ecotypic selection where brighter yellow is preferred in

darker environments where it would be more useful for signal-

ing. Thus, selective pressures driving evolution of female-linked

traits and color variation could be different and their evolution

unlinked. Overall, dramatic mito-nuclear discordance in E. aus-

tralis suggests that natural selection constrains mitochondrial but

not selectively neutral nuclear gene flow along environmental

gradients.

More research is needed to understand the mechanisms

through which putative selection on female-linked traits in E.

australis operates. Passerine birds from hotter and drier environ-

ments have lower basal metabolic rates and evaporative water loss

(Tieleman et al. 2003; Williams and Tieleman 2005). Selection

on mitochondrial haplotypes can drive such adaptive responses

because the mitochondrial genome plays an important role in

the regulation of energy metabolism in birds (Tieleman et al.

2009). For E. australis, the MK tests suggested purifying selec-

tion on ND2, thus positive selection appears not to impact ND2

directly, but could act upon other mtDNA-encoded genes, or in-

directly on nDNA-encoded genes that produce structural proteins

imported into the mitochondria or on the joint mito-nuclear geno-

type, mito-nuclear hybrids being selected against in the contact

zone between two haplogroups (Dowling et al. 2008; Ballard and

Melvin 2010). Of all reviewed cases of mito-nuclear discordance

(Toews and Brelsford 2012), only two other studies, both involv-

ing birds, report association between mtDNA and environmental

variation in the presence of nuclear gene flow when evidence

for previous isolation is lacking. In the Rufous-collared Sparrow

Zonotrichia capensis, mitochondrial but not nuclear gene flow

was significantly reduced along elevational gradients, suggesting

that mitochondrial haplotypes could be locally adapted (Cheviron

and Brumfield 2009). A relationship between a gradient of arid-

ity and mitochondrial but not nuclear or morphological diversity

has been reported in the South African arid-zone endemic Karoo

scrub-robin Cercotrichas coryphaeus raising the possibility of

common mechanisms for adaptations to extreme environmental

conditions (Ribeiro et al. 2011). Due to linked inheritance with

the W-chromosome, mtDNA may also reflect female-specific se-

lection on W-linked genes, as has been demonstrated for the evo-

lution of gene expression on the W-chromosome (Moghadam

et al. 2012). Thus, it may not be coincidental that all three studies

(Cheviron and Brumfield 2009; Ribeiro et al. 2011; this study) re-

porting association between mtDNA and environmental variation

in the presence of nuclear gene flow are from birds. Whatever the

mechanism, any environmental selection acting on female-linked

traits in E. australis would strongly inhibit the sympatry of mito-

chondrial lineages across a climatic gradient associated with the

Great Dividing Range.

Conclusions
Our study of E. australis benefited from a combination of land-

scape genetic, spatial genetic, and coalescent analyses of multiple

locus types and environmental variables in building an integrated

understanding of evolutionary processes operating at different

scales. It also presents a striking example of how geographically

structured mtDNA diversity can unreliably reflect species’ evo-

lutionary history when neutrality is assumed and not thoroughly

tested. It is beneficial to incorporate tests for the effect on ge-

netic variation of geographic position and environmental varia-

tion, in addition to IBD, into phylogeographic studies, and to try

and tease apart their almost inevitable correlations. Correlation

between mitochondrial genetic variation and geographic posi-

tion, when distance is controlled for, warrants additional explo-

ration of potential selection pressures driving evolution of female-

linked traits. Discovery of two highly divergent haplogroups

apparently under strong environmental selection within a puta-

tively continuous population of E. australis (possibly a common

pattern for species whose range spans environmental gradients)

provides another example of divergence with gene flow (Pinho

and Hey 2010), which has potentially profound implications for
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management and taxonomy. The evidence for female-linked envi-

ronmental selection implies that mtDNA haplogroups are not eco-

logically exchangeable sensu Crandall et al. (2000). For example,

translocation among haplogroup regions may result in negative

fitness consequences, and on the evidence here would be an inad-

visable management strategy. Our study illustrates how the use of

mtDNA as a barcoding tool to define species or lineages (Baker

et al. 2009) can be severely compromised without the knowledge

to appreciate the role of mtDNA-correlated selection in such units.
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