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ABSTRACT: Small, fragmented or isolated populations are at risk of population decline due to fitness
costs associated with inbreeding and genetic drift. The King Island scrubtit Acanthornis magna greenia-
na is a critically endangered endemic subspecies of the nominate Tasmanian scrubtit Acanthornis magna
magna, with an estimated population of <100 individuals persisting in three patches of swamp forest. The
Tasmanian scrubtit is widespread in wet forests on mainland Tasmania. We sequenced the scrubtit genome
using PacBio HiFi and undertook a population genomics study of the King Island and Tasmanian scrubtit
using a double-digest restriction site-associated DNA (ddRAD) dataset of 5,239 SNP loci. The genome was
1.48 Gb long, comprising 1,518 contigs with an N50 of 7.715 Mb. King Island scrubtits formed one of four
overall genetic clusters, but separated into three distinct subpopulations when analysed separately. Pairwise
FST values were greater among the King Island scrubtit subpopulations than among most Tasmanian scrub-
tit subpopulations. Genetic diversity was lower and inbreeding coefficients were higher in the King Island
scrubtit than all except one of the Tasmanian scrubtit subpopulations. We observed crown baldness in 8/15
King Island scrubtits, but 0/55 Tasmanian scrubtits. Six loci were significantly associated with baldness, in-
cluding one within the DOCK11 gene which is linked to early feather development. Contemporary gene flow
between King Island scrubtit subpopulations is unlikely, with further field monitoring required to quantify
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the fitness consequences of its small effective size, low genetic diversity and high inbreeding. Evidence-based
conservation actions can then be implemented before the taxon goes extinct.

KEY WORDS : Australia; Conservation; Evidence; Genetic rescue; Ornithology; Population Monitoring;
Translocation.

1. INTRODUCTION: When populations decline and become fragmented, changes to patterns of gene flow
and reductions in effective population size can exacerbate population declines through depressed individual
fitness associated with inbreeding and genetic drift (Frankham 1995, Harrisson et al. 2019). Therefore,
the importance of understanding the dynamics of threatened species’ populations at the molecular level is
increasingly being acknowledged in conservation (Allendorf et al. 2010). Without such knowledge, potentially
significant drivers of population decline can be overlooked if the focus of monitoring efforts is solely at the
individual or population level (Stojanovic et al. 2022). Aided by ever-improving sequencing and analytical
techniques, there is little doubt that the value of population genomics to threatened species conservation
will continue to increase (Willi et al. 2022).

For small, inbred populations, genetic rescue can have significant conservation benefits (Frankham et al.
2015). Meta-analysis revealed that outcrossing through the introduction of novel genes from external po-
pulations had beneficial effects on over 90% of inbred populations examined, with a median increase in
composite fitness of over 145% in stressful environments (Frankham et al. 2015). Examples of successful
genetic rescue include the mountain pygmy possum Burramys parvus , whose population more than doubled
in three years following the introduction of six males from an external population (Weeks et al. 2017), and
the bighorn sheep Ovis canadensis , whereby experimental restoration of immigration into a small inbred
population led to increases in fitness-related traits of 23 – 257% (Hogg et al. 2006).

Here we address a key knowledge gap in our understanding of an Australian bird considered the third
most likely to go extinct within fifteen years; the critically endangered King Island scrubtit Acanthornis
magna greeniana (Geyle et al. 2018). King Island scrubtits are a subspecies of the nominate Tasmanian
scrubtit Acanthornis magna magna restricted to King Island, a 1098 km2 island within the Bass Strait
between Victoria and mainland Tasmania. Expert elicitation estimated the King Island scrubtit had an 83
% probability of extinction within 20 years (95 % CI = 66 – 93 %, Geyle et al. 2018). The primary driver of
King Island scrubtit population decline is habitat loss (Webb et al. 2016). While the exact habitat preferences
of King Island scrubtits are not certain, surveys suggest the birds prefer swamp forest containing dominant
or sub-dominant swamp paperbarks Melaleuca ericifolia (Webb et al., 2016; Bell et al. 2023). It is likely
the King Island scrubtit would once have been widespread in suitable native vegetation prior to European
colonisation > 100 years ago, but extensive surveys of potentially suitable habitat fragments suggest it is
now confined to three patches: Colliers Swamp in the south, Pegarah State Forest and surrounding forests
in the east, and Lavinia State Reserve and a small area of private land between The Nook swamps and
Granite Lagoon in the northeast (Webb et al., 2016; Bell et al. 2023, Figure 1). The total estimated area of
occupancy of the King Island scrubtit is < 1 km2 and likely declining (Webb et al. 2016).

The three known putative subpopulations of the King Island scrubtit are separated by 18 to 20 km, between
which lies a matrix dominated by agricultural land, sand dunes and potentially unsuitable scrub and heath
vegetation types (Figure 1). The extent to which individual scrubtits can permeate the matrix and facilitate
gene flow between the subpopulations is unknown, but predicted to be low based on the species’ habitat
preferences. Field surveys estimate the Colliers Swamp subpopulation contains approximately 30-40 birds,
Pegarah Forest 15-30 birds and Nook Swamps 10-20 birds (Webb et al. 2016, Bell et al. 2023), but the effective
population size of each subpopulation is unknown. There is a risk that genomic impacts associated with small
effective population size and limited dispersal capacity may be contributing to the decline of the King Island
scrubtit population (Frankham 2015). Other threats facing King Island scrubtits include acid sulphate soils
associated with drainage for agriculture, wildfires, predation by feral cats, and habitat deterioration through
windthrow and sea-level rise (Fielding et al., 2022; Webb et al., 2016). The King Island scrubtit is therefore
a priority species for conservation actions under the Australian Government’s Threatened Species Action

2
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Plan 2022-32 (Commonwealth of Australia 2022).

In contrast to the King Island scrubtit, Tasmanian scrubtits are not considered threatened and are widespread
in suitable habitats on mainland Tasmania and close offshore islands, though there is currently no reliable
population estimate (BirdLife International 2022). The species prefers wet forest habitats which dominate the
western side of mainland Tasmania but are patchier on the eastern side (Figure 1). There is no information
on dispersal in Tasmanian or King Island scrubtits, though the species is understood to be largely sedentary
(Higgins et al. 2006).

To assess the need for and to inform potential genetic management of the King Island scrubtit, our study had
four aims: firstly to sequence the scrubtit genome; second to estimate the current spatial genetic structure
of the King Island scrubtit population; third to quantify current levels of genetic diversity, inbreeding and
relatedness within the King Island scrubtit population; and finally to consider the population genetics of
the King Island scrubtit within the context of the genetics of the Tasmanian scrubtit. Following population
genetic theory and available demographic data (Frankham 1995; Webb et al. 2016), we predicted that,
relative to the Tasmanian scrubtit, the King Island scrubtit population would have higher levels of population
structure and inbreeding and lower genetic diversity.

2. MATERIALS AND METHODS:

2.1 Sample collection

To obtain indicative genetic diversity metrics across mainland Tasmania, we sampled between five and eleven
scrubtits from seven a-priorisubpopulations on mainland Tasmania (including Bruny Island) during the non-
breeding season (January – March 2021). Due to small population sizes and licensing restrictions on King
Island, we sampled five individuals from three locations during the same non-breeding season (Table 1, Figure
1). We trapped scrubtits using a single 6m mist net and one minute of scrubtit song broadcast using portable
speakers (ANU animal ethics permit # A2021/33). We sampled blood (< 20 μl per individual) using the
standard brachial venepuncture technique with a 0.7mm needle into 70% ethanol. For two individuals from
whom we were unable to safely obtain blood, we collected feathers shed during handling. One male individual
was collected under licence (see acknowledgements) for genome sequencing, from which organ tissue samples
(heart, spleen, kidney, gonads, brain, liver) were taken (Table S1). For each individual we took standard
morphometric measurements and scanned for any unusual physical features such as feather abnormalities or
skin lesions that may be indicators of poor health. A single observer (CY) sampled and measured all birds,
and the maximum capture time was 35 minutes. No birds showed adverse reactions to sampling and all
flew off strongly upon release. The fifteen individuals sampled on King Island was the maximum permissible
sample size under licence conditions.

