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The Carpentarian barrier across north-eastern Australia is a major biogeographic barrier and a generator of
biodiversity within the Australian Monsoonal Tropics. Here we present a continent-wide analysis of mitochondrial
(control region) and autosomal (14 anonymous loci) sequence and indel variation and niche modelling of brown and
black-tailed treecreepers (Climacteris picumnus and Climacteris melanurus), a clade with a classic distribution on
either side of the Carpentarian barrier. mtDNA control region sequences exhibited reciprocal monophyly and strong
differentiation (F_, = 0.91), and revealed a signature of a recent selective sweep in C. picumnus. A variety of tests
support an isolation-with-migration model of divergence, albeit with low levels of gene flow across the Carpentarian
barrier and a divergence time between species of ~1.7-2.8 Mya. Palaeoecological niche models show that both
range size as measured by available habitat and estimated historical population sizes of both species declined in
the past ~600 kyr and that the area of interspecific range overlap was never historically large, perhaps decreasing
opportunities for extensive gene flow. The relatively long divergence time and low opportunity for gene flow may have
facilitated speciation more so than in other co-distributed bird taxa across the Australian Monsoonal Tropics.
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INTRODUCTION the two types of markers could lead to novel insights
(Fay et al., 2001; Hey & Machado, 2003; Hey &
Nielsen, 2004). Taking a different stance, many have
suggested that the signals from mitochondrial DNA
may be misleading for reconstructing population
history, in so far as they exhibit signs of natural
selection that could obscure the history that is the
goal of inference (Hancock & Rienzo, 2008). The
types and number of molecular markers employed
in model species have been greatly expanded by
the complete sequencing of genomes, and there has
been increasing clarity as to the appropriate uses for
different types of markers. As technology advances,
genome-wide SNP analyses have come to dominate

Multilocus analyses of phylogeography and
population history are now common for non-model
species. Studies on non-model species have much to
gain by learning from lessons, molecular markers,
debates and conclusions advanced by studies in
model species, such as humans. For example, soon
after early studies of nuclear gene variation in
human populations were completed, it became
evident that some of the results from mitochondrial
DNA might be idiosyncratic, and that a consideration
of the differences in population history implied by
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species, yet collections of unlinked SNPs provide only
one lens through which to view population history.
Alternative marker choices, such as resequencing of
multiple sets of linked SNPs—so-called ‘sequence-
based markers’, which include loci such as introns,
exons and ultraconserved elements, offer additional
windows into phylogeography and population history,
particularly in their ability to estimate gene trees
(Brito & Edwards, 2009; McCormack et al., 2013,
2016). Gene trees can be challenging to estimate
within species because of the paucity of sequence
variation (Hare et al., 1996; Hare & Avise, 1998), but
have provided the foundation into a variety of recent
analysis tools, allowing for a rich set of methods
for hypothesis testing and parameter estimation
and uncertainty at the species boundary (Beerli &

Palczewski, 2010; Rannala & Yang, 2017; Flouri et
al., 2018, 2020; Beerli et al., 2022). Such approaches
are important in conservation planning (Unmack
et al., 2021) and have been employed extensively
in phylogeography, including studies specifically
on Australian birds and other biota (Jennings &
Edwards, 2005; Lee et al., 2012; Potter et al., 2016,
2018; Oliver et al., 2017; Edwards et al., 2021).

The Carpentarian barrier (Fig. 1) is a major
source generating biodiversity within the Australian
Monsoonal Tropics (AMT: reviewed in Bowman et
al., 2010; Catullo et al., 2014; Edwards et al., 2016).
The sources of vicariant splits across the AMT are
still subject to speculation, but include a variety of
Pleistocene environmental changes; intrusions of the
sea, desertification and vegetation turnover have likely
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Figure 1. Location of treecreeper specimens and geographic range of C. picumnus and C. melanurus. Point samples of
treecreepers were taken at each locality and deposited in the University of Washington Burke Museum, except for the
samples from Sedan, South Australia, which came from the South Australian Museum. Samples from Mallee Cliffs were
used only for the mitochondrial control region sequences. Multiple micro-localities within major localities were lumped for
purposes of reporting results. Latitude and longitude of each sample can be found in the Supporting Information (Table S1)
and at the University of Washington Burke Museum Ornithology database. Photos courtesy of and copyright of Graeme
Chapman. Climacteris melanurus taken ~244 km south of Doomadgee, Queensland (-20.31 °N, 139.14 °W); C. picumnus
taken ~195 km south of Forsayth, Queensland (-20.41 °N, 143.55 °W).
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all contributed to its status as a biological barrier
(Reeveset al.,2013; Ewartet al., 2020). Ecological niche
modelling has shown that, for many AMT bird species
surveyed thus far, the expected niche as estimated
from biodiversity records or specimens extends fully
across the Carpentarian barrier, with sometimes
extensive fluctuations on the southern extent of
the estimated range (Dorrington et al., 2020). This
pattern is consistent with many of those species being
relatively undifferentiated, or showing differentiation
to the level of subspecies, such as the blue-winged
kookaburra (Dacelo leachii) or the grey shrike-thrush
(Colluricincla harmonica), respectively (Lamb et al.,
2019; Dorrington et al., 2020). Additional examples of
phylogeographic surveys of low-differentiated AMT
species, or more widespread species with a strong AMT
component, include the red-backed fairy wren (Malurus
melanocephalus: Lee & Edwards, 2008), grey-crowned
babblers (Pomatostomus temporalis: Edwards, 1993),
butcherbirds (Cracticus: Kearns et al., 2014), and
several species of honeyeater (Meliphagidae: Pefialba
et al., 2019; reviewed in Dorrington et al., 2020; Burley
et al., 2022). As in many vicariant patterns across the
globe, patterns of divergence across the Carpentarian
barrier are variable: some species exhibit deeper
divergences and rates of reciprocal monophyly of gene
trees than others (Edwards et al., 2016; Penalba et
al., 2019). This variation in divergence time could be
caused by variable histories of range overlap, current
connectivity and geographic distance, all contributing
the speciation process.

Here we combine inference from mtDNA with a
multilocus coalescent approachtoanalysingvariationat
anonymous nuclear noncoding loci on a continent-wide
scale across populations of treecreepers in the genus
Climacteris. The genus Climacteris is phylogenetically
distinctive, comprising one of the deepest branching
lineages in the Corvida, a large radiation of passerine
birds with roots deep in Australia and New Guinea,
and ultimately Gondwana (Oliveros et al., 2019).
We chose the brown (Climacteris picumnus) and
black-tailed (Climmacteris melanurus) treecreepers to
study because, together with the rufous treecreeper
(Climacteris rufus) of southern Australia, they provide
a classic case of speciation in Australia: their range
spans all the major areas of endemism identified in
previous works (Keast, 1957; Cracraft, 1986), a pattern
that provides the foundation for many scenarios of
community divergence and speciation in Australia
(reviewed in Edwards et al., 2016). Climacteris
treecreepers therefore provide an important test case
of biogeographic scenarios of other Australian birds
for which mitochondrial and nuclear DNA analyses
have been conducted (Lee & Edwards, 2008; Kearns et
al., 2014; Penalba et al., 2017, 2019; Dorrington et al.,
2020). The two species inhabiting the AMT are entirely

allopatric today, yet their ranges approach each other
in the region of the Carpentarian barrier just inland
from the Gulf of Carpentaria in northern Queensland
(Fig. 1). Both their geographic range and preliminary
phylogenetic studies suggest that they are sister taxa
(Cracraft, 1986), allowing us to study both population
differentiation, species divergence and gene flow
comprehensively in this system. Moreover, treecreepers
span at least two additional major biogeographic
breaks that have been highlighted in biogeographic
and phylogeographic studies of Australian birds and
other taxa (Fig. 1: Doughty et al., 2011; Eldridge et
al., 2012; Lamb et al., 2019): the Canning barrier in
C. melanurus, separating populations in the Pilbara
region and those in the Kimberley in north-west
Australia, and the Black Mountain Corridor and other
breaks in C. picumnus in the eastern forests (Cracraft,
1986; Lee & Edwards, 2008; Bryant & Krosch, 2016).
The Cape York Peninsula population of C. picumnus
has been recognized as a subspecies (Climacteris
picumnus melanotus) by several authorities and is
darker and smaller than more southerly populations
(Keast, 1957). The phenotypically distinctive Pilbara
population of C. melanurus has also been recognized
as subspecifically as Climacteris melanurus wellsi
(Keast, 1957; Ford, 1987), forming with C. picumnus a
distinct pattern of allopatrically replacing populations
around the periphery of north-western, northern and
eastern Australia. Indeed, speaking from a perspective
dominated by Pleistocene speciation time frames,
Keast (1961: 375) stated that ‘Climacteris provides
one of the best demonstrations of differentiation and
speciation in refugial areas’.

