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Abstract

Advances in sequencing technologies have revolutionized wildlife conservation genetics. Analysis of genomic data sets can
provide high-resolution estimates of genetic structure, genetic diversity, gene flow, and evolutionary history. These data can
be used to characterize conservation units and to effectively manage the genetic health of species in a broad evolutionary
context. Here we utilize thousands of genome-wide single-nucleotide polymorphisms (SNPs) and mitochondrial DNA to
provide the first genetic assessment of the Australian red-tailed black-cockatoo (Calyptorhynchus banksii), a widespread bird
species comprising populations of varying conservation concern. We identified five evolutionarily significant units, which
are estimated to have diverged during the Pleistocene. These units are only partially congruent with the existing morphology-
based subspecies taxonomy. Genetic clusters inferred from mitochondrial DNA differed from those based on SNPs and were
less resolved. Our study has a range of conservation and taxonomic implications for this species. In particular, we provide
advice on the potential genetic rescue of the Endangered and restricted-range subspecies C. b. graptogyne, and propose that
the western C. b. samueli population is diagnosable as a separate subspecies. The results of our study highlight the utility of
considering the phylogeographic relationships inferred from genome-wide SNPs when characterizing conservation units and
management priorities, which is particularly relevant as genomic data sets become increasingly accessible.

Introduction increasing awareness, however, of the need to protect

diversity within species (Pollock et al. 2017) and this is now
Protection and recognition of biodiversity is largely focused  recognized in policy (Aichi Target 13 of SCBD 2010).
at the species level (CITES 2019; IUCN 2019). There is  Implementation of such policies can be supported through
research that apportions within-species genetic variation to
appropriate taxonomic and conservation units, enabling
conservation managers to identify population genetic
diversity and prioritize conservation interventions that
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different loci are often discordant (Toews and Brelsford 2012;
Morales et al. 2017). Thus, the advent of high-throughput
sequencing and population genomics has the potential to
enhance management of conservation units (Funk et al. 2012;
Barbosa et al. 2018; Langin et al. 2018). An emerging para-
digm shift recommends an assessment of the genetic health of
conservation units (and other population isolates), and the
establishment of strategies to mitigate genetic erosion where
necessary (Ralls et al. 2018). Hence, knowledge of the rela-
tive genetic diversity, interconnectedness and evolutionary
history among populations is important for managing the
genetic health of a species in a broad evolutionary context.

A widespread species whose conservation management
is hampered by a lack of genetic data is the red-tailed black-
cockatoo (Calyptorhynchus banksii), one of Australia’s
most iconic bird species. A large, endemic Australian parrot
in the family Cacatuidae (cockatoos), the species is sexually
dimorphic for bill colour and the stark red (adult male) or
red and orange-yellow (adult female) panels in its tail (Ford
1980). It is widespread throughout Australia from tropical
savannahs to desert rangelands and temperate forests and
woodlands (Fig. 1). Five subspecies are currently recog-
nized based on body size, bill size and shape, and plumage
patterning and colour (Ford 1980; Schodde 1997; see
Supplementary Table S1 for subspecies differences in
morphology; see Latham 1790; Gould 1843; Mathews 1917
and Schodde 1989 for all original subspecies descriptions).

An allozyme study of the systematics of cockatoos
(Adams et al. 1984) included single individuals representing
four C. banksii subspecies and found relatively low diver-
gence among them. The two southern temperate zone sub-
species, C. b. graptogyne Schodde, Saunders & Homberger,
1989, and C. b. naso Gould, 1843 (subspecies epithets used
hereafter for brevity where appropriate), occur in south-
eastern and south-western Australia, respectively (Fig. 1).
Their estimated population sizes are ~1000 and 15,000,
respectively, and they are listed as Endangered (grapto-
gyne) and Vulnerable (naso) under Australian Federal and
State legislation (Barrett et al. 2003; Department of the
Environment 2018a, b). The three tropical northern and arid
zone central Australian subspecies that are often recognized,
C. b. banksii (Latham, 1790), C. b. macrorhynchus Gould
1843, and C. b. samueli Mathews, 1917, are more abundant,
although less well studied. Data on hybridization among
subspecies are scarce and anecdotal, and there is uncertainty
over whether these divisions accurately reflect the species’
history and long-term barriers to gene flow. Further, samueli
as currently construed consists of five populations con-
sidered to be allopatric with respect to each other and all
other populations (Fig. 1). The south-eastern samueli
population is listed as Vulnerable. Whether gene flow,
current or historical, has been involved in the evolution of
the samueli isolates is unknown.
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Despite the threatened status of some C. banskii sub-
species and long-standing taxonomic uncertainties, there
has been no comprehensive genetic analysis of this species.
An updated assessment of how the species should be sub-
divided would allow more informed conservation priorities
to be made, particularly for birds from the poorly studied
tropical northern and arid zone central subspecies. Of par-
ticular interest is whether gene flow occurs among suppo-
sedly allopatric populations, and the extent of cryptic
diversity and population structure within the species. Aside
from taxonomic recognition of subspecies, the species could
potentially be subdivided into conservation units, specifi-
cally evolutionarily significant units (ESUs; independently
evolving units of genetic variation; Ryder 1986; Moritz
1994; Fraser and Bernatchez 2001) and/or management
units (MUs; demographically independent, but not neces-
sarily evolutionarily independent; Moritz 1994; Palsbgll
et al. 2007). ESUs and subspecies are implicitly linked and
are usually characterized using similar methods. Diagnosis
of taxonomic subspecies, however, generally requires
multiple lines of evidence and such units do not necessarily
represent targets for conservation management and action
(Mace 2004; Patten 2015).

Here we use genome-wide single-nucleotide poly-
morphism (SNP) and mitochondrial DNA (mtDNA) data to
conduct a comprehensive population genomic and phylo-
geographic assessment of C. banksii across its distribution.
We substantially expand and apply our earlier methodolo-
gical work on the use of cryo-frozen tissue and traditional
museum samples (Ewart et al. 2019). Our two main
objectives are: (1) to assess whether evolutionarily and
demographically independent units occur within C. banksii
and (2) to evaluate the genetic diversity and estimate the
evolutionary history of the species to underpin effective
conservation strategies. We also investigate the benefits of
analysing genome-wide SNP data in conjunction with
mtDNA and morphological differences to expand the ori-
ginal concept of ESUs. Critically, we consider the con-
servation implications of our findings and determine
whether levels of divergence between populations could
represent separate taxonomic units (i.e. subspecies or spe-
cies). We hope that this work will serve as a case study to
inform policy on how to characterize and protect biodi-
versity more broadly, especially in light of Australia’s
current extinction crisis.