3
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Figure 1: Sampling locations of Tasmanian scrubtit (right) and King Island scrubtit (left). Shown in green
is the distribution of wet eucalypt forest, swamp forest and rainforest. Vegetation data are derived from
TASVEG v4.0.

2.2 DNA extraction, sexing and sequencing

High molecular weight DNA was extracted from flash frozen heart and kidney using the Nanobind Tissue
Big DNA Kit v1.0 11/19 (Circulomics). A Qubit fluorometer was used to quantify DNA concentrations
with the Qubit dsDNA BR assay kit (Thermo Fisher Scientific). RNA was extracted from heart, spleen,
kidney, gonads, brain, and liver stored in RNA later using the RNeasy Plus mini Kit (Qiagen) with RNAse-
free DNAse (Qiagen) digestion. RNA quality was assessed via Nanodrop (Thermo Fisher Scientific). We
extracted DNA for population genomics from blood and feather samples using the Monarch® Genomic
DNA Purification Kit (New England BioLabs, Victoria, Australia). We quantified DNA concentrations using
a Qubit 3.0 fluorometer (yield range 10.3 – 209 ng μl-1, Table S1) and standardised the concentration of each
sample to 10-30 ng μl-1 DNA for 20-25 μl and determined the sex of individuals using a polymerase chain
reaction (PCR) protocol adapted from Fridolfsson and Ellegren (1999, Supplementary file S1). We arranged
the samples on a single 96 well plate, containing five technical replicates of the samples with the highest
DNA concentrations, an additional 21 non-technical replicates including all of the King Island samples, five
extra samples from mainland Tasmania and one negative control.

Double-digest restriction associated DNA (ddRAD) sequencing following Peterson et al. (2012) was under-
taken at the Australian Genome Research Facility, Melbourne on an Illumina NovaSeq 6000 platform using
150bp paired-end reads. Samples were first quantified using Quantifluor and visualised on 1 % agarose e-gel to
ensure all samples exceeded the minimum input DNA quantity of 50 ng. Three establishment samples with at
least 250 ng DNA that were representative of the distribution of the samples (2 Tasmanian scrubtits, 1 King
Island scrubtit) were used to determine the optimal combination of restriction enzymes, which wereEcoRI
and HpyCH4IV . Further details on the library preparation protocol are provided in Supplementary file S1.

2.3 Genome sequencing and assembly

Full methodological details of the genome and transcriptome sequencing and assembly are provided in Sup-
plementary file S2. In summary, high molecular weight DNA was sent for PacBio HiFi library preparation
with Pippin Prep and sequencing on one single molecule real-time (SMRT) cell of the PacBio Sequel II (Aus-
tralian Genome Research Facility, Brisbane, Australia). Total RNA was sequenced as 100 bp paired-end
reads using Illumina NovaSeq 6000 with Illumina Stranded mRNA library preparation at the Ramaciotti

4



P
os

te
d

on
19

S
ep

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

47
11

29
.9

91
74

36
3/

v
2

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Centre for Genomics (University of New South Wales, Sydney, Australia). Genome assembly was conducted
on Galaxy Australia (The Galaxy Community, 2022) following the genome assembly guide (Price & Far-
quharson, 2022) using HiFiasm v0.16.1 with default parameters (Cheng et al., 2021; Cheng et al., 2022).
Transcriptome assembly was conducted on the University of Sydney High Performance Computer, Artemis.
Genome annotation was performed using FGENESH++ v7.2.2 (Softberry; (Solovyev et al., 2006)) on a
Pawsey Supercomputing Centre Nimbus cloud machine (256 GB RAM, 64 vCPU, 3 TB storage) using the
longest open reading frame predicted from the global transcriptome, non-mammalian settings, and optimised
parameters supplied with theCorvus brachyrhynchos (American crow) gene-finding matrix. The mitochon-
drial genome was assembled using MitoHifi v3 (Uliano-Silva et al., 2023). Benchmarking universal single
copy orthologs (BUSCO) was used to assess genome, transcriptome and annotation completeness (Manni et
al., 2021).

2.4 Bioinformatics pipeline and SNP filtering

Raw sequence data were processed using Stacks v2.62 (Catchen et al., 2013) and aligned to the genome
with BWA v0.7.17-r1188 (Li & Durbin, 2009). Full details of the bioinformatics pipeline, which produced a
variant call format (VCF) file containing 45,488 variants for SNP filtering in R v4.0.3 (R Core team 2020)
are provided in Supplementary file S1. We filtered genotyped variants using the “SNPfiltR” v1.0.0 package
(DeRaad, 2022) based on (i) minimum read depth ([?] 5), (ii) genotype quality ([?] 20), (iii) maximum
read depth ([?] 137), and (iv) allele balance ratio (0.2 – 0.8). Then, using a custom R script, we filtered
SNPs based on (i) the level of missing data (< 5%); (ii) minor allele count (MAC [?] 3), (iii) observed
heterozygosity (< 0.6), and (iv) linkage disequilibrium (correlation < 0.5 among loci within 500,000 bp).

To ensure that relationships between individuals could be accurately inferred from the data, we used these
SNPs and samples to construct a hierarchical clustering dendrogram based on genetic distance, with visual
examination of the dendrogram confirming that all 24 replicates paired closely together on long branches
(Figure S1). We also made a higher-level bootstrapped dendrogram by using genetic distances among
sampling localities instead of individuals (Figure S2). The percentage difference between called genotypes
of technical replicates was also used to confirm that genotyping error rates were low after filtering (mean
99.91% ± 0.005% SE similarity between replicates). We therefore removed one of each replicate pair from
all further analyses.

We used “tess3r” (Caye et al. 2016, 2018) to perform a genome scan for loci under selection, using the
Bejamini-Hochberg algorithm (Benjamini & Hochberg, 1995), with a false discovery rate of 1 in 10,000 to
correct for issues associated with multiple testing. Because this method identified zero candidate loci under
selection, we also used the gl.outflank function in “dartR” v2.0.4 to implement the OutFLANK method
(Whitlock & Letterhos 2015) to infer the distribution of FST for loci unlikely to be strongly affected by
spatially diversifying selection. This method also identified zero putatively adaptive loci, leaving a final
dataset for formal population genetic analysis containing all 70 originally sampled individuals, 5,239 biallelic
SNPs, and an overall missing data level of 0.98 %. The number of SNPs and samples removed from the
dataset at each filtering step is provided in Table S2.

2.5 Statistical analysis

2.5.1 Population genomic structure

We used “poppr” v2.9.3 (Kamvar 2023) to produce a multidimensional scaling (MDS) plot of all individuals
based on a matrix of Prevosti’s genetic distances. To focus in more detail on the King Island population, we
then repeated the MDS analysis using only the 15 individuals sampled from King Island. We then created
a pairwise Weir and Cockerham (1984) fixation index (FST) matrix in “StAMPP” v1.6.3 (Pembleton 2013)
with 999 bootstraps to assess significance of the estimated differentiation between populations. To assess
isolation by distance at the individual level, we fitted a linear model of all standardised pairwise FST values
against the geographic distance between samples (Rousset, 1997).

We used the alternating projected least squares algorithm implemented in “tess3r” to assign individuals

5
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to ancestral population genomic clusters, investigate patterns of admixture between populations and assess
hierarchical population structure. This method applies a model of genetic structure featuring a number of
ancestral populations (k ), allowing assessment of values for k that have low cross-entropy metrics (Frichot et
al., 2014; Frichot & François, 2015). It also incorporates the spatial location of sampling, to remove potential
bias associated with isolation-by-distance. We calculated cross-entropy criteria for values of k between 1 and
15, and visualised a cross-entropy scree-plot to identify a plateau or substantial change in curvature in the
plot. We then extracted the matrices of individual admixture coefficients for the most relevant values of k
for inference and plotted these as stacked bar plots to visualize hierarchical population structure. We then
interpolated several values of k (2–4) across the landscape within the range of the scrubtit, based on the
geographical location of samples. We then repeated this analysis using only the King Island scrubtit data
for values of k from 1 to 5.