Climacteris treecreepers inhabit a range of
environmental regimes known to influence patterns
of differentiation in other taxa and span multiple
biogeographic barriers seen in other taxa, thereby
allowing for tests of phylogeographic congruence in
a predictive framework. Multiple phylogeographic
systems have been studied in the Kimberley, a region
of increasing microendemism discovery, particularly
among lizards and skinks (Oliver et al., 2017; Silva
et al., 2017; Doughty et al., 2018; Potter et al., 2018;
Rosauer et al., 2018). By contrast, the Pilbara,
although known as a region of ‘exceptionally high
biotic diversity and endemism’ (Pepper et al., 2013b),
driven by ancient and unusual soils, varied topography
and long-term geological stability, is less well studied
phylogeographically, especially for birds (Edwards,
1993; Doughty et al., 2011; Pepper et al., 2011, 2013a;
Eldridge et al., 2012). In addition to expecting strong
differentiation between the two species across the
Carpentarian barrier, we might also predict the
strongest genetic differentiation within species
between Pilbara populations and those from the Top
End and Kimberley, produced by the Canning barrier,
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with less differentiation across other intraspecific
barriers, such as the Black Mountain Corridor and
adjacent barriers in the east and the Ord River region
barriers between Kimberley and Top End (Ford, 1978;
Bryant & Krosch, 2016; Edwards et al., 2017; Penalba
et al., 2017; Flores-Renteria et al., 2021).

As is typical of Australian passerines, Climacteris
treecreepers are long-lived for their body size; the
maximum longevity of C. picumnus is recorded at
13 years, 11 months (Bird et al., 2020). Whereas
female brown treecreepers mostly breed in their
first year, average age at first breeding for males is
nearly 3 years (Doerr & Doerr, 2006); a statistical
analysis yields a surprisingly long generation time of
5 years for this species (Bird et al., 2020). These life
history details and generation time have important
consequences for the estimation of species divergence
times (Bakker et al., 2022; Jonasson et al., 2022).
Both C. picumnus and C. melanurus are cooperatively
breeding species: individuals typically occur in family
groups consisting of three to five individuals including
presumed parents and young aiding the recruitment
of the next generation (Doerr & Doerr, 2006, 2007;
Bennett et al., 2012b). Cooperatively breeding species
are often thought to have low dispersal rates (Rusk
et al., 2013), and estimation of gene flow with genetic
markers in such species can yield insight into the long-
term consequences of dispersal between populations
as estimated from field-based studies (Edwards, 1993;
Painter et al., 2000; Bertrand et al., 2014), as well as
aid in conservation measures, which are particularly
acute for treecreepers in north-east New South Wales
and in the Cape York Peninsula (Ford et al., 2009;
Bennett et al., 2012a).

Climacteris treecreepers have also figured
prominently in areas of population genetic and
mitochondrial adaptation. In a survey of 17 species
of Australian songbirds (oscines), Lamb et al. (2018)
found that the brown treecreeper, C. picumnus,
displayed high differentiation between the Cape York
Peninsula and more southerly populations in the
NDZ2 gene, and that C. picumnus was among the few
(N = 6) species where climate explained significant
NDZ variation after geography was factored out.
Although they also employed codon models to
understand natural selection on mitogenomes at the
macroevolutionary level among Australian songbirds,
no microevolutionary tests of mtDNA variation
or analyses of nuclear DNA were performed. Our
continent-wide multilocus survey of nuclear and
mitochondrial diversity in treecreepers therefore
can further address the extent of natural selection
in C. picumnus and potentially C. melanurus. The
data set presented here has been analysed briefly in
other contexts (Balakrishnan ef al., 2010; Edwards
et al., 2016), but has otherwise not been presented

in full detail. Additionally, we combine estimates
of population size changes over time with niche
models (Knowles et al., 2007; Stiels & Schidelko,
2018) to understand what if any connection there
was between available palaeoclimates, available land
area and genetic diversity in the past (Joseph et al.,
2019; Penialba et al., 2019; Burley et al., 2022). These
studies will add to the database of divergence across
the periphery of Australia and the genetic diversity
of Australian vertebrates in general (Edwards et al.,

2016).

MATERIAL AND METHODS
FIELDWORK, SAMPLING AND TAXA STUDIED

Specimens for this study were collected and prepared
as voucher museum specimens over several field trips
conducted from 1996-2002 under the appropriate
permits. Tissue samples were borrowed from existing
collections to supplement fieldwork (Fig. 1; Supporting
Information, Table S1). Tissues were sampled from
individuals and stored in liquid nitrogen in the field,
and stored long term at -80 °C at the Burke Museum,
University of Washington. Additional details and
justification of our sampling scheme are provided in
the Supporting Information, Text S1).

DNA ISOLATION, PRIMER DEVELOPMENT AND
RESEQUENCING

Total genomic DNA was extracted from heart, liver
or muscle tissue using phenol chloroform methods.
Details of PCR conditions for mtDNA amplification
can be found in Supporting Information, Text S1.
To generate nuclear loci, we constructed a plasmid
library from total genomic DNA from a single female
C. picumnus, shearing, repairing and size-selecting the
DNA into 2-3 kb fragments using methods outlined in
Jennings & Edwards (2005). The sized fragments were
cloned into a pucl8 vector, transformed into competent
E. coli DH10B cells (Invitrogen), and plated on agarose.
Additional details on cloning protocol, PCR conditions
and characterization of anonymous loci using the
Aliview (Larsson, 2014), Polyphred (Nickerson et
al., 1997), Coding Potential Calculator2 and MISA
microsatellite finder (Beier et al., 2017) web servers can
be found in Supporting Information, Text S1.

HAPLOTYPE RESOLUTION, GENETIC DIVERSITY AND
POPULATION STRUCTURE

Unphased diploid DNA sequences for each locus
were phased using Phase 2.0 (Stephens et al., 2001).
We accepted as valid the haplotype set with the
highest likelihood, with the two haplotypes for each
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locus labelled as ‘a’ and ‘b’. Phased haplotypes were
converted into Nexus (Maddison et al., 1997) and
Phylip (Felsenstein, 1994) formats for subsequent
analyses, and Paup®* (Swofford, 2002) and PGDSpider
(Lischer & Excoffier, 2011) were used for routine file
format conversions. Standard population genetic
statistics, such as genetic diversity within and
between populations and species (r, Nei & Li, 1979),
Tajima’s D (Tajima, 1989) and F, among populations
based on pairwise differences of haplotypes (Hudson
et al., 1992), were calculated using the R package
PopGenome v.2.7.5 (Pfeiferet al.,2014). Gene trees were
constructed using the maximum likelihood algorithm
in IQ-TREE v.1.6.12 (Nguyen et al., 2015), using
best substitution models for each locus as estimated
in ModelFinder (Kalyaanamoorthy et al., 2017) and
the Bayesian Information Criterion. Net nucleotide
diversity between populations and species [D =d
—0.5(d_+ dy), Nei & Li, 1979], was calculated using
PopGenome (Pfeifer et al., 2014). Indels were scored
as biallelic or multiallelic and the F_ for each indel
was calculated using the hierarchical method of Yang
(1998) as implemented in hierFstat (Goudet, 2005). We
analysed the data via principal components analysis
(PCA) in smartpca v.8000 (Patterson et al., 2006),
in part to detect potential outliers and sequencing
errors but, more importantly, to determine if the
PCA plot could reveal details of population structure
(Novembre et al., 2008). We used STRUCTURE
v.2.3.2.1 (Pritchard et al., 2000) to understand the
basic population units within and between species.
Details of STRUCTURE runs and analysis (Evanno et
al., 2005; Earl & vonHoldt, 2012), as well as additional
simulations using ms (Hudson, 2002) and the number
of interspecific coalescent events (Fitch, 1971; Slatkin
& Maddison, 1989; Takahata, 1989; Maddison &
Maddison, 2019) can be found in the Supporting
Information (Text S1).