Methods
Single-nucleotide polymorphisms

We used SNP data previously obtained from 131 indivi-
duals of C. banksii (excluding replicate samples) from
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Fig. 1 The distribution of Calyptorhynchus banksii subspecies in
Australia and localities of the individuals genotyped in this study.
Circles represent tissue samples (n = 113) and stars represent toe pad
samples (n =29). This distribution map has been adapted from Ford
(1980). See Johnstone and Storr (1998) and Johnstone et al. (2013b)

across its Australian distribution (Ewart et al. 2019; Fig. 1;
Supplementary Table S2). These data were generated using
the DArTseq™ platform (Sansaloni et al. 2011; Kilian et al.
2012; Cruz et al. 2013). Briefly, genome complexity was
reduced using restriction enzyme digestion and fragment
size selection. DNA was digested using a combination of
two restriction enzymes (Pstl and Sphl), then processed
following Kilian et al. (2012), using two different adaptors.
The library was then subjected to a competitive PCR and
sequenced using an Illumina Hiseq2500. The library pre-
paration and sequencing was performed by Diversity Arrays
Technology (DArT) in Canberra, Australia. Additional
library preparation details can be found in Ewart et al.
(2019).

for details on distribution in the Western Australian populations. The
inset photo of Calyptorhynchus banksii banksii demonstrates the
morphological differences between male (right) and female (left) birds.
Photo: Patrick Tomkins.

In addition to the SNPs generated by Ewart et al. (2019),
we included SNPs genotyped from tissue samples of three
glossy black-cockatoos (Calyptorhynchus lathami), the
sister species of C. banksii (White et al. 2011), to provide an
outgroup for phylogenetic analyses. Genomic DNA from
samples of C. lathami was extracted following the manu-
facturer’s protocols for the Bioline Isolate Il Genomic DNA
kit (Bioline, Australia). DNA concentration was measured
using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific,
Australia) and 15 L. of DNA was sent to DArT for further
processing (Kilian et al. 2012; Cruz et al. 2013).

To test the effects of using different SNP-calling meth-
ods, we ran analyses using SNPs called with DArTsoft14 (a
proprietary DArT SNP-calling pipeline) and with STACKS

SPRINGER NATURE
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(Catchen et al. 2011, 2013; Shafer et al. 2016). The resultant
SNP data sets are referred to as the ‘DArTsoft14 SNP’ and
‘STACKS SNP’ data sets, respectively. Variation in the
number of samples genotyped in populations can lead to
ascertainment bias, because allele frequency distributions
are biased towards more common alleles when using a
smaller sample size (Lachance and Tishkoff 2013). Hence,
we also called SNPs based on rarefaction (four samples per
putative population), referred to as the ‘rarefied SNP’ data
set, to investigate the effects of ascertainment bias and
uneven sampling. We only included contemporary tissue
samples (all collected after 1977) in this rarefaction sam-
pling to account for potential temporal biases arising from
the inclusion of older samples (some >100 years old).
Further, when including the three outgroup samples, a
separate SNP-calling analysis was performed (using
DArTsoft14). The resultant SNP data set was used for the
phylogenetic analysis requiring an outgroup (i.e. the
maximum-likelihood analysis below). Details of different
sampling schemes and SNP-calling methods are provided in
the Supplementary Material (Appendix I).

We filtered the SNPs for quality and missing data, based
on reproducibility, minor allele frequency, log likelihood of
SNP calls and call rate. Additional filters were applied for
analyses with different requirements and assumptions, such
as linkage equilibrium and Hardy—Weinberg equilibrium.
Filtering was performed using the R packages dartR 1.0.5
(Gruber and Georges 2018) and adegenet 2.1.0 (Jombart
2008). Details of SNP-filtering strategies for the different
analyses are provided in the Supplementary Material
(Appendix II).

Mitochondrial DNA sequences

Mitochondrial genomic data were generated via low-
coverage whole genomic sequencing and assembled using
Geneious 10.2.4 (Kearse et al. 2012) and NOVOPlasty
(Dierckxsens et al. 2017) for six samples (indicated in
Supplementary Table S2). We subsequently performed
PCRs on 34 samples (indicated in Supplementary Table S2)
using primers designed to target the mitochondrial NDI,
ND2 and ND5 genes. Amplicons were Sanger sequenced at
the Australian Genome Research Facility (Australia) and
Apical Scientific Sdn Bhd (Malaysia). Further information
on whole-genome sequencing, mitochondrial genome
assemblies, primers and PCR conditions is provided in the
Supplementary Material (Appendix III).

Genetic structure
We used four methods to investigate population structure
and identify population units based on SNPs. These inclu-

ded discriminant analysis of principal components (DAPC;

SPRINGER NATURE

Jombart 2008), STRUCTURE (version 2.3; Pritchard et al.
2000), pairwise Fgy (Weir and Cockerham 1984) and pair-
wise population kinship coefficients (Loiselle et al. 1995).

DAPC was carried out using the R package adegenet.
DAPC differs from principal components analysis by
minimizing variation within groups and maximizing varia-
tion between groups, making it an effective approach to
investigate population clustering. We assessed multiple
values of K to investigate whether the identification of
genetic clusters was precluded by high gene flow (Younger
et al. 2017). We reran the DAPC within some groups to
investigate intrapopulation structure, and to further examine
genetic structure inferred from the mtDNA analysis (see
mtDNA results in Results section).

STRUCTURE analyses were run for 500,000 steps with
a burn-in of 100,000 steps. We modelled up to 10 ancestral
populations (i.e. K = 1-10), replicating each model 10 times
and assuming admixture and independent allele frequencies.
We ran these analyses without the use of location infor-
mation to establish priors. We used a hierarchical approach:
first we analysed all individuals to detect the uppermost
layer of structure, then repeated the analysis for distinct
genetic clusters that were identified. To determine the
optimal value of K, we used six different estimators in
StructureSelector (Li and Liu 2018). Results of replicate
runs were merged and plots were produced using CLUM-
PAK (Kopelman et al. 2015), which we ran through
StructureSelector.