2.5.2 Genetic diversity, inbreeding and mean kinship

We used the genetic diversity function within the “gstudio” package v1.5.3 (Dyer 2021) to calculate mean (±
standard error and standard deviation) genetic diversity metrics across the 10 subpopulations. These metrics
included the number of alleles (A), effective number of alleles (AE), observed heterozygosity (HO), expected
heterozygosity (HE). We used the standard correction for small sample size to account for potential biases
in the estimates of HE due to variation in the number of samples obtained from subpopulations. We used
“diveRsity” v1.9.90 (Keenan et al. 2013) to calculate subpopulation-level Wright’s inbreeding coefficients
(FIS) values with confidence intervals via 1000 bootstraps. We then used “PopGenReport” v3.0.7 (Gruber
& Adamack 2022) to calculate mean allelic richness (AR) in the subpopulations and “poppr” to calculate (i)
mean private alleles within all subpopulations bootstrapped to sample size of 5; and (ii) the number of private
alleles only within subpopulations of the King Island scrubtit. Finally, we calculated individual inbreeding
coefficients (IIC) using the ‘mom.weir’ method with thesnpgdsIndInbCoef function in “SNPRelate” (Zheng
et al. 2012). This method uses a modified Visscher’s estimator (Yang et al. 2010).

We calculated relatedness using COANCESTRY (Wang, 2011), firstly only within the King Island subpopu-
lations, and then within all 10 subpopulations together (King Island and mainland Tasmania). We first ran
simulations as per Hogg et al (2019) to determine the best moment estimator to use. This was the triadic
likelihood method (TrioML), as it weights loci relative to the number of alleles and accounts for genoty-
ping error and inbreeding (Wang, 2007). Results are presented as mean kinship values (MK), calculated by
dividing the TrioML value by 2.

2.5.3 Genetic relationship with crown baldness

During sampling, we noted that eight King Island scrubtits had a distinct bald patch on the crown of their
heads (Figure S3), so explored the possibility that this feature was linked to genome-wide heterozygosity or
particular SNP loci in these individuals. We used “inbreedR” v 0.3.3 (Stoffel et al. 2016) to calculate multi-
locus heterozygosity (MLH) values for each individual, then implemented a heterozygosity-fitness correlation
analysis using logistic regression via package “lme4” v1.1-31 (Bates et al. 2015) with a binomial response
of bald or not bald against (i) the entire scrubtit sample; and (ii) only King Island scrubtits. We included
genotypic sex as a random term in both models.

To determine if any loci were significantly associated with baldness, we used a latent factor mixed modelling
(LFMM) approach. This method tests the explanatory significance of a trait variable on the genotypic matrix,
allowing for inference regarding the genetic basis of the trait. As LFMM requires no missing data, we imputed
missing genotypes via the ‘impute’ function of the “LEA” package (Frichot & François, 2015), utilising four
ancestral populations and method = “mode”. We then used the ‘lfmm2’ exact least-squares function of the
LEA package to build the LFMM object and identified allele frequencies that were correlated with each of
the environmental variables (Caye et al., 2019). This method controls for population structure via a number
of latent factors equal to the number of ancestral populations. We adjusted the p -values for each SNP
using the robust estimate of the genomic inflation factor (Martins et al., 2016) and a Benjamini-Hochberg
algorithmic correction (Benjamini & Hochberg, 1995) to ensure a low rate of false discovery (corrected to
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1 in 10,000 SNPs). We then produced a Manhattan plot along with the positions of candidate SNPs. We
identified the genomic coordinates of the candidate SNPs in the transcriptome-guided genome annotation
to determine if they were genic or non-genic and the putative function of the gene or nearest candidate
gene. If the gene was not annotated by FGENESH++, we queried the protein sequence against the National
Center for Biotechnology Information (NCBI)’s RefSeq non-redundant protein sequences database using the
BLASTp webserver for homology to known genes (Johnson et al., 2008).

2.5.4 Effective population size estimation

We used NeEstimator v.2 (Do et al. 2014) via the “dartR” wrapper to estimate the current effective sizes of
the King Island and Tasmanian scrubtit populations as well as the subpopulations therein (Supplementary
file S1).

3. RESULTS

3.1 Genome sequencing and assembly

The genome assembly was 1.48 Gb in length, comprising 1,516 contigs with a contig N50 of 7.715 Mb (Tables
S3-S4). Over 99.99% of raw reads were retained after quality trimming. The genome had 97.18% complete
BUSCOs [Single copy: 96.4%; Duplicated: 0.7%], 0.5% fragmented BUSCOs and 2.4% missing BUSCOs. A
total of 12,877 predicted genes were used as evidence for genome annotation from the global transcriptome,
which had 94.9% complete BUSCOs [Single copy: 15.0%; Duplicated: 79.9%], 1.3% fragmented BUSCOs
and 3.8% missing BUSCOs. After annotation, 30,347 genes were predicted, with an annotation completeness
of 82.8% BUSCOs [Single copy: 82.1%; Duplicated: 0.7%], 7.7% fragmented BUSCOs and 9.5% missing
BUSCOs. The mitochondrial genome was 16,867 bp in length and was identified on a single contig (Figure
S4).

3.2 Population genetic structure

The MDS plots showed evidence of four distinct genetic clusters in the scrubtit (Figure 2a). Within mainland
Tasmania, individuals sampled in the northeast of the state and on the Tasman Peninsula were distinct
from the rest of the mainland population. King Island scrubtits formed their own cluster distinct from the
Tasmanian scrubtit, with additional substructuring into three subpopulations when analysed independently
(Figure 2b).

Figure 2: Multidimensional scaling plot (MDS) showing the genetic structure of scrubtit samples by pop-
ulation based on Prevosti’s genetic distance. (a) shows all sampled individuals across mainland Tasmania
and King Island; (b) shows only King Island samples. Numbers in parentheses on axis titles denote the
proportion of total variance explained by the first two coordinates.
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Pairwise FST estimates between the King Island subpopulations (0.12 - 0.18) were larger than the majority
of the pairwise estimates between the mainland subpopulations (0.01 – 0.18) except the Tasman Peninsula
(> 0.22, Table S5). Genetic isolation was positively correlated with geographic distance (glm β = 494.7, se
= 101.7, p < .001, McFadden’s R2 = 0.36, Figure S5).

Increasing values of k resulted in decreased values of the cross-entropy criterion (Figure S6), with changes
in the criterion value suggesting that the best number of ancestral populations for interpretation within the
current sampling design ranged from 2 to 4. Admixture plots showed strong differentiation of the King Island
subspecies from the Tasmanian scrubtit regardless of the estimated number of ancestral populations (Figures
3 & S7). When k = 3, the east coast subpopulations in the Tasman Peninsula and north east separated
with a high degree of confidence from the remainder of the Tasmanian scrubtit population, and when k =
4 the Tasman Peninsula and north east subpopulations separated from each other. Despite being isolated
from the mainland by a 4 km wide sea strait, the Bruny Island subpopulation was less isolated from the rest
of the Tasmanian scrubtit population than were the north-eastern and Tasman Peninsula subpopulations
(Figures 3 & S7, Table S5). When analysed independently, King Island scrubtits showed a high degree of
differentiation by subpopulation when k = 3 (Figures 4, S8 – S9).

Figure 3: Patterns of landscape genomic structure across the geographical range of the scrubtit. Each panel
shows the population genomic structure when two, three or four ancestral clusters (kvalues) are identified
in the data. Colours in each panel represent the distribution of an ancestral cluster, interpolated across the
distribution of the species. Black points indicate sampling locations.
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Figure 4: Admixture plots showing the probability of assignment of individual King Island scrubtits to
a-priori subpopulations based on sampling locations when the number of ancestral populations (k ) ranged
from 2 to 3.

3.2 Genetic diversity, inbreeding and mean kinship

Measures of the mean number of alleles, effective number of alleles, expected and observed heterozygosity
and allelic richness were all lower in the three King Island scrubtit subpopulations than they were within
all of the Tasmanian scrubtit subpopulations, except the Tasman Peninsula (Table 1, Figure S10). FIS

confidence intervals overlapped zero in all subpopulations (Figure S10). Mean individual level inbreeding
coefficients calculated using the modified Visscher’s method were higher in the three King Island scrubtit
populations than all of the Tasmanian scrubtit populations, again except the Tasman Peninsula (Figure
5a). The majority of King Island scrubtits plotted towards the higher end of individual inbreeding estimates
across the entire sample (Figure 5b). The mean number of private alleles within the King Island scrubtit
subpopulations were within the range of those of the Tasmanian scrubtit, but the number increased three-
to-sixfold when King Island scrubtits were analysed separately (Table 1). Within population mean kinships
for the King Island populations when analysed as the island populations only, reflected on average a first
cousin relationship (˜0.0625; Table 1). However, when within population mean kinships for King Island
populations were analysed with all the Tasmanian mainland populations, the within populations mean kin-
ship for the King Island populations reflected on average a full-sibling relationship/parent-offspring (˜0.2500;
Table 1). Samples from the Tasman Peninsula also reflected a mean kinship of a full-sibling/parent-offspring
relationship, whilst the North East and South Bruny Island samples reflect a mean kinship of a half-sibling
relationship (Table 1).