HYPOTHESIS TESTING WITH GENE TREE VARIATION

Gene trees were tested against a priori hypotheses
of species and population monophyly using the
approximately unbiased (AU) and Kishino—Hasegawa
tests (Shimodaira, 2002) with 1000 bootstraps as
implemented in IQ-TREE. Specifically, to explore
the extent of significant variation among gene trees,
we asked whether the data from the alignment of
each locus could reject the trees from the other 14
alignments. We used Phrapl (Carstens et al., 2017;
Jackson et al., 2017) to test hypotheses of major classes
of phylogeographic models in treecreepers. Phrapl
takes a set of rooted gene trees and, using AIC, tests
them against the coalescent expectations of a suite of
models built from different combinations of population
parameters, including directional gene flow, changes

in population size, and divergence of populations.
Although the sequence data is not interrogated in such
tests, the results can help narrow down the number of
models. Additional details on our use of Phrapl can be
found in the Supporting Information, Text S1.

DIVERGENCE MODELS WITH AND WITHOUT GENE FLOW

We used bpp v.4.3 (Yang & Rannala, 2010; Flouri et
al., 2018, 2020) to estimate the population phylogeny
and divergence times among Climacteris populations.
We pruned the data to include only 54 individuals
with high representation of unambiguous sites within
loci. Informed by the population genetic analyses,
we used the parameter estimation mode A00 to
estimate population divergence times and effective
population sizes given an assumed phylogeny with
four tips: the Newman/Pilbara population of C.
melanurus (subspecies wellsi), the remaining Top End
populations of C. melanurus, the Weipa population
of C. picumnus (subspecies melanotus) as well as
the remaining C. picumnus populations. We ran bpp
with both a single rate and multiple rates across loci,
implementing the best substitution models for each
locus using the output from IQ-TREE. We also tested
models of divergence with gene flow, assuming gene
flow occurred only between the easternmost clade of
C. melanurus (all but Newman) and the non-Weipa
C. picumnus populations. These analyses permitted
estimation of the time of the single pulse of gene flow
and the probability of gene flow during that pulse
(Flouri et al., 2020). We ran 800 000 cycles, sampling
every second cycle. Additional details of bpp runs can
be found in the Supporting Information, Text S1. We
summarized the meme output in Tracer (Rambaut et
al., 2018) and the coda R package (Plummer et al.,
2006).

We used migrate-n (v.5.0, Beerli & Felsenstein, 1999;
Beerli, 2006) to conduct additional phylogeographic
model selection (divergence with gene flow) using the
full data set as well as equilibrium models of gene flow
within C. picumnus and C. melanurus separately. All
analyses were run in Bayesian mode and in parallel
across 30-480 cores with a static heating scheme
across four chains (1M, 3, 1.5 and 1) that allowed for
thermodynamic integration with Bezier smoothing
during Bayes factor analysis (Beerli & Palczewski,
2010). We used flat priors for each parameter, except for
two additional runs of the isolation-migration model,
where we used an exponential prior on divergence
time, with means of 0.001 and 0.01. Each analysis
was run in replicate between 10 and 32 times to check
average results from across the runs. We evaluated six
equilibrium migration models per species using the
Bayesian framework in migrate-n. We first analysed
a series of models within each species, starting with
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a single panmictic population, then several models
with two major populations and differing by the
pattern of symmetrical or asymmetrical gene flow, and
finally, maximally complex models with four and five
populations for melanurus and picumnus, respectively
(Supporting Information, Fig. S11). mtDNA data was
not included in these analyses. Model selection was
conducted using Bayes factors as described in Beerli
& Palczewski (2010).

The between-species analyses utilized the full
sequence data from C. picumnus and C. melanurus,
treating each species as a panmictic population. The
population structure within each species should not
have any obvious effects on divergence times between
species—our main parameter of interest here. The
violation of the panmixis assumption will likely cause
the value of 0 for each species to be higher than if
each species were modelled as a subpopulation, but it
does not misrepresent the biology, since the effective
population size of a structured species has a known
and predictable relationship to that of a panmictic
species with the same total number of breeding
individuals (Nei & Takahata, 1993). Using a novel
framework incorporating population divergence
(Beerli et al., 2022), we developed eight two-species
models involving population divergence and gene flow,
with and without a putative ancestral population from
which extant sampled populations emerged, as well
as a pure equilibrium migration model (Supporting
Information, Fig. S12). Incorporation of an unsampled
ancestral population allows one to test models in which
both extant populations diverged from each other at
the same time, as opposed to one population being
derived from another (Beerli et al., 2022). Without a
putative ancestral population, population divergence
is assumed to follow a pattern in which one extant
species served as an ancestral population from which
the other sampled species diverged (so-called ‘budding
speciation’: Caetano & Quental, 2022). Whereas bpp
assumes a single pulse with a particular probability of
gene flow between designated populations, migrate-n
assumes continuous gene flow initiating immediately
after population divergence.

For all demographic analyses, we converted species
and population divergence times to years and genetic
diversity (0) to effective population sizes by assuming
a mutation rate + 1 SD of 2.2 x 10° + 0.2 x 10®° and a
generation time of 2 + 0.2 years. The mutation rate
we used, appropriate for noncoding DNA and used in
other bird studies (Termignoni-Garcia et al., 2022),
came from an estimate based on calibrations of four-
fold degenerate sites in proteins between zebra finch,
chicken and other amniotes with known divergence time
(Nam et al., 2010). Two years is a reasonable estimate
of the average age at first breeding in C. picumnus
(Doerr & Doerr, 2006) and likely C. melanurus, but we

also used 5 years as an estimate of generation time for
these species based on demography (Bird et al., 2020).
For the bpp analyses, the uncertainty of the mutation
rate and generation time were modelled as a gamma
distribution and contribute to the 95% confidence
intervals (CI) of the Bayesian output using the bbpr R
script (Angelis & dos Reis, 2015).

SPECIES DISTRIBUTION MODELS AND CHANGES IN
POPULATION SIZE THROUGH TIME

‘We generated species distribution models for all species
in the data set to understand the potential for gene flow
between species via range overlaps over time, and also
to understand how closely effective population sizes
over time were correlated with estimates of ancestral
niche areas. We supplemented the localities used for
the genetic data (Supporting Information, Table S1)
by downloading locality information from the Global
Biodiversity Information Facility (GBIF; https:/www.
ghif.org/) on 31 March 2020 using the package rgbif
(Chamberlain et al., 2021) in R (R Core Team, 2019).

For each species, we used ENMeval (Muscarella
et al., 2014) to test the best model parameters for
downstream analysis with Maxent v.3.4.1. Ecological
niche models are subject to a number of biases,
including those related to the different models, tuning
parameters and data set sizes (Warren et al., 2021).
ENMeval, which we use here to estimate species
distribution models (SDMs), incorporates model
tuning for Maxent into the analysis, a facility not
found in all packages. The ENMevaluate function was
set up to use Maxent 3.4.1 (Phillips et al., 2017) in the
package dismo (Hijmans ef al., 2011) and the climatic
data used is from the PaleoClim database (Brown et
al., 2018). Additional details of filtering of GBIF data
using CoordinateCleaner (Zizka et al., 2019) and use of
feature classes and training of the model can be found
in Supporting Information, Text S1.