To calculate pairwise Fgr values (Weir and Cockerham
1984), we used the R package hierfstat 0.4.22 (Goudet
2005). We performed 1000 bootstraps to test for sig-
nificance and to construct 95% confidence intervals. Kinship
coefficients based on Loiselle et al. (1995) were estimated
for each pair of individuals using GENODIVE (Meirmans
and Van Tienderen 2004); we subsequently calculated the
average of the pairwise estimates between groups.

To investigate population structure based on mtDNA
data, we constructed a haplotype network using 40 con-
catenated sequences of NDI, ND2 and NDS5 (a total of
1998 bp) via the statistical parsimony TCS method (Clement
et al. 2000) in PopART (Leigh and Bryant 2015).

Genetic diversity

We measured the genetic diversity of each group by com-
puting four metrics from the SNP data. First, we computed
the average expected and observed heterozygosities using
GenAlEx 6.503 (Peakall and Smouse 2006, 2012). We then
calculated allelic richness using the R package diveRsity
1.9.9 (Keenan et al. 2013) with 1000 bootstrap replicates to
account for uneven sample sizes. Finally, we calculated
intrapopulation kinship coefficients using GENODIVE, as
described above for the measurements of pairwise



Phylogeography of the iconic Australian red-tailed black-cockatoo (Calyptorhynchus banksii) and... 89

population kinship coefficients (i.e. the average of the
pairwise estimates within groups).

For the mtDNA data, we calculated the genetic diversity
(i.e. number of haplotypes and nucleotide diversity) of each
group using the R package pegas 0.1 (Paradis 2010).

SNP phylogenetic analyses

We performed phylogenetic analyses to identify whether
genetic clusters exhibited reciprocal monophyly, and to
investigate the evolutionary history of the species. We
conducted a maximum-likelihood analysis using RAxML
(Stamatakis 2014) based on concatenated SNPs, using the
GTR substitution model with I'-distributed rates among
sites. This is the most complex time-reversible model that
does not allow a proportion of invariant sites. We used the
Lewis-type ascertainment bias correction to account for our
exclusion of invariant sites. Node support was estimated
using 1000 bootstrap replicates. We removed SNPs that did
not exhibit both homozygote genotypes at least once,
because the Lewis correction requires all three SNP geno-
types at every marker to be present (details of this filtering
strategy are in Supplementary Material, Appendix II). We
performed this RAXML analysis using the same samples for
which we had obtained mtDNA data (n =40) to allow a
direct comparison. We performed these analyses using SNP
data sets called with and without an outgroup. The trees
were rooted using the outgroup method (implemented in
Figtree 1.4.2; Rambaut 2009), midpoint method (imple-
mented in Figtree) and minimal ancestor deviation method
(using R scripts from Tria et al. 2017). Three rooting
methods were used to check for consistency in clustering
and topology.

We also performed model comparison in SNAPP (Bryant
et al. 2012), implemented in BEAST 2.4 (Bouckaert et al.
2014), to test a number of ‘species’ hypotheses (subspecies
or ESUs in this case). SNAPP is a Bayesian coalescent-
based method that can estimate species trees using inde-
pendent biallelic SNPs. We tested four ‘species’ hypotheses
to assess the conflicting scenarios supported by our popu-
lation genetic analyses and by morphology (Table 2). For this
analysis, to improve computational tractability, we used
four individuals from each putative genetic cluster identified
in the population genetic analyses, and 1000 randomly
selected SNPs after filtering (filtering details are provided in
the Supplementary Material, Appendix II). SNAPP samples
the position of the root and does not require an outgroup.
We ran the analysis for four million Markov chain Monte
Carlo (MCMC) steps, sampling every 1000 steps after a
burn-in of 400,000 steps. We used allele frequencies for the
forward and backward mutation rates, and the default set-
tings for priors. Next, we compared models using the AICM
(Akaike information criterion through MCMC) method,

which we chose for its computational tractability. The best
model was considered to be the one with the lowest AICM
score. We ran three replicates of the best-supported sce-
nario. After checking for convergence in Tracer 1.6
(Rambaut et al. 2014), we combined samples from the three
runs. The tree was visualized using Figtree and DensiTree 2
(Bouckaert and Heled 2010).

Mitochondrial DNA phylogenetic analysis

We conducted phylogenetic analyses of mtDNA to provide
a comparison with the results of our analyses of nuclear
DNA SNPs, because mitochondrial phylogenies frequently
form the basis of conservation decisions. We analysed
mtDNA (1998 bp of concatenated NDI, ND2 and NDS5)
using Bayesian inference in MrBayes 3.2 (Ronquist et al.
2012) and maximum likelihood in RAXML. For both the
maximum-likelihood and Bayesian analyses, we used the
HKY + G substitution model, following model selection in
MEGA 6.06 (Tamura et al. 2013), and partitioned the
sequence data by codon position. MrBayes was performed
using four independent Markov chains, each run for 100
million steps and sampled every 1000 steps. Convergence
diagnostics were calculated every 1000 steps; we regarded
values of <0.01 for the average standard deviation of split
frequencies as indicative of convergence. For the RAXML
analysis, we ran 1000 bootstrap replicates. As above, trees
were rooted using the outgroup, midpoint or minimal
ancestor deviation methods.

Molecular dating analysis

The divergence times among C. banksii and other cockatoo
taxa were estimated using a Bayesian phylogenetic analysis
in BEAST 1.10 (Suchard et al. 2018). We analysed mtDNA
haplotypes from C. banksii along with homologous
sequences from C. lathami, C. baudinii, C. latirostris,
Cacatua moluccensis, Cacatua pastinator and outgroup
taxon Melopsittacus undulatus from White et al. (2011)
(Supplementary Table S2). We ran the analysis using the
GTR + G substitution model and using a strict clock with
the highest (0.0119 substitutions/site/Myr) and lowest
(0.0032 substitutions/site/Myr) estimates of mitochondrial
substitution rates (based on C. lathami, the closest relative
of C. banksii) estimated by Nabholz et al. (2016). We
enforced monophyly for the Cacatuidae, Calyptorhynchus
and C. banksii groups. To check the sensitivity of the results
to the choice of tree prior (Ritchie et al. 2017), we per-
formed the analysis using tree priors based on the constant-
size coalescent and birth—death speciation model. Posterior
distributions were estimated from samples drawn every
5000 steps over 20 million MCMC steps. After checking for
convergence and sufficient sampling in Tracer, we removed

SPRINGER NATURE
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1% of the samples as burn-in and generated a maximum-
clade-credibility tree using TreeAnnotator v.10 (part of the
BEAST package).