Table 1: Sample sizes by molecular sex (F/M) and population genetic parameters for the King Island and
Tasmanian scrubtit. Parameters shown are number of alleles (A), number of effective alleles (AE), SNP
expected heterozygosity (HE), SNP observed heterozygosity (HO), Wright’s inbreeding coefficient (FIS ± 95
% CI), mean individual inbreeding coefficient (IIC), allelic richness (AR), mean private alleles (PA) and
within population mean kinship (mean ± SE) for King Island populations only, and for all subpopulations.
See Table S6 for estimates with standard errors.
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Region Subpopulation #F #M* A AE HE HO FIS IIC AR PA** MK (KI only) MK (all subpops)

King Island Colliers Swamp 1 4 1.423 1.258 0.169 0.17 -0.101 0.321 1.343 45.69 (215) 0.0968 ± 0.0167 0.2658 ± 0.0095
Nook 2 3 1.489 1.302 0.197 0.2 -0.119 0.234 1.401 39.28 (383) 0.0431 ± 0.0265 0.2094 ± 0.0172
Pegarah 2 3 1.448 1.277 0.181 0.166 -0.005 0.349 1.367 46.77 (252) 0.0671 ± 0.0353 0.2273 ± 0.0238

Mainland Central North 3 7 1.816 1.449 0.282 0.27 0.006 0.087 1.597 41.33 0.0331 ± 0.0034
Central West 3 3 1.753 1.439 0.284 0.27 -0.029 0.084 1.588 32.99 0.0254 ± 0.0015
North East 3 4 1.616 1.343 0.22 0.216 -0.053 0.192 1.462 39.05 0.1543 ± 0.0015
South Bruny Island 3 4 1.671 1.394 0.251 0.243 -0.041 0.169 1.521 84.16 0.1211 ± 0.0022
South East 2 9 1.838 1.449 0.282 0.27 -0.006 0.077 1.601 57.85 0.0231 ± 0.0035
South West 2 3 1.713 1.426 0.28 0.268 -0.061 0.082 1.572 29.09 0.0272 ± 0.0018
Tasman Peninsula 3 5 1.448 1.266 0.167 0.163 -0.043 0.346 1.346 65.79 0.2650 ± 0.0014

*1 additional male collected from Weilangta for genome sequencing.

**Numbers in parentheses denote number of private alleles within the King Island subpopulations when
analysed separately.

Figure 5: Inbreeding coefficients for King Island and Tasmanian scrubtits. Shown are (a) averages (±
standard error) across subpopulations and (b) estimates for all individuals.

3.3. Genetic relationship with baldness

Crown baldness was present in 8/15 King Island scrubtits, including in both sexes and all three subpopu-
lations, but none of 55 Tasmanian scrubtits. Logistic regression across all genotyped individuals showed a
weak negative relationship between multi-locus heterozygosity (MLH) and the probability of crown baldness
occurrence (β = -22.152. se = 8.788, z = -2.52, p = 0.017, Figure 6a). However, this relationship disap-
peared when the analysis was restricted to only King Island scrubtits (β = 11.56, se = 21.8, z = 0.53, p
= 0.60, Figure 6b), suggesting baldness is more likely to occur in the King Island scrubtit population than
the Tasmanian scrubtit population, but baldness in King Island scrubtits is not linked to (relatively) low
genome-wide MLH.

10
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After accounting for population structure (k = 3) and adjusting the p -values, the LFMM identified six loci
that were significantly associated with baldness (Figure S11). Of the six candidate SNPs, three were genic
and three were non-genic (Table S7). Three SNPs were located on the same assembled contig, including
one in the DOCK11 gene involved in regulation of filopodium assembly. Filopodia have been implicated in
feather follicle formation and feather branching in chickens (Cheng et al., 2018), suggesting a possible role
of this gene in baldness.

Figure 6: Logistic regression plots showing the relationship between multi-locus heterozygosity and prob-
ability of crown baldness in (a) all scrubtit samples and (b) King Island scrubtits. Inset image within (a)
shows example of King Island scrubtit with crown baldness.

3.4 Effective population size estimation

At k = 3, NeEstimator calculated small effective population sizes on King Island and the east coast of the
mainland (Nefor both populations < 20), but also calculated a relatively small effective population size for
the remainder of the mainland (Ne = 137, Table S8). We suggest these results be interpreted with caution
as Ne values can be difficult to accurately estimate with ddRAD data.

DISCUSSION

We explored the population genomic status of the critically endangered King Island scrubtit in the context of
its mainland congener - the Tasmanian scrubtit, using a genome-wide SNP dataset developed with samples
collected from across their contemporary distribution. We also provide the first sequenced and assembled
long-read genome for the family Acanthizidae. We show that the scrubtit population is structured into
four genetic clusters, with additional substructuring of the King Island scrubtit population when analysed
independently. Genomic diversity is lower and inbreeding coefficients are higher in the King Island scrubtit
than in the Tasmanian scrubtit. Crown baldness was present in over 50% of King Island scrubtits, but none of
the 55 Tasmanian scrubtits. Baldness was not linked to particularly low levels of multi-locus heterozygosity
in King Island scrubtits, but was significantly associated with six candidate SNPs. Below, we discuss the
implications of these results for research and genetic management requirements of the King Island scrubtit.

Population genomic structure

The patterns of population genomic structure in scrubtits add further evidence that Tasmanian biodiversity
is broadly structured by biogeographic barriers related to climate, topology and anthropogenic impacts. King
Island scrubtits likely diverged from Tasmanian scrubtits towards the end of the Pleistocene glacial period
around 12,000 years ago, when sea level rise flooded low-lying marshlands in what is now the Bass Strait
(Bowdler 2015). King Island scrubtits are therefore already occupying a climate refuge, and habitat loss
following European settlement has fragmented this refuge into three isolated subpopulations. Our results
suggest these subpopulations are now unlikely to be connected by natural gene flow, with genetic differenti-
ation between the subpopulations resulting from vicariance and genetic drift. Pairwise FST values between
King Island subpopulations are similar to or greater than those between Tasmanian scrubtit subpopulations,

11
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despite the substantially smaller geographic distances between those on King Island (circa 20 km) than those
on the Tasmanian mainland (60 – 100 km). This suggests that the nature of the matrix surrounding the
King Island subpopulations is more of a barrier to dispersal than the distances between them.

Among Tasmanian scrubtits, east coast birds are isolated somewhat from the rest of the population by a
broad swathe of unsuitable habitats associated with a warmer and drier climate in the midlands (Corney et
al. 2013), comprising predominantly dry sclerophyll forest that has also been heavily cleared since European
arrival (Figure 1). The distribution of wet sclerophyll forest and rainforest within the east coast is patchy.
Tasman Peninsula scrubtits are isolated by ocean on three sides and a narrow neck of land on the fourth,
but dispersal is likely also limited by a lack of wet forest and land clearing on the nearby mainland (Figure
1). This pattern of genetic isolation of the Tasman Peninsula scrubtit is similar to the patterns observed in
other taxa including the Tasmanian devil Sarcophilus harrisii (Jones et al. 2004; Farquharson et al. 2022)
and mountain ash Eucalyptus regnans (von Takach et al. 2021). In contrast, wet forest is abundant on
the mainland adjacent to south Bruny Island. This suggests occasional gene flow across the 4 km strait
separating Bruny Island from the Tasmanian mainland can occur, as has been demonstrated in forty-spotted
pardalotesPardalotus quadragintus (Alves et al. 2023).