We used Stairway plots (Liu & Fu, 2015, 2020) to
estimate variation in effective population size through
time for C. picumnus and C. melanurus and to test
the hypothesis that effective population size through
time was correlated with available habitat through
time as estimated with ENMeval. The Stairway
plot is a composite likelihood method that uses the
folded or unfolded site frequency spectrum (SFS) to
estimate changes in the mutation-scaled population
size 0O for a variable number of ‘epochs’ in coalescent
trees. Stairway assumes a random-mating population;
we tested Stairway plots with and without the main
outlier populations within C. picumnus (Weipa) and
C. melanurus (Newman) and found little difference,
and so we used the entire data sets for each species
to generate SFSs. We estimated the unfolded site
frequency spectrum from all autosomal loci, using a
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single allele from C. rufus as an outgroup. We also
examined results using the folded SFS, to see if the
results were robust to the data type and also because
our unfolded SFS could be biased by the specific
outgroup that we chose. Stairway plots were run using
default search parameters, including four random
break start points at 7, 15, 22 and 28, and allotting
67% of the sites for training (additional details in
Supporting Information, Text S1).

RESULTS

LOCUS DIVERSITY, POPULATION STRUCTURE AND
SUMMARY STATISTICS

We sequenced 367 bp of mitochondrial control region
(CR) 1 for 48 C. picumnus, 46 C. melanurus and 14
outgroup individuals, totalling 108. There was a total of
80 variable sites among all taxa, and 28 variable sites
among C. picumnus and C. melanurus. A maximum
likelihood gene tree showed reciprocal monophyly of
C. picumnus and C. melanurus, with four sequences
from the Weipa population of C. picumnus clustering
separately from the remaining picumnus (Supporting
Information, Figs S1-S2). In the consensus bootstrap
tree, these same four sequences cluster weakly (50%)
as sister to the melanurus sequences (Supporting
Information, Figs S1-S2). Tree-topology tests in
IQ-TREE (Supporting Information, Table S3) indicated
that reciprocal monophyly of C. picumnus and C.
melanurus sequences could not be rejected (P = 0.91),
although the topology was ultimately sensitive to the
alignment of the 3’ end of the sequence and there
was relatively little information in these short CR
sequences.

We successfully cloned 14 anonymous nuclear
loci (AL) as templates for PCR amplification. We
originally conducted a BLAST analysis of all 14
candidate loci immediately after cloning (in 2004) to
determine functions of our putatively anonymous loci
or to help inform modelling of substitutions. We found
that none of them matched sequences in the database.
Upon repeating the BLAST analysis during the final
data analysis on 24 March 2020, four of the 14 loci
elicited a significant hit to various sequences in the
database (Supporting Information, Table S2). These
sequences all had matches to avian genomes [often to
sequences in kiwis (Apferyx) or eagles (Aquila)l and
included a number of repetitive sequences, including
WD repeats (AL21), HEATSA repeats (AL16, AL32)
or to anonymous, unannotated regions (AL18, AL20)
of various genome assemblies. The coding potential of
each locus, as assessed by CPC2 (Kang et al., 2017),
was uniformly low, with all loci being designated as
‘non-coding’ with open reading frame integrity scores
ofless than 0.15. Each locus cleanly amplified a single

PCR product and upon sequencing yielded clear
sequences with readily identifiable heterozygous
sites. We therefore proceeded with sequencing these
loci across the collected individuals. Alignment
lengths of each locus varied from 288 to 418 base
pairs (bp, mean = 356.93, + 1 SD = 33.73 bp) and the
GC-content of each locus averaged across individuals
varied from 0.350 to 0.608 among loci (mean across all
individuals 0.469 + 0.077; Supporting Information,
Table S3). These GC values are typical for bird
genomes. Within species, the number of biallelic
SNPs per locus varied from 1 to 20, whereas both
species had a low incidence of polyallelic sites (three
nucleotides; maximum two per locus, average 0.167
per locus; Supporting Information, Table S3). Within
individual populations, the number of SNPs per locus
varied from 0 to 15, with no polyallelic SNPs within
any one population.

GENE TREE HETEROGENEITY AND LINEAGE SORTING

Maximum likelihood gene trees varied in their
implications for treecreeper phylogeography (Supporting
Information, Fig. S3). None of the gene trees implied
monophyly of either C. picumnus or C. melanurus
alleles (Supporting Information, Fig. S3). The outgroup
sequences from C. affinis and C. rufa were monophyletic
in only five of the 15 gene trees (Supporting Information,
Table S3). Several cases of identical sequences occurred
among C. picumnus, C. melanurus and the outgroup
sequences. Considering alleles only from C. picumnus
and C. melanurus, the number of interpopulation
coalescent events varied from 2 to 21, with a mean
of 6.93 (Supporting Information, Table S3). Using
approximately unbiased (AU) tests, we found that in
most cases, there was significant conflict between loci,
both with the topologies of other loci and with a gene
tree exhibiting reciprocal monophyly within each species
(Supporting Information, Fig. S4). The sequence data
for the loci AL7, ALL14, AL22 and AL32 in particular
were in strong conflict with topologies from other loci.
Simulations using ms (Supporting Information, Fig. S5;
Text S1), as well as the results of the Phrapl analysis
(Supporting Information, Table S4) suggested that
interspecific gene flow likely shaped these genes trees in
addition to incomplete lineage sorting, a conclusion that
informed our downstream analyses.

POPULATION STRUCTURE, DIVERGENCE AND
NEUTRALITY

The extent of nucleotide diversity (n) varied
substantially and significantly among populations
(P < 0.05) and loci (P < 0.05), and between nuclear
DNA and mtDNA (Fig. 2A, B). Whereas one population
(Newman) had no variation at mtDNA, all populations
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exhibited some variation at anonymous loci. In general,
nucleotide diversity for anonymous loci exceeded that
for mtDNA in all populations except Weipa (Fig. 2A,
B). Anonymous locus AL22 exhibited over eight times
greater diversity than AL5 [Fig. 2; Fl3 ey = 11.34,
P =3.55e-15, n? = 0.57, 90% CI (0.47, 1.00)]. The
diversity at each nuclear locus and at mtDNA was
highly correlated between the two species [t = 3.9552,
d.f. =13, P=0.0016, Pearson’s rho = 0.739, 90% CI
(0.441, 0.890), Fig. 2D].

The level of differentiation among populations,
as measured by F_ and dxy, indicated that, within
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in the Pilbara was the most differentiated, with an
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melanurus populations of 0.289 and 0.90, respectively
(Fig. 3; Supporting Information, Figs S6-S7).
Within C. picumnus, the Weipa population was the
most differentiated, with an average nuclear and
mitochondrial F, with other C. picumnus populations
of 0.105 and 0. 217 respectively, slightly higher than
differentiation exhibited by the Mallee Cliffs population.
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Figure 2. Patterns of nuclear and mitochondrial genetic diversity in C. picumnus and C. melanurus. A, mtDNA CR1
nucleotide diversity and average nucleotide diversity for the 14 anonymous (AL) loci of each population of C. picumnus and
C. melanurus. Populations are arranged west on the left to east/south on the right of the x-axis. B, nucleotide diversity by
locus averaged across all populations of C. picumnus and C. melanurus. C, average nucleotide diversity presented as box
plots for each population of C. picumnus and C. melanurus. D, correlation of nucleotide diversity for each locus between C.

picumnus and C. melanurus.
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Figure 3. Heatmap of ¥, (below diagonal) and d_ (above diagonal) for populations of C. picumnus and C. melanurus for
14 anonymous loci. Nucleotide diversity for each population is presented along the diagonal. Populations are ordered from
west to east going left to right or top to bottom for C. melanurus and C. picumnus. For precise values of each statistic see

Supporting Information, Fig. S7.

picumnus and C. melanurus, and for mtDNA within C.
picumnus (Supporting Information, Figs S6-S7).

Principal components analysis (PCA) using smartpca
and STRUCTURE both reinforced the conclusions from
F_ (Fig. 4). PCA revealed a striking pattern in which the
individuals and populations were arrayed across the plot
in a way that mirrored their relative geographic locations
across Australia, with a clear ‘east-west’ separation
between C. melanurus and picumnus along PC1, which
explained 24.89% of the genetic variation, and a ‘north-
south’ variation within each species along PC2, which
explained 5.94% (Fig. 4A). Newman was again the most
differentiated, with no overlap with other populations.
Slight clinal variation along PC2 is evident within C.
picumnus. Tracy—Widom statistics indicated that the
first five PCs were significant (P < 0.05). STRUCTURE
analysis showed a clear separation of C. melanurus and
picumnus, with little evidence for individuals belonging
to multiple genetic groups (Fig. 4B). When each species
was analysed alone, additional substructuring was
evident, with Newman again appearing differentiated
relative to other melanurus and Weipa showing the most
differentiation within picumnus. K = 2 was the optimal
number of genetic groups for all three analyses (Fig. 4B).