Results
Population structure inferred from SNPs

Genetic clusters identified using DAPC when K =5 inclu-
ded a northern group (macrorhynchus and banksii), a
western samueli group (north- and south-western samueli
isolates), a central/eastern samueli group (central, north-
eastern and south-eastern samueli isolates; Fig. 1), a naso

group and a graptogyne group (Fig. 2a). However, the
optimal number of clusters identified with DAPC was K =4
(based on the Bayesian information criterion for successive
k-means), whereby the northern (i.e. banksii and macro-
rhynchus) and the western samueli groups clustered toge-
ther (Fig. 2b). Other analyses (described below) indicated
that five groups are likely to be present in the data set.
Clustering was consistent when using different SNP data
sets (Fig. 2a, Supplementary Fig. S1). We found that a
range of principal components was considered optimal, and
therefore ran each analysis multiple times with different
numbers of principal components. Each of these analyses
produced qualitatively similar results (not shown). One
outlier sample was evident in the DAPC analysis (an

PCA eigenvalues

«

[ DA eigenvalues
15 x central/eastern C. b. samueli I.

33 x C. b. banksii
30 x C. b. macrorhynchus
1xC. b. naso e

DA eigenvalues

PCA eigenvalues

15 x central/eastern C. b. samueli

(d) K=2

c
3
. &,
Phsy

Fig. 2 Population structure in Calyptorhynchus banksii based on
SNP data. Discriminant analysis of principal components for a K =5,
based on 60 principal components, 131 C. banksii samples and 11,918
SNPs from the DArTsoft14 SNP data set; and b K =4 with the same
settings and data as described for K =5. Inset barplots represent the
DAPC eigenvalues of the analysis (top right of each panel) and the
PCA eigenvalues that were retained for the analysis (top left of each
panel). STRUCTURE plots under various sampling schemes, based on
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SNPs from the DArTsoftl4 SNP data set, for ¢ K=4, based on 130
individuals across all C. banksii populations and 7219 SNPs; d K =2,
based on 63 individuals (C. b. banksii and C. b. macrorhynchus) and
7013 SNPs; and e K =2, based on 15 individuals from central/eastern
C. b. samueli and 3727 SNPs. Each individual is represented by a
vertical bar showing the percentage ancestry attributable to each of the
pertinent genetic groups identified by different colours.
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individual naso) (Fig. 2a, b). This is likely to have been due
to high levels of missing data (this sample had 76.29%
missing data in the full DArTsoft14 SNP data set; missing
data were replaced by the mean allele frequency).

To investigate whether there was any genetic structure
within the northern group that aligned with its current
recognition as two subspecies (i.e. macrorhynchus and
banksii, based on morphology), we isolated samples from
the northern group (and re-filtered the SNP data set) and ran
a separate DAPC using K =2. The two clusters identified
did not coincide with the current morphological subspecies
boundary (Supplementary Fig. S2). However, since we
forced the analysis to detect two clusters, this division does
not necessarily represent true genetic structure. Similarly, to
investigate whether the central/eastern samueli group could
be further subdivided as suggested by our mtDNA results
(see below), we isolated the central/eastern samueli samples
and ran a separate DAPC using K = 2—4. Individuals from
the south-eastern samueli isolate consistently clustered
separately from the other samueli isolates, while individuals
from north-eastern samueli separated into two clusters when
K =2 and K =3 (Supplementary Fig. S3; see Fig. 1 for the
distribution of samueli). Individuals from the central samueli
isolate either clustered with north-eastern samueli (K = 3) or
formed a separate cluster (K =4).

The optimal number of ancestral populations for the
STRUCTURE analysis varied across different estimators,
although most supported K=4. We present the major
modes generated by CLUMPAK for K=3,K=4 and K =
5 (Fig. 2c—e, Supplementary Fig. S4). The outlier individual
identified in the DAPC analysis, with a high proportion of
missing data, was removed from the STRUCTURE results.
Clear genetic differentiation was apparent among the five
groups in all analyses, regardless of the K value or SNP data
set used. However, resolution was reduced when we ana-
lysed the rarefied SNP data set (based on 20 individuals)
(Supplementary Fig. S4d).

We identified significant differentiation among the five
groups identified in the clustering analyses based on the
pairwise Fgr analysis. Values ranged from 0.130 (between
the northern and western samueli groups) to 0.435 (between
naso and graptogyne) (Table 1). Pairwise Fgr results were
mostly consistent between SNP data sets (Supplementary
Table S3). Fgt estimates were considerably higher than the
Hudson Fgr estimates from Ewart et al. (2019). This dis-
crepancy is likely to be due to the use of a different Fgr
estimator and differing sampling regimes (Willing et al.
2012; Bhatia et al. 2013). Most of the pairwise population
kinship coefficients were negative (Table 1), indicating a
lack of recent gene flow. There were some slight incon-
sistencies in the patterns of pairwise population kinship
coefficients between the DArTsoft14 and rarefied SNP data
sets (Supplementary Table S3).

Table 1 Pairwise Fgt values (below diagonal; all significant), pairwise
population kinship coefficients (above diagonal) and the intraspecific
population kinship coefficients (on diagonal, bold).

Population o @ 6 (C)] &)

(1) C. b. banksii/ 0.073 0.010 —0.011 —-0.100 —0.014
macrorhynchus

(2) Central/Eastern 0.147 0.323 —-0.035 —-0.125 0.013
C. b. samueli

(3) Western C. b. samueli 0.130 0.240 0.224  0.008 —0.013
@) C. b. naso 0.249 0.358 0.235 0.283 —0.101
(5) C. b. graptogyne 0.256 0.353  0.339 0435 0.564

These analyses were based on 7219 SNPs derived from the
DArTsoft14 SNP data set and all 131 samples of Calyptorhynchus
banksii.

Population structure based on mtDNA

We identified 20 mtDNA haplotypes across the distribution
of C. banksii. With one exception, the haplotype network
showed the same but less resolved patterns of population
structure as those inferred from nuclear SNPs (Fig. 3a).
Some central/eastern samueli mtDNA haplotypes clustered
within the northern group and were relatively distant from
the other central/eastern samueli haplotypes, in contrast
with population clustering by nuclear SNPs.