Genetic diversity, inbreeding and mean kinship

Consistent with our predictions, observed levels of genetic diversity were significantly lower in King Island
scrubits than in all Tasmanian scrubtit subpopulations apart from the Tasman Peninsula. Interestingly, the
samples from the Tasman Peninsula exhibit the similar within-population mean kinship values as those on
King Island. Relatively lower levels of genomic diversity are observed in many island vertebrate populations,
particularly on small islands as shown in northern quolls Dasyurus hallucatus (von Takach et al. 2022) and
black-footed tree rats (Djintamoonga) Mesembriomys gouldii (von Takach et al. 2023). Individual inbreeding
coefficients and mean kinship measures were also higher in the King Island scrubtit than in the Tasmanian
scrubtit but, against our predictions, inbreeding measures (FIS) were lower for the Colliers Swamp and Nook
Swamps subpopulations than for all Tasmanian scrubtit subpopulations. FIS detects non-random mating in
the most recent generation (Waples, 2015), so our lower-than-expected estimates for these two King Island
subpopulations could simply mean that these individuals are not mating with close relatives. However,
other results — notably the reasonably high individual inbreeding coefficients calculated from the modified
Visscher’s method (Figure 5) — suggest these unusually low FIS values may be explained by small and / or
sex-biased sampling and therefore requires further study.

Phenotypic evidence of defective traits in small, inbred populations is likely to occur but not always noticed
in wild systems (but see e.g. Roelke et al. 1993 and Harrisson et al. 2019). Although unknown at this
time if it is a defective trait or not, over 50 % of King Island scrubtits we sampled exhibited crown baldness
(Figures 5 & S3). Baldness was present in both sexes and all three King Island subpopulations, but was
not recorded in any Tasmanian scrubtits. The probability of baldness was negatively associated with multi-
locus heterozygosity, but the relationship disappeared when we restricted the analysis to the King Island
population. It is possible that baldness may be due to non-genetic effects such as endemic parasitism, disease,
inter/intraspecific aggression linked to low habitat availability or an ageing population (Lachish et al. 2012;
Thys et al. 2017; van Velden et al. 2017). However, baldness was similar in all affected individuals (Figure
S3) and we found six candidate SNPs that may play a role in the development or expression of this trait. One
of these SNPs is associated with the DOCK11 gene, a gene that has been linked to early feather development
in chickens (Figure S10; Table S7; Cheng et al. 2018). Further investigation into the phenotype-genotype
associations may be able to determine the genetic and physiological pathways leading to baldness.

Conservation implications

The principal threat to persistence of the King Island scrubtit is habitat loss and its small population size
(Threatened Species Section, 2012). Preservation of remaining habitat and restoration of lost habitat will
therefore be critical if the taxon is to recover in the longer term (Webb et al. 2016). In the shorter term, our
results suggest the Pegarah Forest, Colliers Swamp and Nook Swamps subpopulations of the King Island
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scrubtit should be managed as a single management unit with translocations between these small, isolated
populations used to improve gene flow that has been lost due to habitat fragmentation and ensure that the
current level of overall genetic diversity is maintained (Frankham et al 2017). Higher levels of inbreeding,
lower estimated effective population sizes and higher probability of visible defective traits (i.e. baldness)
relative to the Tasmanian scrubtit suggest that genetic factors may well be exacerbating population decline
in King Island scrubtits. Future genetic management of the population is therefore warranted. There are
currently no demographic data on dispersal and breeding success rates in King Island scrubtits. However,
if breeding success is low and / or contemporary gene flow between subpopulations is as infrequent as our
results suggest, genetic rescue through the translocation of scrubtits between King Island subpopulations
could help (Harrisson et al. 2016).

Action paralysis is a conscious management decision when threats are known, and risks of adverse events
may be worth taking if a species or population is already known to be on a course for imminent extinction
(Webb et al. 2018, Canessa et al. 2020). For many years, the risk of outbreeding depression has been used
as an excuse for inaction (Ralls et al. 2018), however evidence for outbreeding depression is limited and
predictable (Frankham et al. 2011, Frankham 2015). A very real risk of any translocation is that introduced
individuals may be vectors for the establishment of novel pathogens in threatened populations (Peters et al.
2014), however this risk can be mitigated with disease screening.

The current rate of King Island scrubtit population decline, and the extent to which this decline is exacerbated
by genetic effects are currently unknown. Our results suggest two precautionary approaches to genetic
management of King Island scrubtits are feasible. Assuming that delaying management will not compromise
the chances of future King Island scrubtit population recovery, the Tasman Peninsula subpopulation of
Tasmanian scrubtits could be used as a trial for genetic rescue, given the remarkable similarity of this
subpopulation’s genetic parameters to the King Island scrubtit. If conservation actions are considered
urgent, genetic rescue trials could occur in the Pegarah Forest King Island scrubtit subpopulation, which
our data suggest is most at risk of inbreeding and extinction, with minimal risks of negative genetic effects
spreading to the other two subpopulations via natural gene flow.

Research implications

Field research to understand current vital rates and dispersal dynamics is urgently required to quantify the
fitness costs of high inbreeding and low genetic diversity in the King Island scrubtit as these costs can be
high (Harrisson et al. 2019; Kardos et al. 2023). The relative contribution of genetic effects associated with
the taxon’s small and fragmented population to its decline can then be compared to other known threats
such as predation by feral cats. This information can help prioritise implementation of recovery actions to
address the most prominent threats facing the taxon. We consider two particular priorities are to determine:
(1) whether contemporary breeding success and juvenile recruitment in King Island scrubtit are low, and if
so whether this is primarily due to inbreeding depression (e.g. Duntsch et al. 2023), high predation rates
(e.g. Crates et al. 2019) or simply a severe shortage of breeding resources (i.e. habitat saturation, Komdeur,
1992); and (2) whether any surviving juveniles are able to successfully disperse between subpopulations.
Our data suggest successful juvenile dispersal is unlikely, in which case juveniles (i) remain in their natal
areas without breeding; (ii) breed with close relatives; or (iii) die during dispersal. Under such scenarios,
translocation of juveniles between subpopulations could facilitate genetic rescue with minimal risk to the
current effective population (Frankham et al. 2015).

More broadly, our study highlights the potential for avoidable biodiversity loss to occur when the conservation
requirements of less enigmatic or geographically remote taxa are overlooked (Woinarski et al. 2017). It also
highlights the challenges of implementing effective conservation measures when basic population monitoring
data are lacking (Lindenmayer et al. 2020). The conservation status of the King Island scrubtit has been
known for decades (Garnett et al. 2011), however targeted research to establish the species’ basic ecological
requirements is ongoing (Webb et al. 2016, Bell et al. 2023). Population genomics is itself an important
tool for implementing evidence-based conservation, but is most effective at preventing extinctions when
complemented with rigorous, field-based population monitoring data (Taylor et al. 2017, Duntsch et al.
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2023).
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DATA ACCESSIBILITY AND BENEFIT-SHARING

Related metadata and code, including georeferences in decimal degrees and date/month/year of sampling
event and unique sample identifier tags that can be matched to the deposited genetic data, is avail-
able in the online supplementary material and via the Dryad digital repository https://doi.org/10.

5061/dryad.wstqjq2ss. The genome assembly and raw transcriptome data will be made available un-
der NCBI’s BioProject PRJNA1014961. The raw PacBio HiFi reads are publicly available from the Bio-
platforms Australia Threatened Species Initiative: https://data.bioplatforms.com/organization/threatened-
species. The assembled genome, global transcriptome, and genome annotation generated in this
study are available on Amazon Web Services Australasian Genomes Open Data Store: https://awgg-
lab.github.io/australasiangenomes/genomes.html.

Benefits Generated: A research collaboration was developed between three academic institutions, a non-
governmental organisation, state and federal governments and the local community on King Island. Results
of the research will be used to directly inform conservation actions to help facilitate population recovery
of the King Island scrubtit and will be used indirectly to help inform genetic management of other small,
isolated animal populations both within Australia and globally. Additional benefits from this research accrue
from the sharing of our data and results on public databases as described above.