We used Tajima’s D to test for neutrality of mtDNA
CR1 sequences and anonymous loci (Fig. 5). CR1
yielded a significantly negative Tajima’s D, as did one
locus (AL32) in C. picumnus and two loci (AL3, AL19)
in C. melanurus. The average Tajima’s D across nuclear
loci for both species was slightly negative (-0.426, C.
picumnus; -0.328, C. melanurus).

INDEL AND MICROSATELLITE LENGTH VARIATION
CORROBORATE GEOGRAPHIC PATTERNS OF
DIFFERENTIATION

We found 21 examples of indels among the
anonymous loci, varying in length from 1 to 25 bp
(Fig. 6; Supporting Information, Table S5). Six of
these indels were invariant within C. picumnus
and C. melanurus, and varied only in comparison
to outgroups. The 15 indels polymorphic within C.
picumnus and C. melanurus displayed a wide diversity
of geographic patterns, and generally corroborated
patterns of diversity suggested by the sequence-
based gene trees. Some indels showed strong, near
complete differentiation between C. picumnus and
C. melanurus, or were restricted to specific areas of
endemism around the continent, such as indels 15
and 6, respectively (Fig. 6A, C). Others showed less
population structure, or possibly microevolutionary
convergence. For example, indel 9 in AL20 is a 4-bp
microsatellite repeat where the derived condition,
based on comparisons with outgroups,is likely deletion
of a repeat unit (Fig. 6B). This condition is found in
five of the eight populations and in both species,
yet the Newman, Cape York Peninsula and Sedan
populations all retain the ancestral state (insertion).
All but one indel polymorphisms were biallelic, with
indel 20, a mononucleotide repeat varying from 5 to
10 bp, displaying six alleles (Fig. 6D). Overall, the
level of among-population differentiation of indels
was slightly higher than that for SNPs (Supporting
Information, Fig. S8).
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Figure 4. Population structure within C. melanurus and C. picumnus revealed by PCA and Structure. A, PCA plot of all
individuals within C. melanurus and C. picumnus for the first three principal components. Populations are colour-coded
by key at upper left. B, above, Structure plot (k = 2) for combined analysis of C. melanurus (black-tailed) and C. picumnus
(brown); below, Structure plot, k = 2, for each of C. melanurus and C. picumnus separately.

POPULATION DIVERGENCE TIMES AND LOCUS RATE
HETEROGENEITY USING BPP

We assessed phylogenetic relationships among
Climacteris populations using bpp applied to nuclear

loci only. To focus on divergence among major lineages,
we assumed a tree with only two sister lineages within
each species: Newman within C. melanurus and Weipa
within C. picumnus (Supporting Information, Fig. S9).
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Figure 5. Estimates of Tajima’s D for 14 anonymous loci and mtDNA CR1 within C. melanurus and C. picumnus, as
calculated in PopGenome. Averages for each species are indicated by dashed lines.

A model incorporating pulse migration and rate
variation among loci was superior to simpler models,
by Bayes factor (Supporting Information, Table S7).
Assuming a migration pulse and a generation time
of 2 years (see Material and Methods) yielded a
species tree with a divergence between C. picumnus
and C. melanurus of ~2.23 Mya (Table 1; Supporting
Information, Table S6), whereas the divergence was
~1.71 years without a migration pulse (Table 1).
Estimates of effective population sizes for Weipa and
the remaining populations of C. picumnus ranged from
~601 000 and ~735 000, respectively; for the Pilbara
population and remaining C. melanurus populations
these values were ~162 000 and ~1.2 million,
respectively (see Supporting Information, Table S6, for
95% Cls on all estimates). However, when generation
times were assumed to be 5 years, as suggested by Bird
et al. (2020), divergence times between the two species
were ~4.3 and 5.6 Mya under among-locus variation,
without and with pulse migration, respectively
(Supporting Information, Table S6). There was a good
correlation between the estimated rates for each locus
estimated in bpp and the average nucleotide diversity
of each locus across species as measured in PopGenome
[Supporting Information, Fig. S10; ¢ = 4.567, d.f. = 12,

P =0.00064, Pearson’s rho = 0.797, 90% CI (0.5321,
0.919)].

GENE FLOW AND HYPOTHESIS TESTING USING
MIGRATE-N

For the within-species analyses, the best model within
C. picumnus was one in which all five populations were
designated and connected by unequal levels of gene
flow between pairs in a linear-stepping stone (Table
2; Supporting Information, Table S9). This model had
a model probability of 1 and was a better explanation
of the data than models of two or one population. For
C. melanurus, the best model (model probability 0.98)
was one with four populations in which Newman was
connected to Fitzroy Crossing, which was in turn
connected to Doomadgee and Douglas Hot Springs in a
triangle (Supporting Information, Table S8; Fig. S11).
We next analysed eight models involving both
species and the entire set of populations, here
considered as a single panmictic population, using
both divergence with and without gene flow. We
also considered an equilibrium migration model
with unrestricted gene flow, again considering
both species as single panmictic units (Supporting
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Figure 6. Examples of geographic variation of indels within C. melanurus and C. picumnus. Pie charts indicate the
frequency of each indel variant for each of four example loci (A-D) that are polymorphic in one or both species. Details of
indel variation can be found in Supporting Information, Table S5.

Information, Fig. S12). The two top models involving
divergence between the two species (models 5 and
7) both also incorporated gene flow between the two
species and had roughly equal likelihood (Supporting
Information, Table S9). However, both of these
models were outperformed by a simple equilibrium
migration model between the two species, each
panmictic, with no divergence component in the
model (Supporting Information, Table S9). For
models not including gene flow, and assuming a
generation time of 2 years, the estimated divergence
time between C. picumnus and C. melanurus was
somewhat greater than inferred by bpp (~2.8 Mya
with migrate-n vs. 1.7 Mya with bpp with among-
locus rate variation; Table 2). The best isolation-
migration model had an unrealistically large
posterior mode and flat posterior distribution for
divergence time (Supporting Information, Table S9).
We therefore ran two additional isolation-migration
models with an exponential instead of a flat prior
on divergence time; these returned divergence times

closer to those models without gene flow and to the
migration-pulse model of bpp (posterior mode from
prior mean divergence 0.001: 0.0047, or 4.7-5.5
Mya; Table 2, see Supporting Information, Table S8,
for 95% Cls). The post hoc model with prior 0.001
had higher likelihood than even the equilibrium
migration model.

SPECIES DISTRIBUTION MODELS AND CHANGES IN
EFFECTIVE POPULATION SIZE THROUGH TIME

The niche models generated from GBIF records for
C. picumnus (N = 499) and C. melanurus (N = 243)
captured the major range blocks for both species (Fig. 7;
Supporting Information, Figs S13-S14). Additionally,
as expected, several regions not currently occupied by
either species were predicted as suitable in the niche
models. For example, for C. picumnus, a small region
of south-west Western Australia was predicted to be
suitable for current distribution with high probability,
whereas for C. melanurus, the western half of Cape
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Table 1. Summary of results of data analysis by Bayesian phylogenetics and phylogeography (bpp), assuming rate
variation among loci. The left-hand column lists the current or ancestral population as designated in the Supporting
Information, Figure S9. @, and @, indicate the probability of introgression into ancestral populations H and T, respectively.
Parameter estimates assume a mutation rate of 2.2 x 10? substitutions per site per year and a generation time of 2 years.
Results of additional runs are reported in Supporting Information, Table S6. n.e. = not estimated in the model.