Genetic diversity

Estimates of genetic diversity varied with the SNP data set
being analysed, but their patterns remained relatively con-
sistent (Supplementary Table S4). For all diversity metrics,
graptogyne had the lowest genetic diversity, while the
northern group had the highest. Calyptorhynchus banksii
graptogyne also had the highest mean population kinship
coefficient (Table 1; Supplementary Table S3), corroborat-
ing the other diversity estimates. The ranking of mtDNA-
based estimates of diversity differed somewhat from those
obtained using nuclear SNP data (Supplementary Table S4).
Interpretation of the mtDNA diversity measures is not
straightforward because the sampling is uneven and the
mtDNA markers have low variability. Patterns of genetic
diversity were relatively consistent when we accounted for
ascertainment bias and uneven sampling (geographically
and temporally).

Phylogeny inferred from SNPs

Phylogenetic analyses of nuclear SNPs (i.e. the maximum-
likelihood analysis and Bayesian model selection) identified
the same five distinct groups that we identified in the
population genomic analyses. One exception was the
northern group (containing banksii and macrorhynchus),
which did not form a monophyletic group in the maximum-
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Fig. 3 Relationships of mtDNA haplotypes within Calyptorhynchus
banksii. a TCS-based haplotype network based on 1998bp of con-
catenated sequences of mitochondrial NDI, ND2 and NDS5. Dashes on
haplotype network branches indicate mutations between haplotypes,
and the sizes of circles are proportional to the number of samples for

likelihood tree. Instead, rooting the tree with C. lathami as
the outgroup rendered this northern clade polyphyletic
(Supplementary Fig. S5). The relatively large distance
between the outgroup and the ingroup might have caused an
unreliable rooting of the ingroup clade in this case (Whit-
field and Lockhart 2007). When excluding the outgroup and
rooting the tree at the midpoint or using minimal ancestor
deviation, each of the five clusters in Fig. 2 was found to be
monophyletic (however the monophyly of the northern
group received low support; Fig. 4). The effects that
ascertainment bias, uneven sampling and SNP-calling
pipeline had on phylogenetic inference are described in
Supplementary Material (Appendix IV).

Bayesian model selection gave the highest support to the
same five groups (Table 2). In the tree associated with the
best-supported scenario (i.e. five populations), two clades
were well substantiated: one comprising naso and western
samueli, and one comprising central/eastern samueli and the
northern group (Supplementary Fig. S8). However, the
placement of graptogyne was unresolved.
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each haplotype. b Phylogeny and divergence times of C. banksii based
on 1998 bp concatenated sequences of mitochondrial ND1, ND2 and
NDS5 (isolated from Supplementary Fig. S11a). Blue bars on the tree
correspond to the 95% credibility intervals of the estimated node ages.

Phylogeny and divergence times inferred from
mtDNA

In our phylogenetic analyses of mtDNA, as with the results
from our analyses of nuclear SNPs, use of an outgroup
caused the ingroup to be rooted at an unexpected position
(Supplementary Fig. S9). The use of different Calyptor-
hynchus outgroup species (C. baudinii and C. latirostris)
did not improve the inferred placement of the root (not
shown). When excluding the outgroup and rooting the trees
using the midpoint method or minimal ancestor deviation,
three of the five groups were monophyletic: naso, western
samueli and graptogyne (Supplementary Fig. S10). Similar
to the haplotype network (Fig. 3a), central/eastern samueli
individuals did not group together, with some clustering
instead with individuals from the northern group (i.e.
banksii and macrorhynchus). Individuals from the northern
group were scattered throughout the tree.

The posterior mean of age of the most recent common
ancestor (MRCA) of C. banksii ranged from 0.28 to 1.28
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Fig. 4 Maximum-likelihood phylogeny of 128 Calyptorhynchus banksii individuals inferred from 4864 concatenated SNPs from the
DArTsoft14 SNP data set. The tree was rooted using the midpoint method. Bootstrap support (%) is given above important branches.

million years (Myr), depending on which tree prior and
substitution rate was used (Fig. 3b, Supplementary Fig.
S11). When using the higher substitution rate estimate from
Nabholz et al. (2016) in this analysis (i.e. 0.0119 substitu-
tions/site/Myr), the age of the Calyptorhynchus MRCA falls
within the 95% credibility intervals reported by White et al.
(2011). However, when using the lower substitution rate
estimate (i.e. 0.0032 substitutions/site/Myr), the age of the
MRCA of C. banksii increased to 1.28 Myr, and the
Calyptorhynchus MRCA was older than the upper limits of
the 95% credibility intervals reported by White et al. (2011).

Discussion

We have performed the first species-wide genomic assess-
ment of an Australian parrot, the red-tailed black-cockatoo
C. banksii, which has a continent-wide but fragmented
distribution. Our analysis of mtDNA sequences and nuclear
SNP data enabled high-resolution delineation and genetic
characterization of novel ESUs within this morphologically
and ecologically diverse species, while finding insufficient
support for further differentiation of MUs. These data have
provided insights into the interconnectedness and evolu-
tionary history of this species, which will be critical for
establishing effective conservation strategies that maximize
its evolutionary potential and chances of persistence in the
wild. Our population genomic and phylogeographic

inferences have also allowed us to reassess the species’
taxonomy, which is currently based on morphology.

Conservation units within C. banksii

Our analyses reveal five divergent groups within C. banksii:
a northern group (comprising nominal subspecies banksii
and macrorhynchus), a central/eastern inland group (com-
prising the central and eastern populations of samueli), a
western inland group (comprising the western populations
of samueli), a south-western group (naso), and a south-
eastern group (graptogyne). Phylogenetic analyses of
nuclear SNPs supported the monophyly of each of these
five groups. Although monophyly of the northern group
was poorly supported in some cases, Bayesian model
selection provided the highest support for a scenario in
which macrorhynchus and banksii were combined into a
single group (Table 2). Our analysis of mtDNA markers
generally produced the same genetic clusters, with the
exception that some individuals of central/eastern samueli
are placed within the northern group. This discrepancy may
be due to introgression between the central/eastern samueli
and the northern groups (discussed below). However, it
might also be due to incomplete lineage sorting; in two
sister lineages, the alleles at any individual locus can take
hundreds of thousands to millions of years to achieve
reciprocal monophyly (Fraser and Bernatchez 2001).
Numerous other studies have demonstrated that nuclear
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Table 2 Four different ‘species’ hypotheses for Calyptorhynchus banksii, compared using Bayesian model selection.