SUPPLEMENTARY INFORMATION

Supplementary file S1: Additional information on methods

Molecular sexing

We determined the sex of individuals using a polymerase chain reaction (PCR) protocol adapted from
Fridolfsson and Ellegren (1999). We used 0.25μL forward primer 2550F, 0.25μL reverse primer 2718Rand
6.25μL OneTaq® DNA Polymerase (New England BioLabs , Victoria, Australia) in combination with 1μL
DNA for each of the 12.5μL reactions. We used an Eppendorf® Mastercycler machine with an annealing
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temperature of 48°C. To visualise the reactions, we ran the PCRs at 100V for 30 minutes on a 1.5% agarose
gel with sybrstain (Invitrogen , NSW, Australia). Males were identified through the amplification of a single
product while two products were visible for females.

Library preparation

The library preparation protocol consisted of (i) digestion using the aforementioned restriction enzymes (ii)
ligation with one of 48 unique inline barcoded adapters compatible with the restriction site overhang, (iii)
manual sample pooling, (iv) DNA purification (QIAquick PCR Purification Kit followed by SPRIselect pa-
ramagnetic beads), (v) 62 bp narrow size-selection targeting fragments of 280– 342 bp in length (BluePippin,
Sage Science) and (vi) a PCR (polymerase chain reaction) amplification step where one of two multiplexing
index primers was added. Indexed libraries were pooled together and loaded onto flow cells for 150- bp
paired-end sequencing on an Illumina NovaSeq 6000 platform.

Bioinformatics pipeline

Raw sequence data were demultiplexed using the process radtagsfunction of Stacks (Catchen et al., 2013),
with checking for intact RAD sites and reads quality-checked and trimmed. Of the 503.8 million total reads,
99.9% were retained after demultiplexing. Trimmomatic v0.39 (Bolger et al., 2014) was used to remove
possible adapter contamination, and reads were aligned to the reference genome assembled in this study
with BWA v0.7.17-r1188 (Li & Durbin, 2009). All samples mapped well (mean mapping rate = 95.16%;
SD = 0.67, range = 92.83–96.46%). Thegstacks function of Stacks was used to call a catalogue of variants,
filtered with the populations function by retaining variants in with a minor allele frequency of 0.01; maximum
heterozygosity of 0.8; genotyped in 30% of samples; and retaining only one SNP per tag (–write-random-
snp). SNPs were filtered using a custom R script to retain SNPs with a minimum average allelic depth of
2.5× per allele; a coverage difference between alleles of [?] 80%; a genotyping rate per locus [?] 80%; and
a reproducibility of genotype calls between replicates of 100% (Wright et al., 2019). The mean error rate
between replicate pairs was 1.17% (SD = 5.58; range = 0.60–2.19%). Further filtering of the SNPs is outlined
in Table S2.

Effective population size estimation

We used NeEstimator v.2 (Do et al. 2014) via the “dartR” wrapper to try to estimate the current effective
sizes of the King Island and Tasmanian scrubtit populations, using the linkage disequilibrium method with
no singleton alleles. We also estimated the effective size of (i) each a-priori scrubtit subpopulation based
on sampling locations; and (ii) the ‘east coast’ and ‘rest of the mainland’ Tasmanian scrubtit populations.
We used this approach based on the results of the population structure analysis and given the NeEstimator
algorithm assumes random mating and non-overlapping generations (Do et al. 2014) which are both unlikely
to be the case for scrubtits (see results).

Supplementary file S2: Genome sequencing and assembly methodology

Sample collection and DNA/RNA extraction

A single adult male Tasmanian scrubtit was captured using a mist net at Weilangta Forest in south-eastern
Tasmania and transported immediately to Hobart where it was euthanized by a veterinary surgeon (Aus-
tralian National University Animal Research Authority A2021/33). The sample was dissected at the Tas-
manian Museum and Art Gallery specimens collection, where brain and organ tissue were preserved in
RNALater before being stored at -80@C. High molecular weight (HMW) DNA was extracted from heart and
kidney tissue using the Nanobind Tissue Big DNA Kit v1.0 11/19 (Circulomics). A Qubit fluorometer was
used to assess the concentration of DNA with the Qubit dsDNA BR assay kit (Thermo Fisher Scientific).
RNA was extracted from six organs preserved in RNALater, using the RNeasy Plus Mini Kit (Qiagen)
with RNAse-free DNAse (Qiagen) digestion. Extractions were performed using tissue from the heart, brain,
spleen, kidney, liver and gonads.

Library construction and sequencing
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HMW DNA was sent for PacBio HiFi library preparation with Pippin Prep and sequencing on one single
molecule real-time (SMRT) cell of the PacBio Sequel II (Australian Genome Research Facility, Brisbane,
Australia).

Total RNA was sequenced as 100 bp paired-end reads using Illumina NovaSeq 6000 with Illumina Stranded
mRNA library preparation at the Ramaciotti Centre for Genomics (University of New South Wales, Sydney,
Australia).

Genome assembly

Genome assembly was conducted on Galaxy Australia (The Galaxy Community, 2022) following the genome
assembly guide (Price & Farquharson, 2022). HiFiAdapterFilt was used to remove adapter sequence in the
raw PacBio HiFi reads (Sim et al., 2022), followed by assembly with HiFiasm v0.16.1 with default parameters
(Cheng et al., 2021; Cheng et al., 2022).

The quality of the genome assembly was assessed on Galaxy Australia with the genome assessment post-
assembly workflow (Price, 2023). Basic genome assembly statistics were calculated with QUAST v5.0.2
(Mikheenko et al., 2018). Completeness was assessed using Benchmarking Universal Single-Copy Orthologs
(BUSCO) v5.2.2 (Simão et al., 2015) with the Aves odb10 lineage (n = 8,338 BUSCOs). The repetitive
elements of the genome were identified and classified by building a custom database using RepeatModeler
v2.0.1 (Flynn et al., 2020) and RepeatMasker v4.0.9 (Smit et al., 2013-2015) with the -nolow parameter to
avoid masking of simple low-complexity repeats, run on a Pawsey Supercomputing Centre Nimbus cloud
machine (256 GB RAM, 64 vCPU, 3 TB storage).

Mitogenome assembly

The mitochondrial genome was assembled from the primary genome assembly using MitoHiFi v3 (Uliano-
Silva et al., 2022). MitoHiFi identified the rock warbler Origma solitaria (NCBI reference sequence NC -
053100.1; Feng et al., 2020) as the most closely-related publicly available mitochondrial genome. The mit-
ochondrial genome was visualised with MitoZ v2.3 (Meng et al., 2019).

Transcriptome assembly

Transcriptome assembly was conducted on the University of Sydney High Performance Computer, Artemis.
FastQC v0.11.8 (Andrews, 2010) was used to assess the quality of raw reads. Trimmomatic v0.39 (Bolger
et al., 2014) was used to quality trim reads specifying TruSeq3-PE adapters, SLIDINGWINDOW:4:5, LEA-
DING:5, TRAILING:5 and MINLEN:25. The repeat-masked genome was indexed and reads aligned with
HiSat2 v2.1.0 (Kim et al., 2019). SamTools v1.9 view and sort converted the files to coordinate-sorted BAM
format. A GTF for each transcriptome was generated with StringTie v2.1.6 (Pertea et al., 2015). Aligned
RNAseq reads were merged into transcripts and filtered to remove transcripts found in only one tissue with
fragments per kilobase of transcript per million mapped fragments (FPKM) < 0.1, using TAMA-merge
v2020/12/17 (Kuo et al., 2020) and CPC2 v2019-11-19 (Kang et al., 2017). TransDecoder v2.0.1 (Haas,
2022) predicted open reading frames in the resulting global transcriptome. The completeness of the global
transcriptome was assessed using BUSCO v5.2.2 in ‘transcriptome’ mode with the Aves odb10 lineage on
Galaxy Australia.

Genome annotation

Genome annotation was performed using FGENESH++ v7.2.2 (Softberry; (Solovyev et al., 2006)) on a
Pawsey Supercomputing Centre Nimbus cloud machine (256 GB RAM, 64 vCPU, 3 TB storage) using the
longest open reading frame predicted from the global transcriptome, non-mammalian settings, and optimised
parameters supplied with the Corvus brachyrhynchos (American crow) gene-finding matrix. BUSCO v5.2.2
in ‘protein’ mode was used to assess the completeness of the annotation with the Aves odb10 lineage on
Galaxy Australia.

Supplementary References*
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Supplementary Tables

Table S1: King Island and Tasmanian scrubtit sample metadata.