Parameter estimates (years or individuals)

Pure isolation model

Isolation-pulse migration

Node in Supporting Information, torN, Mean Lower Upper Mean Lower Upper
Fig. S9

1 N, 601 680 352 582 876 902 609 898 374 182 873401
2 N, 672 810 393978 983 584 735 080 447728 1054 306
3 N, 1206 638 817996 1636350 1180742 795791 1584 054
4 N, 162 927 82 908 251534 168 235 94 347 251263
5 N, 203 074 99 361 317407 123 095 38 408 221093
6 N, 439 257 246 722 657 498 382877 226 906 552 050
7 N, 553 746 331 366 797021 183 386 16 773 388 699
8 N, n.e. n.e. n.e. 477 569 295 288 679 554
9 N, n.e. n.e. n.e. 189 585 20 355 405019
5 t 1707643 1117516 2353595 2233954 1451510 3082612
6 t 326 118 158 712 500 094 356 656 222 559 499 915
7 t 337 954 175871 513 334 335652 206 160 474 025
8 t n.e. n.e. n.e. 343 617 212118 484 846
9 t n.e. n.e. n.e. 335652 206 160 474 025
@, - n.e. n.e. n.e. 0.065 0.016 0.122
@, - n.e. n.e. n.e. 0.033 0.006 0.006

=

York Peninsula was predicted to be suitable with high
probability. These same regions, as well as core regions
of the current ranges, were predicted to be suitable
during the Holocene and were included in regions of
high long-term stability since the Pliocene (Fig. 7).
Areas of range overlap could influence the degree of
gene flow and hence gene tree discordance observed
in the DNA sequence data sets. We calculated the
proportion of each species range that overlapped
with ranges of other species for the 11 time periods
investigated, from the Anthropocene to the mid-
Pliocene (Fig. 8; Supporting Information, Fig. S15). We
found that C. picumnus and C. melanurus overlapped
at less than 10% of their range across these time
periods, with the highest period of range overlap
occurring in the Bglling-Allergd interstadial warming
period during the Late Pleistocene (14.7-12.9 kya).
The ranges of the two focal species also overlapped at
various times in the past with outgroup species. For
example, as much as 74% of the range of C. picumnus
is predicted to have overlapped with that of C. affinis
during the Late Holocene (4.2-0.3 kya), whereas about
62% of the range of C. picumnus overlaps with that
of C. affinis today. The ranges of C. picumnus and the
outgroup species C. rufa do not overlap today but were
predicted to have overlapped substantially during the

Late Pleistocene. The two outgroup species, C. rufa
and C. affinis, are predicted to have overlapped in
the past, with as much as 60% of the range of C. rufa
overlapping with C. affinis during the mid-Pleistocene.

The total range areas of C. picumnus and C.
melanurus were broadly similar across time periods,
averaging 2 375 139 km? and 1 972 887 km?,
respectively. The range of C. melanurus fluctuated
more widely over time (range: 1 299 250 to 3 175 545
km?) than the range of C. picumnus (range: 1 933 194
to 2 926 724 km?). However, the ranges of both species
broadly declined over time, particularly during the
since the Last Interglacial (~130 ka for C. melanurus)
or Heinrich Stadial 1 (~15 ka) for C. picumnus (Fig. 8).

We analysed changes in effective population size
over time using the Stairway method of Liu & Fu (2020)
using both the unfolded (with outgroup polarization)
and the folded (without outgroup polarization) SFSs.
Although the unfolded SF'S is likely more accurate,
there is still uncertainty because the single outgroup
allele we used to polarize mutations does not represent
all the allelic variation in the outgroup; the folded
SFS, although less informative than the unfolded
SF'S, is more robust in this regard.

Of the eight Stairway plots produced, all but one
included a conspicuous drop in population size (Fig. 9;
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Table 2. Summary of results of data analysis by migrate-n. Parameter estimates for the top three models- divergence,
divergence with gene flow and equilibrium gene flow- are listed. Parameter estimates assume a mutation rate of 2.2 x 10
substitutions per site per year and a generation time of 2 years. Species 1 and 2 are C. melanurus and C. picumnus,
respectively. Ne is effective population size, Nm is rate of gene flow, D is the divergence time and S is the standard
deviation of the divergence time (Beerli ef al., 2022). Results of additional runs are reported in Supporting Information,

Table S8
No among-locus rate variation Among-locus rate variation
Parameter 2.50% Mean 97.5% 2.5% Mean 97.5%
Divergence without gene flow
Ne_1 901 136 1164 773 1423 864 1500 000 1766 250 2 058 750
Ne_2 1522 727 1923 864 2318182 2516 250 2988 750 3 466 250
D_1->2 545 455 3072727 5518 182 0 2 845 455 5027 273
S_1->2 118 182 2 354 545 4481 818 2000 000 4309 091 7272727
Divergence with gene flow
Ne_1 742 045 996 591 1242 045 1250 000 1454 545 1644 318
Ne_2 1386 364 1775000 2151136 2 386 364 2 880 682 3371591
Nm_2->1 0.00 0.86 3.35 0.14666663 1.177624576 2.21873329
Nm_1->2 0.00 1.42 5.68 0.42 2.456087985 4.7472
D_1->2 2470 000 4710 000 6930 000 4481 818 5490 909 6481 818
S_1->2 270 000 2660 000 4 870 000 7454 545 9500 000 11272727
Equilibrium gene flow
Ne_1 750 000 997 727 1250 000 212 500 307 955 386 364
Ne_2 1401136 1788 636 2167 045 219 318 276 136 303 409
Nm_2->1 0.00 0.86 3.37 0.02493327 0.306792325 0.65733322
Nm_1->2 0.00 1.44 5.72 0 0.172663699 0.4272

Supporting Information, Tables S10 and S11); in the
analysis of C. melanurus using the folded SFS from
pegas, the decline was relatively mild. The onset of
the decline in population size varied, from about
60-100 kya for the unfolded analyses across both
species, to more recently (60-6 kya) for the folded
analyses. In general, the plots reflected a pre-decline
effective population size of ~1-1.2 million when using
the unfolded SF'S and ~300 000-800 000 when using the
folded SFS. The post-decline populations closer to the
present time varied around ~120 000-240 000 for
the unfolded analyses and ~120 000—1 million for the
folded analyses. All plots showed high uncertainty in
overall effective population sizes, especially closer to
the present and in several cases the 95% confidence
limits could not exclude a constant population size
throughout the tested periods (Fig. 9).

The effective population sizes from the Stairway
plots using the folded PopGenome SFS or when
accounting for ambiguous sites in the unfolded
analyses were regressed against the estimated
habitable area from the species distribution models
(Supporting Information, Tables S11-S512). Effective
population sizes from the Stairway plots were
available for all time periods used in the species
distribution models except for the most ancient
period (Pliocene M2, ~3.3 Mya). There was also no

available Stairway estimate of effective population
size for the mid-Pliocene warm period (~3.2 Mya) for
C. picumnus for the analyses using the pegas folded
SFS. Linear models were fitted with both species
together and separately. Of the six regressions
performed (species pooled and separated for folded
and unfolded analyses), effect sizes were generally
small, with only the folded analysis for C. picumnus
showing a significant relationship between effective
population size through time and estimated habitable
area (Supporting Information, Table S12).

DISCUSSION

We have used sequence variation among 14
anonymous nuclear loci and the mitochondrial CR1 to
infer the phylogeographic history, patterns of natural
selection and population growth, and extent of gene
flow within and between a classic two-species complex
of Australian treecreeper (Climacteris) displaying
disjunct distributions across the Carpentarian
barrier. Overall, our analyses documented substantial
genetic differentiation within and between the
two species in both mitochondrial and nuclear loci;
the Pilbara population of C. melanurus was highly
differentiated from those in the Top End, and the
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Figure 7. Environmental niche models of C. picumnus (left) and C. melanurus (right) for the present (top) and Holocene
(middle) time periods. The niche stability since the Pliocene is depicted on the bottom row. In all panels, green indicates
highest probability whereas brown and grey indicates lowest probability. x- and y-axes are longitude and latitude,
respectively. Mya, millions of years ago; ka, thousands of years ago.