Scenario #  Description AICM SE (+) Rank
Five groups: population units based on the population genomic analyses 29,623.7  0.232 1

2 Six groups: C. b. banksii and C. b. macrorhynchus were split into different populations based on  29,716.3  0.284 2
their current taxonomy

3 Four groups: central/eastern C. b. samueli and western C. b. samueli were grouped together, 30,685.0 0.153 4
based on their current taxonomy

4 Four groups: western C. b. samueli and the northern population were grouped together, based 29,9952 0.346 3

on the DAPC analysis

SNPs are effective markers for detecting population genetic
structure that is not detected using mtDNA markers (e.g.
Leslie and Morin 2016; Rodriguez-Ezpeleta et al. 2016;
Younger et al. 2017).

The five identified groups appear to have diverged in
allopatry. They display significant divergence in nuclear
allele frequencies and evolutionary distinctiveness (based on
phylogenetic analyses); hence, we propose that each be
considered an ESU (Moritz 1994). The main difference of
this result from the current understanding of C. banksii
taxonomy is the finding that western samueli is distinct from
central and eastern samueli. Utilizing thousands of genome-
wide SNPs allowed us to consider the phylogenetic patterns
of the nuclear genome, and to reduce the period of evolu-
tionary time required to permit detection of ESUs relative to
that based on mtDNA (Fraser et al. 2016). ESUs are typi-
cally determined by assessing whether putative conservation
units are reciprocally monophyletic in mitochondrial trees
(Moritz 1994). By analysing SNPs in a phylogenetic fra-
mework, we were able to retain the ESU criterion of reci-
procal monophyly, instead of relying on arbitrary levels of
differentiation (e.g. Fst), which are more sensitive to sam-
pling design and marker selection. Furthermore, we were
able to compare different ESU hypotheses using formal
Bayesian model comparison (based on AICM), rather than
relying on interpretation of phylogenetic node support
values. These results demonstrate the value of genomic data
for establishing ESUs (Funk et al. 2012; Peters et al. 2016;
Coates et al. 2018; Langin et al. 2018).

We investigated additional genetic structure within
ESUs. Our analyses of mtDNA recovered some genetic
differentiation between the central/eastern samueli isolates.
These isolates are tightly associated with different rivers and
drainage systems and are known to be geographically dis-
junct from one another (Fig. 1; Ford 1980; Schodde 1997).
However, there is minimal genetic structure among these
isolates based on SNPs. When we constrained the DAPC
analysis to detect two to four populations within central/
eastern samueli using SNPs (i.e. K=2-4), the clustering
differed from that inferred from analysis of mtDNA. These
inconsistencies and the lack of genetic structure inferred
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from the SNP analyses suggest that the three samueli iso-
lates are linked by gene flow. Therefore, patterns of mtDNA
genetic structure might be due to secondary contact between
the north-eastern samueli isolate and the northern group.
Given these inferences, there is insufficient evidence to treat
these central/eastern samueli isolates as separate MUs.

In the large continuous northern group (macrorhynchus
and banksii), we found no divisions across the sparsely
wooded plains south of the Gulf of Carpentaria, which is
currently recognized as the boundary between these sub-
species. This suggests that that region, known as the Car-
pentarian Barrier, is not a significant biogeographic barrier
for this species as it is in many bird species (Jennings and
Edwards 2005; Lee and Edwards 2008; Toon et al. 2010;
Baldassarre et al. 2014; but see Kearns et al. 2010; Dor-
rington et al. 2020). Therefore, they should be treated as a
single ESU and MU.

Among the ESUs identified, the endangered south-
eastern group (graptogyne) had the lowest genetic diver-
sity, and is also known to have the smallest population size
(Department of the Environment 2018a) (Supplementary
Table S4). Low genetic diversity can decrease the average
fitness of a population due to inbreeding and the accumu-
lation of deleterious alleles, while Allee effects due to small
population size can exacerbate these problems (Frankham
et al. 2010; Crates et al. 2017). The high degree of relat-
edness between graptogyne individuals based on the mean
population kinship coefficient is also indicative of
inbreeding and warrants further monitoring to inform con-
servation management. The Vulnerable south-western
group (naso) had the second-lowest level of genetic diver-
sity according to most metrics, although not markedly lower
than the other populations. Both grapfogyne and naso are
threatened by habitat loss and climate change (Joseph 1982;
Maron 2005; Johnstone et al. 2013b; Garnett and Franklin
2014), which is particularly concerning given that low
genetic diversity is associated with poor adaptive potential
in changing environments (Frankham et al. 2010). It is
unsurprising that the northern group is the most genetically
diverse according to most metrics, given that it is the most
abundant and widespread population.
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Evolution and biogeography of C. banksii

Calyptorhynchus banksii is likely to have diversified within
the past ~1.28 Myr, in the Pleistocene, based on our molecular
dating analyses. The Pleistocene is characterized by oscilla-
tions of arid and mesic climates in Australia (Byme et al.
2018). The strong genetic differentiation within C. banksii is
consistent with the proposal that Pleistocene populations of
some species were isolated in localized refugia from which
they have since expanded (Byme et al. 2008). Calyptor-
hynchus banksii subspecies/populations appear to have
evolved via vicariance, as morphological and neutral genetic
differentiation mostly coincide (Joseph and Wilke 2006).

The multiple genetically distinct groups found within
C. banksii contrast with other widespread Australian bird
species that diversified during the Pleistocene. These other
species, including the singing honeyeater (Gavicalis vir-
escens), spiny-cheeked honeyeater (Acanthagenys rufogu-
laris), black-faced woodswallow (Artamus cinereus), and
pied butcherbird (Cracticus nigrogularis) (Joseph and
Wilke 2007; Kearns et al. 2010), typically exhibit limited
phylogeographic divergence across their range. This dif-
ference may be due to the reliance of C. banksii on specific
habitats for nesting; that is, inland rivers lined with tall trees
having deep hollows (Joseph et al. 1991; Kurucz 2000;
Johnstone et al. 2013b). Being constrained to these habitats,
such as large river systems, the birds may have experienced
restricted historical gene flow among populations. These
patterns are more consistent with those of the galah
(Eolophus roseicapilla), another widespread cockatoo spe-
cies, which exhibits broad genetic differentiation between
the northern, western, and eastern portions of its range
(Engelhard et al. 2015).