Source Sample Specimen Tissue Pres. Taxon Scientific name Collection Latitude Longitude genotypic sex Health DNA conc

population id id type Temp. id date state Ng/ul
Weilangta 407004 ANU-ST67 Muscle in EtOh -80 720576 Acanthornis magna magna 14/04/2022 -42.7095 147.8403 male collected for genome sequencing 284
Weilangta 407008 ANU-ST67 Muscle in EtOh -80 720576 Acanthornis magna magna 14/04/2022 -42.7095 147.8403 male collected for genome sequencing 284
Colliers Swamp 406973 ANU-ST36 Blood in EtOh -80 720576 Acanthornis magna greeniana 7/04/2022 -40.09526 143.96423 male released live and healthy 18.9
Colliers Swamp 406974 ANU-ST37 Blood in EtOh -80 720576 Acanthornis magna greeniana 7/04/2022 -40.089798 143.9824 male released live and healthy 15.9
Colliers Swamp 406975 ANU-ST38 Blood in EtOh -80 720576 Acanthornis magna greeniana 7/04/2022 -40.089358 143.9793 male released live and healthy. Bald head 26.8
Colliers Swamp 406976 ANU-ST39 Blood in EtOh -80 720576 Acanthornis magna greeniana 7/04/2022 -40.089358 143.9793 female released live and healthy 15.8
Colliers Swamp 406977 ANU-ST40 Blood in EtOh -80 720576 Acanthornis magna greeniana 7/04/2022 -40.0876 143.9846 male released live and healthy. Bald head 72.8
Nook 406978 ANU-ST41 Blood in EtOh -80 720576 Acanthornis magna greeniana 9/04/2022 -39.6735 144.0884 female released live and healthy 38.1
Nook 406979 ANU-ST42 Blood in EtOh -80 720576 Acanthornis magna greeniana 9/04/2022 -39.6735 144.0884 male released live and healthy. Bald head 35.6
Nook 406980 ANU-ST43 Blood in EtOh -80 720576 Acanthornis magna greeniana 9/04/2022 -39.674752 144.0871 female released live and healthy. Bald head 171
Nook 406981 ANU-ST44 Blood in EtOh -80 720576 Acanthornis magna greeniana 9/04/2022 -39.674752 144.0871 male released live and healthy 78.7
Nook 406982 ANU-ST45 Blood in EtOh -80 720576 Acanthornis magna greeniana 9/04/2022 -39.674752 144.0871 male released live and healthy. Bald head 31.6
Nook 407012 ANU-ST43 Blood in EtOh -80 720576 Acanthornis magna greeniana 9/04/2022 -39.674752 144.0871 female released live and healthy. Bald head 171
Pegarah 406983 ANU-ST46 Blood in EtOh -80 720576 Acanthornis magna greeniana 10/04/2022 -39.92019 144.0597 female released live and healthy. Bald head 110
Pegarah 406984 ANU-ST47 Blood in EtOh -80 720576 Acanthornis magna greeniana 10/04/2022 -39.92019 144.0597 male released live and healthy. Bald head 157
Pegarah 406985 ANU-ST48 Blood in EtOh -80 720576 Acanthornis magna greeniana 10/04/2022 -39.907 144.094 female released live and healthy 110
Pegarah 406986 ANU-ST49 Blood in EtOh -80 720576 Acanthornis magna greeniana 10/04/2022 -39.907 144.094 male released live and healthy 118
Pegarah 406987 ANU-ST50 Blood in EtOh -80 720576 Acanthornis magna greeniana 10/04/2022 -39.901 144.088 male released live and healthy. Bald head 67.9
Central North 406988 ANU-ST51 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.0816 145.9205 male released live and healthy 139
Central North 406989 ANU-ST52 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.0816 145.9205 female released live and healthy. 99
Central North 406990 ANU-ST53 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.0816 145.9205 male released live and healthy 30
Central North 406991 ANU-ST54 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.0851 145.9218 male released live and healthy 83.5
Central North 406992 ANU-ST55 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.1273 144.9611 male released live and healthy 108
Central North 406993 ANU-ST56 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.1259 144.9603 male released live and healthy 30
Central North 406994 ANU-ST57 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.1259 144.9603 female released live and healthy 35.3
Central North 406995 ANU-ST58 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.1259 144.9603 male released live and healthy 71.2
Central North 406996 ANU-ST59 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.1259 144.9603 female released live and healthy 42.2
Central North 406997 ANU-ST60 Blood in EtOh -80 720576 Acanthornis magna magna 12/04/2022 -41.1259 144.9603 male released live and healthy 44
Central West 406998 ANU-ST61 Blood in EtOh -80 720576 Acanthornis magna magna 13/04/2022 -42.1525 145.3377 female released live and healthy 163
Central West 406999 ANU-ST62 Blood in EtOh -80 720576 Acanthornis magna magna 13/04/2022 -42.1506 145.3434 male released live and healthy 96.1
Central West 407000 ANU-ST63 Blood in EtOh -80 720576 Acanthornis magna magna 13/04/2022 -42.1568 145.446 male released live and healthy 124
Central West 407001 ANU-ST64 Blood in EtOh -80 720576 Acanthornis magna magna 13/04/2022 -42.1568 145.446 female released live and healthy 113
Central West 407002 ANU-ST65 Blood in EtOh -80 720576 Acanthornis magna magna 13/04/2022 -42.1466 145.4661 male released live and healthy 106
Central West 407003 ANU-ST66 Blood in EtOh -80 720576 Acanthornis magna magna 13/04/2022 -42.1466 145.4661 female released live and healthy 73.9
North East 406947 ANU-ST10 Blood in EtOh -80 720576 Acanthornis magna magna 21/03/2022 -41.2127 148.0162 female released live and healthy 209
North East 406948 ANU-ST11 Blood in EtOh -80 720576 Acanthornis magna magna 21/03/2022 -41.2127 148.0162 male released live and healthy 158
North East 406949 ANU-ST12 Blood in EtOh -80 720576 Acanthornis magna magna 21/03/2022 -41.2127 148.0162 female released live and healthy 56.4
North East 406950 ANU-ST13 Blood in EtOh -80 720576 Acanthornis magna magna 21/03/2022 -41.2127 148.0162 male released live and healthy 140
North East 406951 ANU-ST14 Blood in EtOh -80 720576 Acanthornis magna magna 22/03/2022 -41.3214 147.925 male released live and healthy 130
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Source Sample Specimen Tissue Pres. Taxon Scientific name Collection Latitude Longitude genotypic sex Health DNA conc