Cape York Peninsula population of C. picumnus
(melanotus) is somewhat less strongly differentiated
from more southerly populations. Both of these
patterns corroborate putative subspecies boundaries
(Keast, 1957; Ford, 1987), but we cannot rule out an
isolation-by-distance model for differentiation of C. p.
melanotus. Climacteris picumnus and C. melanurus

are substantially differentiated from each other across
the Carpentarian barrier, although Bayesian analyses
detected a low level of gene flow across this barrier.
Depending on the value of generation time assumed,
C. picumnus and C. melanurus could have diverged as
long ago as 5.58 Mya [95% CI (3.86-7.43), Supporting
Information, Table S6]. In general, our analyses
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Figure 8. Estimated ranges and proportion of range overlap of C. melanurus and C. picumnus, through 11 time periods
from the mid-Pliocene to the present (Anthropocene). A-C, changes in estimated range size over time for C. picumnus (A), C.
melanurus (B) and outgroup species C. affinis (C). D-F, proportion of range overlap over time for C. picumnus-C. melanurus
(D), C. picumnus-C. affinis (E) and outgroup species C. rufa and C. picumnus (F). For (D-F), the proportion of the range of
the first species listed is indicated on the y-axis. Additional details can be found in Supporting Information, Figs S11-512.

showed higher nucleotide diversity among autosomal
nuclear markers than for the mtDNA control region,
which showed evidence of directional selection
(negative Tajima’s D) at the microevolutionary level.
Analyses of population size changes through time
consistently showed declines in effective population
size since the Holocene or Late Pleistocene, depending
on the analysis. Although estimated palaeospecies
distribution models also showed declines in habitable
range since the Late Pleistocene (~15-130 ka), the
correlation with effective population size was weak.
Overall, C. picumnus and C. melanurus exhibit
patterns expected for differentiation across the
Carpentarian and associated barriers, although
additional complexity in terms of gene flow and
reticulation suggests a dynamic relationship with
the evolving landscape of the northern Australian
Monsoon Tropics seen in birds and other vertebrates
(Bowman et al., 2010; Fujita et al., 2010; Potter
et al., 2012, 2018; Dorrington et al., 2020; Burley
et al., 2022).

NATURAL SELECTION ON MTDNA IN C. PICUMNUS

An important goal of the mitochondrial survey was to
determine if signals of natural selection detected by
Lamb et al. (2018) were evident in the mtDNA control
region. Importantly, the mitochondrial sequencing and
analysis for this project took place prior to the publication
of Lamb et al. (2018), yet the two studies converged on
similar conclusions. Lamb ef al. (2018) conducted a
variety of macroevolutionary tests for natural selection
in the mitogenome of treecreepers and other Australian
birds, and found that sequence within species varied
with climate features in ways that suggested adaptation.
However, they did not conduct any formal tests of
selection within species: statistical tests of natural
selection were confined to understanding patterns of
amino acid substitution across the mitogenome tree of
the multiple species studied. We examined nucleotide
diversity and Tajima’s D within both C. picumnus
and C. melanurus. We found surprisingly low levels of
nucleotide diversity (n) within C. picumnus (Fig. 2): in
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Figure 9. Effective population size through time for C. melanurus and picumnus as estimated by the Stairway method. The
x-axis shows times from ~3 Mya to the present, assuming a substitution rate of 2.2 x 10 substitutions per site per year and
a generation time of 2 year. Light brown, C. picumnus, dark brown, C. melanurus. Ninety-five percent confidence limits on
the estimates are shown in grey and their overlap in darker light grey.

all but one population (Weipa) mtDNA diversity was
lower than in the nuclear genome. Although this pattern
alone is not inconsistent with neutrality at mtDNA, it is
unusual: nucleotide diversity in birds is systematically
lower than in mammals and is thought to be depressed
due to effective linkage and hitchhiking with the W
chromosome, which is subject to Hill-Robertson effects
(Berlin et al., 2007). The extent to which mitochondrial
nucleotide diversity in animals varies with effective
population size, as predicted for a neutral chromosome,
or whether it is subject to pervasive natural selection,
which obliterates the correlation of nucleotide diversity
and Ne, is controversial (Bazin et al., 2006; Allio et al.,
2017). Recent analyses confirm that the mutation rate of
mtDNA is substantially higher than that for the nuclear
genome in birds (Wilson et al., 1985; Allio et al., 2017),
and that uncorrected percent divergence for mtDNA
is in general higher within species than for nuclear
DNA—presumably driven by the higher mitochondrial
mutation rate (Bazin et al., 2006; Allio ef al., 2017). Thus,
the uniformly lower mtDNA diversity in Climacteris
treecreepers could be an indirect indication of the action
of diversity-reducing selective sweeps.

We also found that Tajima’s D for the mtDNA CR1
was strongly negative in C. picumnus, potentially

suggesting a recent selective sweep. Tajima’s D was
not significantly negative for C. melanurus, but was
strongly negative for two nuclear loci in C. melanurus
and one nuclear locus in C. picumnus (Fig. 5). This
pattern is particularly noteworthy given that the
overall population trajectory in both species was one
of decline over time, which should yield positive rather
than negative values of D. These results provide
an additional line of evidence implicating natural
selection in the pattern of mitochondrial diversity in
C. picumnus, potentially in response to environmental
or climatic gradients (Lamb et al., 2018).

PHYLOGEOGRAPHIC AND POPULATION GENETIC
PATTERNS

Brown and black-tailed treecreepers exhibit many of
the patterns expected for species complexes diverging
by allopatric speciation across the Carpentarian
barrier (reviewed in Cracraft, 1986; Edwards, 1993;
Lee & Edwards, 2008; Joseph & Omland, 2009;
Edwards et al., 2013; Kearns et al., 2014; Joseph et al.,
2019; Penalba et al., 2019; Burley et al., 2022). The F_
for both mitochondrial and nuclear DNA was highest
between treecreeper species across the Carpentarian
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and between lesser barriers separating subspecies,
such as the Black Mountain Corridor separating Cape
York Peninsula and more southerly populations in the
east, and the Canning Divide/ Great Sandy Desert
separating the Pilbara from regions further north in
the west (Fig. 1: Pepper et al., 2013b; Edwards et al.,
2017). Consistent with classical work, differentiation
of C. melanurus across the Ord Arid Intrusion
separating the Kimberley from the Top End was mild
(Ford, 1978), but more pronounced for C. picumnus
populations separated by the Einasleigh uplands and
the Burdekin-Lynd Divide and associated highlands
(Ford, 1986). For birds, the Pilbara is still poorly
studied in terms of genetic diversity and divergence
from other Top End populations (Edwards, 1993; Lee
& Edwards, 2008; Pepper et al., 2013b; Black et al.,
2020), although additional work has been produced
for other vertebrate groups (Pepper et al., 2006;
Melville et al., 2016; Potter et al., 2019; Umbrello et al.,
2020). A relatively small number of avian subspecies
are endemic to the Pilbara, but genetic analysis of
additional groups may reveal others (Johnstone et al.,
2013; Dorrington et al., 2020; Joseph et al., 2020).

We found lower genetic diversity in the Pilbara
C. melanurus, as well as in the Sedan sample in C.
picumnus. Although our sample size was somewhat
low for the Pilbara (N = 4 individuals) the number
of alleles we sampled was adequate for estimating
genetic diversity (Felsenstein, 2006). Our MIGRATE
analyses largely corroborated these results: a modified
two-population model (with Pilbara distinct) was
favoured for C. melanurus and a five-population model
with subtle and more widespread differentiation was
favoured for C. picumnus. The genetic isolation of
the Pilbara, and Sedan to a lesser extent, likely has
facilitated a pattern seen in the blue-faced honeyeater
(Entomyzon cyanotis) in which terminal and peripheral
populations harbour less diversity (Burley et al., 2022).