Unfortunately, the order and timing of divergence of the
C. banksii subspecies/populations could not be determined
with confidence, because the root of the tree could not be
resolved. Calyptorhynchus banksii diverged from its closest
relative (glossy black-cockatoo, C. lathami) ~7 Myr ago
(White et al. 2011). This ancient divergence is likely to have
contributed to the uncertain placement of the root when
using C. lathami as an outgroup (Whitfield and Lockhart
2007). Further, it is notoriously difficult to resolve phylo-
genetic relationships for taxa that have undergone recent or
rapid evolutionary radiations (Whitfield and Lockhart 2007;
Giarla and Esselstyn 2015).

The mito-nuclear discordance that we have identified
raises the possibility of introgression from the northern
group to the central/eastern samueli group, particularly
since the placement of the two central/eastern samueli
clades is consistent among the different mtDNA analyses
(Leavitt et al. 2017). Uncovering potential past hybridiza-
tion event(s) might lead to a clearer phylogenetic resolution
for this species. However, discordance might have also been

caused by a range of other factors, including sex-biased
dispersal, marker-specific selection, and/or incomplete
lineage sorting (Toews and Brelsford 2012).

The phylogeography of C. banksii supports the occur-
rence of species-specific responses to biogeographic bar-
riers (Ford and Blair 2005; Byrne et al. 2008). As well as its
idiosyncratic response to the Carpentarian Barrier (i.e. no
apparent genetic structure), C. banksii exbibits no genetic
differentiation at the Pilbara region (i.e. the north-western
samueli isolate; Fig. 1) or Melville Island (part of the range
of macrorhynchus), contrasting with other species such as
the pied butcherbird and blue-winged kookaburra (Kearns
et al. 2010; Dorrington et al. 2020). Calyptorhynchus
banksii is a highly mobile species, hence likely capable of
dispersing over these well-recognized biogeographical
barriers (Higgins 1999).

Implications for taxonomy

Various subspecies delineations have been proposed for
C. banksii over the past 50 years (cf. Condon 1975; Ford
1980; Schodde 1989, 1997), but the ESUs we have char-
acterized are largely consistent with the morphologically
diagnosed subspecies (sensu Schodde 1997) that have pre-
vailed for over 20 years. Two notable exceptions, however,
lead us to make two proposals.

Our first proposal is based on the lack of genetic evi-
dence for the recognition of two subspecies across northern
Australia or a divergence at the Carpentarian Barrier. The
two subspecies were originally diagnosed as distinct by
Gould (1843) on differences in tail colouration. Our find-
ings are consistent with the lack of morphological diver-
gence acknowledged by Ford (1980) and only tentative
recognition of the subspecies by Schodde (1997). Hence,
we recommend synonymizing C. b. macrorhynchus and
Calyptorhynchus banksii  banksii as Calyptorhynchus
banksii banksii. Any phenotypic differences might have
appeared through variable rates of divergent evolution in
one or few genomic regions (Baldassarre et al. 2014,
Lamichhaney et al. 2015; Stryjewski and Sorenson 2017).

Second, we infer that the western population of samueli
as currently construed forms a separate subspecies. Western
samueli and central/eastern samueli are more genetically
divergent from each other than other pairs of C. banksii
subspecies/populations (e.g. the central/eastern samueli
group and the northern group). Further, individuals from
western samueli form a clade that is more closely related to
naso than to central/eastern samueli based on phylogenetic
analyses of nuclear SNPs and mtDNA. The holotype of
nominate samueli is a central Australian specimen and there
are no synonyms (see Schodde 1997). Therefore, we pro-
pose that this western population of Calyptorhynchus
banksii samueli be named:
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Calyptorhynchus banksii escondidus Ewart, Joseph &
Schodde, subsp. nov.

Zoobank URL: http://zoobank.org/urn:lsid:zoobank.
org:act:3964DD13-1D38-4A4E-837C-
B75951EEF3E6.

Description and diagnosis

Morphologically distinguishing characteristics, evident in
adult females but not males, are spotting on head and
shoulders moderately dense and bright cream-yellow, aver-
aging 3-4 mm wide on shoulders; bars on ventrum rather
bright and clearly defined, moderately clear cream-yellow, the
bars cf. 2 mm wide, ranging from bright yellowish-orange to
deep orange on under-tail coverts; reddish wash in tail panels
extensive, deep orange-red, washing over distal two-thirds or
more of inner vane on under-surface of outer 4-5 rectrices;
spotting over under-wing coverts dense and coarse, clear mid
cream-yellow. Bill small, with culmen from cere to tip cf.
43—47 mm, the maxilla notched under tip and, in females,
leaden-bone; notch at tip of mandible ultra-shallow, <2.0 mm
deep (Supplementary Table S5). Calyptorhynchus banksii
escondidus differs from its genetically closest subspecies, C.
b. naso, by its smaller, less robust bill and duller ventral
barring and wing covert spotting in females (Supplementary
Table S1), and from other small-bodied and small-billed
ground-feeding populations in central and eastern Australia
(C. b. samueli) in its more brightly marked females with
orange barring in under-tail coverts, leaden tone to the maxilla
in females and more shallowly notched tip to the mandible
(Supplementary Table S5).

Holotype

Australian National Wildlife Collection (ANWC) B37847,
adult female, from 13 miles NE of Morawa, Western
Australia, 11 July 1978, Latitude —29.05, Longitude 116.1.
Paratypes

WAM A15957, adult female, ~48 km north-east of Wubin;
WAM A15962, adult female, ~92 km north of Northampton;
WAM A15960, juvenile male, ~92 km north of Northampton;
ANWC B37843, adult male, ~20 km north-east of Morawa;
ANWC B37153, immature male, ~10 km west of Mingenew.

Geographical range

The arid and semi-arid zones of Western Australia south of
the Kimberley, here tentatively (e.g. Ford 1987) including
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the presumed isolated population inhabiting the north-
eastern Pilbara in the upper drainages of the Oakover and de
Grey Rivers (Ford 1980; Johnstone et al. 2013a), and
definitely including the Wheatbelt. The range of this form
specifically excludes the Kimberley region of far northern
Western Australia inhabited by C. b. banksii (or by C. b.
macrorhynchus if that taxon is recognized) and the more
humid, forested southwest of Western Australia inhabited
by naso (Fig. 1). For more details, see Ford (1980, 1987),
Johnstone and Storr (1998), Schodde (1997) and Johnstone
et al. (2013a, b).

Etymology

The subspecific epithet escondidus is the masculine gender of
the Spanish and Portuguese adjective meaning ‘hidden’ and
refers to this subspecies having been ‘hidden in plain sight’.

Other notes

All populations that have been assigned to samueli are
predominantly ground feeders, whereas other C. banksii
populations are mostly arboreal feeders (Forshaw and
Cooper 2002; Cameron 2007). Morphological similarities
between the form described here as escondidus and central/
eastern samueli are thus likely to be convergent due to
similar feeding ecologies (Homberger 1990, 2003).

Implications for conservation

Calyptorhynchus banksii contains two subspecies, grapto-
gyne and naso, that are considered as Threatened under
Australian Federal legislation, and/or State legislation.
Recovery plans have been established for both (Department
of the Environment 2018a, b). Identification of the five
ESUs in this study, and the estimates of genetic diversity
within these units, provide valuable information for estab-
lishing conservation priorities. Conservation strategies
should aim to conserve the evolutionary potential of ESUs
and to mitigate genetic erosion where necessary. We have
identified some groups for which management could be
improved and/or altered to take into account the results of
our study, namely, the western samueli group and the south-
eastern graptogyne group.

The effective genetic isolation of what we here recognize
as C. b. escondidus has significant conservation implica-
tions, because protecting its evolutionarily distinct genetic
diversity must now be considered. This newly recognized
entity needs to be assessed to investigate whether it is
threatened. Any natural or anthropogenic factors that may
affect the genetic health and persistence of escondidus need
to be evaluated. For example, escondidus feeds primarily on
double-gee (Emex australis), a noxious weed found
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commonly in crop and pasture paddocks throughout south-
west Western Australia (Saunders 1991). Although escon-
didus continues to expand its range into the Wheatbelt of
Western Australia, significant control of double-gee by the
agricultural industry could potentially have negative
impacts (Saunders 1991; Scott et al. 1996). Therefore,
additional research and forward planning are vital to ensure
the persistence of this subspecies amidst control of their
major and recently available food sources.

Management of genetic diversity in isolated populations is
one of the major issues in conservation biology (Frankham
2010a, b). Calyptorhynchus banksii graptogyne has the
lowest genetic diversity, is the most divergent from the other
groups, and has the highest mean population kinship coef-
ficient, indicating that the subspecies will be likely to suffer
from the negative effects of inbreeding. Further, its low
abundance (~1000 individuals; Department of the Environ-
ment 2018a) is of particular concern, since the rate of adverse
genetic change is inversely related to population size
(Frankham 1996). Genetic erosion is clearly a serious threat
for graptyogyne, making it a prime candidate for genetic
rescue: the re-establishment of gene flow between popula-
tions to alleviate the effects of genetic erosion in small iso-
lated populations (Tallmon et al. 2004; Frankham 2015;
Whiteley et al. 2015). To maximize the genetic diversity
benefits, a source population for genetic rescue is chosen
based on the lowest mean pairwise population kinship to the
target inbred population (Frankham et al. 2017). However,
genetic rescue usually involves establishing gene flow
between populations that have been recently fragmented
(within the last 500 years). Because graptogyne diverged
from the other populations much earlier (up to ~1.28 Myr
ago; Fig. 3b), the most sensible approach might involve
utilizing the central/eastern samueli group, which is the most
closely related group based on the highest mean pairwise
population kinship coefficient. If the mean kinship of grap-
togyne is successfully reduced (without significant adverse
effects), inbreeding is likely to decrease, hence genetic
diversity will be maximized in subsequent generations.

Unfortunately, management authorities often do not have
adequate data to mitigate threats caused by reductions in
genetic diversity, or do not take them seriously (Frankham
2010Db). Fears of outbreeding depression and the uncertainty
in predicting the outcomes inhibit uptake of genetic rescue
strategies (Frankham et al. 2017; Ralls et al. 2018). This is
germane to graptogyne, since it is considerably divergent
from central/eastern samueli (Table 2). However, studies
have demonstrated that crossing highly divergent popula-
tions in a genetic rescue can be beneficial (Osborne et al.
2000; Garnett et al. 2011; Kronenberger et al. 2017; Weeks
et al. 2017; Kelly and Phillips 2019), and further research
can assist in predicting the outcomes of a genetic rescue.
Relatively simple cytogenetic experiments can be

conducted to determine whether the chromosomes of dif-
ferent populations are compatible, and aviary-based
experiments investigate the effects of local adaptation of
hybrid birds (e.g. through observing the feeding behaviour
of a hybrid) (Frankham et al. 2017). Increased genome-level
knowledge will assist investigations into the genetic basis of
adaptive characteristics and ecologically important traits,
such as bill shape and size, and might also assist in the
predictions and management of crosses (Zhang et al. 2014;
Lamichhaney et al. 2015; Johnson et al. 2018).

Conclusion

We have combined an extensive SNP data set with com-
prehensive population genomic and phylogenetic analyses
to shed light on the evolutionary history of C. banksii. The
result is an effective approach to investigate evolutionary
processes that have occurred on relatively short evolu-
tionary timescales, and to characterize conservation units
and genetic diversity in a widespread species. We have
successfully used genome-wide SNP data to establish ESUs
within C. banksii, where mtDNA and morphological data
have been unable to provide adequate resolution, and have
provided a taxonomic reassessment of the group. This study
represents the first comprehensive genetic analysis of C.
banksii, one of Australia’s most iconic bird species. We
hope that it will inform specific conservation management
strategies and associated policy for this species in a broad
evolutionary context.

Data archiving

All SNP data and the raw sequence reads used to call SNPs
are available for download on the Dryad Digital Repository
(https://doi.org/10.5061/dryad.rtb15131) and short read
archive (SRA accession: PRINA557608), respectively. All
mitochondrial data generated in the paper are available in
GenBank (accession numbers MT308416-MT308535).
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