Our analysis of noncoding loci in treecreepers allowed
us to examine indel variation within and among
loci and populations. We found that the F_ for indels
among populations was slightly higher than for SNPs.
This result could mean that low levels of diversifying
selection act on indels to a greater extent than SNPs in
our data set, perhaps due to effects on gene regulation.
In animals, indels have not been examined extensively
in studies of geographic variation of nuclear genes of
birds or other groups (Brito & Edwards, 2009), although
they have been important in phylogenetic reconstruction
(Douglas et al., 2010; Lee et al., 2012; Houde et al.,
2019). Schaeffer (2002) examined indel diversity among
multiple strains of Drosophila pseudoobscura, modelled
as a single population, and found that purifying selection
acted on deletion variants but not insertion variants.
Indels, including microsatellites, can have measurable
effects on gene expression (Rockman & Wray, 2002;

Gagliano et al., 2019) and deserve further study in the
context of phylogeography.

Multiple analyses suggested the presence of gene flow
between C. picumnus and C. melanurus. Coalescent
simulations as well as Phrapl suggested that divergence
followed by gene flow was a better explanation of the
data than a pure divergence without gene flow model.
A pure isolation model in bpp yielded estimates of
divergence times of 1.7 Mya (95% CI 1.2-2.4 Mya)
when rate variation among loci was assumed (Table
1). By contrast, when using migrate-n, an equilibrium
migration model with asymmetrical gene flow between
the two species outcompeted eight divergence models
with and without gene flow. When we conducted post hoc
analyses of two additional isolation-migration models
with different priors on divergence time, one of these
models outperformed even the equilibrium migration
model. Clearly the signal in the data for divergence
time is not strong because the posterior distribution in
this model is influenced by the prior, highlighting the
challenges of estimating parameters of a true isolation-
migration model, as opposed to the migration-pulse
model of bpp (Flouri et al., 2020; Beerli et al., 2022).
However, our analysis and data at this point cannot
distinguish between these models, both of which are
likely simplifications of the true process. Nonetheless,
across all analyses, the level of gene flow estimated
between the two species was low: bpp indicated low
probabilities of introgression (Table 1) and by estimated
migrate-n Nm was 0.84 migrants per generation
from C. picumnus to C. melanurus and 1.4 migrants
per generation in the opposite direction (Table 2). C.
picumnus and C. melanurus are quite phenotypically
distinct, and their population density in any putative
region of intergradation is very low. The ecological niche
models suggested that the area of putative regions of
range overlap between C. picumnus and C. melanurus
has been very low throughout the past several million
years, peaking at less than 10% at about 13 000 years
ago. Thus, the opportunities for gene flow between the
species appear small. Penalba ef al. (2019) found a
decrease in probability of gene flow in this region between
populations diverging at the level of autosomal F  of 0.3—
0.4, corresponding roughly to mitochondrial divergences
of ~1.1-1.7 Mya. The treecreeper mitochondrial data
suggest the F between C. picumnus and C. melanurus
is much greater than 0.4 and autosomal divergence
times closer to 2 Mya across bpp (with gene flow) and
migrate-n (without gene flow). Use of a 5-year generation
time greatly increases our estimated divergence times
to dates often in the Miocene and earlier; such ancient
divergence times have not yet been observed for birds or
other vertebrates for the Carpentarian barrier (Kearns
et al., 2014; Edwards et al., 2016; Penalba et al., 2017,
2019; Dorrington et al., 2020), although they are known
for other biomes in Australia (Mitchell et al., 2021).

© 2023 The Linnean Society of London, Biological Journal of the Linnean Society, 2023, 138, 249273

£20Z 1snBny G| uo 1senb Aq $G1.2Z0L/6+Z/E/8E L/a|9IME/UBBULIIOIG/WOO dNO DlWLSPEOE)/:SdNY WO papeojumoq



PHYLOGEOGRAPHY OF AUSTRALIAN TREECREEPERS 267

The peak overlaps in geographic range between
ingroup and outgroup species pairs in our data set,
such as C. rufa - C. picumnus (> 30% range overlap),
and especially C. rufa - C. affinis (> 60% overlap) and C.
picumnus and C. affinis (> 7T0%) suggest the possibility
of past sympatric interactions such as gene flow in this
clade more so than possible for C. picumnus and C.
melanurus. In addition to incomplete lineage sorting,
such geographic overlap facilitating hybridization
could explain some of the instances of excessive
lineage sharing and lack of reciprocal monophyly
observed in the gene trees, involving not just sister
species but all species in the study. Extensive lineage
sharing at nuclear loci is common for Australian birds,
yet we know little about the extent of geographic
range overlap in the past (Joseph & Omland, 2009;
Lee et al., 2012). Analyses such as ours could help
clarify the sources of lineage sharing in nuclear and
mitochondrial gene trees in Australian birds.

DISTRIBUTION MODELS AND EFFECTIVE POPULATION
SIZES THROUGH TIME

The relationship between population size changes
through time and historically available niche area is
of ongoing interest in molecular ecology (Miller et al.
2021). Although our data set was not genome wide and
was modest in size, the Stairway plots consistently
suggested a general reduction in the effective population
size of both C. picumnus and C. melanurus since the Late
Pliocene. Depending on the details of the models, this
reduction either occurred abruptly around 10 000 years
ago, or, more likely, based on the unfolded SFS analyses,
more gradually over time. We found that the estimated
area of range overlap of suitable habitat between C.
picumnus and C. melanurus also declined through time,
more recently for C. picumnus than for C. melanurus.
Overall, however, we found little correlation between
estimates of effective population size through time for
either species and predicted areas of suitable habitat,
perhaps because both parameters are challenging to
estimate. Still, our distribution models will be important
starting points for more detailed analyses with genome-
wide data sets in the future.

In summary, our analyses of a modest data set of
nuclear and mitochondrial sequence-based markers
have clarified numerous aspects of the phylogeography,
population history and potential for natural selection
in brown and black-tailed treecreepers. In the future,
integration of phenotypic analyses, facilitated by the
freely available voucher specimens made for this study,
and genome-wide analyses will provide additional
insight into the genetic basis of phenotypic divergence
and its interactions with population history. For
example, genome-wide data would allow measurement
of differential gene flow across regions of the genome,

identification of genomic islands of natural selection,
and would perhaps allow us to distinguish between
various models of gene flow over time encompassed
by our analyses (Turner & Hahn, 2010; Cruickshank
& Hahn, 2014; Edwards et al., 2015). Our efforts are
currently directed towards this end.
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Text S1. Fieldwork, sampling and taxa studied; DNA isolation, primer development and resequencing; Phrapl
analysis; approximately unbiased test; simulations using ms; results of coalescent simulations using ms; analyses

using the site frequency spectrum.

Fig. S1. Maximum likelihood tree of control region I sequences (373 bp) of C. picumnus and C. melanurus using

1Q-Tree.

Fig. S2. Maximum likelihood consensus tree of control region I sequences using 1Q-Tree.
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Fig. S3. Maximum likelihood gene trees, showing extent of or lack of species monophyly for each of the 14
anonymous loci (AL).

Fig. S4. Heatmap showing results of approximately unbiased tests of each of the 14 anonymous loci against the
best trees of the other 13 loci.

Fig. S5. Results of simulations using ms and comparison with observed number of interspecific coalescent events
(ICEs).

Fig. S6. Heatmap showing values of mtDNA F_ (below diagonal) or d’xy (above diagonal) between each pair of
populations in C. picumnus and C. melanurus as calculated with PopGenome.

Fig. S7. Heatmap showing values of F (below diagonal) or d_ (above diagonal) between each pair of populations
in C. picumnus and C. melanurus as calculated with PopGenome.

Fig. S8. Comparison of F for indels and SNPs between populations of C. picumnus and C. melanurus.

Fig. 89. Summary of the best model estimated by bpp analyses.

Fig. S10. Correlation between nucleotide diversity (n) per locus as estimated in PopGenome.

Fig. S11. Models of within-species population structure used in migrate-n analysis.

Fig. S12. Eight two-species divergence and divergence with gene flow (1-8) models and one equilibrium migration
model (9) used with migrate-n.

Fig. S13. The thinned localities from GBIF used to generate niche models, with expert range maps in the
background (C. picumnus, N = 499), C. melanurus, N = 243).

Fig. S14. Estimated range areas for C. picumnus, C. melanurus, C. rufa and C. affinis for time periods from the
Anthropocene (left) to the mid-Pliocene (right).

Fig. S15. Estimated proportion of range overlaps between pairs of Climacteris species through geological epochs.
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