North East 406952 ANU-ST15 Blood in EtOh -80 720576 Acanthornis magna magna 22/03/2022 -41.3214 147.925 female released live and healthy 75.3
North East 406953 ANU-ST16 Blood in EtOh -80 720576 Acanthornis magna magna 22/03/2022 -41.3073 147.8409 male released live and healthy 37.7
North East 407009 ANU-ST10 Blood in EtOh -80 720576 Acanthornis magna magna 21/03/2022 -41.2127 148.0162 female released live and healthy 209
South Bruny Island 406938 ANU-ST01 Blood in EtOh -80 720576 Acanthornis magna magna 14/03/2022 -43.3902 147.3222 male released live and healthy 23.3
South Bruny Island 406959 ANU-ST22 Blood in EtOh -80 720576 Acanthornis magna magna 28/03/2022 -43.3838 147.3223 female released live and healthy 41.3
South Bruny Island 406960 ANU-ST23 Blood in EtOh -80 720576 Acanthornis magna magna 28/03/2022 -43.3896 147.2801 male released live and healthy 21
South Bruny Island 406961 ANU-ST24 Blood in EtOh -80 720576 Acanthornis magna magna 28/03/2022 -43.3896 147.2801 male released live and healthy 96.8
South East 406941 ANU-ST04 Blood in EtOh -80 720576 Acanthornis magna magna 13/03/2022 -42.94207 147.23883 male released live and healthy 35.1
South East 406942 ANU-ST05 Feather in EtOh -80 720576 Acanthornis magna magna 13/03/2022 -42.94207 147.23883 male released live and healthy 126
South East 406943 ANU-ST06 Blood in EtOh -80 720576 Acanthornis magna magna 17/03/2022 -43.2259 146.8769 male released live and healthy 26
South East 406944 ANU-ST07 Blood in EtOh -80 720576 Acanthornis magna magna 17/03/2022 -43.2259 146.8769 male released live and healthy 76
South East 406945 ANU-ST08 Blood in EtOh -80 720576 Acanthornis magna magna 17/03/2022 -43.2204 146.8765 male released live and healthy 104
South East 406946 ANU-ST09 Feather in EtOh -80 720576 Acanthornis magna magna 17/03/2022 -43.274 146.9385 male released live and healthy 171
South East 406954 ANU-ST17 Blood in EtOh -80 720576 Acanthornis magna magna 24/03/2022 -42.9448 146.7915 male released live and healthy 70.5
South East 406955 ANU-ST18 Blood in EtOh -80 720576 Acanthornis magna magna 24/03/2022 -42.9448 146.7915 female released live and healthy 41.1
South East 406956 ANU-ST19 Blood in EtOh -80 720576 Acanthornis magna magna 24/03/2022 -42.9622 146.7839 male released live and healthy 89.8
South East 406957 ANU-ST20 Blood in EtOh -80 720576 Acanthornis magna magna 24/03/2022 -42.98 146.9993 female released live and healthy 68.3
South East 406958 ANU-ST21 Blood in EtOh -80 720576 Acanthornis magna magna 24/03/2022 -42.98 146.9993 male released live and healthy 13.6
South East 407011 ANU-ST09 Feather in EtOh -80 720576 Acanthornis magna magna 17/03/2022 -43.274 146.9385 male released live and healthy 171
South West 406939 ANU-ST02 Blood in EtOh -80 720576 Acanthornis magna magna 8/03/2022 -43.36953 146.12834 female released live and healthy 16.1
South West 406940 ANU-ST03 Blood in EtOh -80 720576 Acanthornis magna magna 9/03/2022 -43.43378 146.1817 male released live and healthy 43.7
South West 407005 ANU-ST68 Blood in EtOh -80 720576 Acanthornis magna magna 16/04/2022 -43.0373 146.3017 male released live and healthy 197
South West 407006 ANU-ST69 Blood in EtOh -80 720576 Acanthornis magna magna 16/04/2022 -43.0379 146.3016 male released live and healthy 55.1
South West 407007 ANU-ST70 Blood in EtOh -80 720576 Acanthornis magna magna 16/04/2022 -43.0373 146.3017 female released live and healthy 42.3
South West 407010 ANU-ST68 Blood in EtOh -80 720576 Acanthornis magna magna 16/04/2022 -43.0373 146.3017 male released live and healthy 197
Tasman Peninsula 406962 ANU-ST25 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1035 147.8819 male released live and healthy 13.3
Tasman Peninsula 406963 ANU-ST26 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1048 147.8825 male released live and healthy 13.1
Tasman Peninsula 406964 ANU-ST27 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1048 147.8825 female released live and healthy 15.4
Tasman Peninsula 406965 ANU-ST28 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1118 147.9074 female released live and healthy 4.26
Tasman Peninsula 406966 ANU-ST29 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1118 147.9074 female released live and healthy 47.7
Tasman Peninsula 406967 ANU-ST30 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1118 147.9074 male released live and healthy 80.5
Tasman Peninsula 406968 ANU-ST31 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1118 147.9074 male released live and healthy 58.9
Tasman Peninsula 406969 ANU-ST32 Blood in EtOh -80 720576 Acanthornis magna magna 1/04/2022 -43.1094 147.9127 male released live and healthy 52.6
South Bruny Island 406970 ANU-ST33 Blood in EtOh -80 720576 Acanthornis magna magna 5/04/2022 -43.3564 147.2855 female released live and healthy 12
South Bruny Island 406971 ANU-ST34 Blood in EtOh -80 720576 Acanthornis magna magna 5/04/2022 -43.3656 147.2767 male released live and healthy 40.6
South Bruny Island 406972 ANU-ST35 Blood in EtOh -80 720576 Acanthornis magna magna 5/04/2022 -43.3656 147.2767 female released live and healthy 10.3

Table S2: Summary of steps used to filter the VCF file in R.

Package Function Criteria Scaffolds Variants Samples % missing data

78369 122605 94 51.54
SNPfiltR hard filter min depth = 5 min genotype quality = 20 78369 122605 94 63.63

max depth max depth = 137 (i.e. 2*SD) 59557 111893 94 66.41
min mac minimum minor allele count = 3 27819 26918 94 44.94
filter allele balance min ratio = 0.2 max ratio = 0.8 27819 26918 94 31.33
filter biallelic keep biallelic SNPs only 27819 26918 94 31.33

Custom script remove SNPs missing >5% data 4774 9849 94 1.63
minimum minor allele count = 3 4774 7492 94 1.63
retain SNPs with Ho < 0.6 4770 7485 94 1.63
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Package Function Criteria Scaffolds Variants Samples % missing data

SNPRelate snpgdsLDpruning method=”corr”, ld.threshold = 0.5, slide.max.bp = 500000, autosome.only = FALSE 4770 5239 94 1.61
Custom script Remove replicate samples and highly-related individuals 4770 5239 70 0.98

Remove sex-linked loci 4770 5239 70 0.98
tess3 & pvalue Remove loci under putative selection 4770 5239 70 0.98
gl.outflank Remove loci under putative selection 4770 5239 70 0.98

Table S3: Genome assembly statistics of the Tasmanian scrubtit (Acanthornis magna magna ).

Metric

Assembly size (Gb) 1.48
Number of contigs 1,516
Contig N50 (Mb) 7.715
Contig L50 41
Contig N90 (Mb) 0.521
Contig L90 408
Longest contig (Mb) 60.595
GC content (%) 42.88
Complete BUSCOs 97.1% [Single copy: 96.4%; Duplicated: 0.7%]
Fragmented BUSCOs 0.5%
Missing BUSCOs 2.4%

Table S4: Classification of repeat elements of the Tasmanian scrubtit (Acanthornis magna magna ) genome
assembly.

Repeat element Number of elements % of sequence

SINEs 2,575 0.03
LINES LINE1
L3/CR1

162,627 416 160,090 15.93 0 15.37

LTR elements ERVL
ERV Class I
ERV Class II

56,446 30,371 20,5402,917 7.79 4.89 2.65 0.16

DNA elements hAT-Charlie 17,631 118 0.58 0
Unclassified 133,829 6.18
Total interspersed repeats 30.52
Small RNA 958 0.06
Satellites 25,152 1.26

Table S5 : Pairwise FST values showing genetic differentiation between scrubtit subpopulations. Boot-
strappedp -value estimates above the are not known as all estimates were <.001. King Island scrubtit
subpopulations shown in purple, Tasmanian scrubtit subpopulations shown in yellow.

Central North Central West Colliers Swamp Nook North East Pegarah Bruny Island South East South West Tasman Peninsula

PWFST Central North
Central West 0.01
Colliers Swamp 0.2 0.22
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Central North Central West Colliers Swamp Nook North East Pegarah Bruny Island South East South West Tasman Peninsula

Nook 0.16 0.17 0.15
North East 0.12 0.12 0.33 0.29
Pegarah 0.18 0.2 0.18 0.12 0.31
Bruny Island 0.09 0.08 0.28 0.24 0.18 0.26
South East 0.03 0.01 0.21 0.17 0.12 0.18 0.07
South West 0.02 0.01 0.23 0.18 0.13 0.21 0.07 <0.01
Tasman Peninsula 0.23 0.24 0.43 0.39 0.22 0.41 0.27 0.22 0.24

Table S6: Genetic diversity metrics for a-priori populations of King Island and Tasmanian scrubtits. Shown
are mean subpopulation estimates ± the standard errors.

Region Locality A AE HE HO FIS IIC AR PA

King Island Colliers Swamp 1.423 ± .007 1.258 ± .005 0.169 ± .003 0.170 ± .003 -0.009 ± .007 0.342 ± 0.020 1.274 45.69 ± 0.09
Nook 1.49 ± .007 1.302 ± .005 0.197 ± .003 0.200 ± .003 -0.014 ± .007 0.251 ± 0.018 1.321 39.28 ± 0.17
Pegarah 1.448 ± .007 1.277 ± .005 0.181 ± .003 0.166 ± .003 0.064 ± .008 0.365 ± 0.048 1.298 46.77 ± 0.14

Mainland Central North 1.816 ± .005 1.449 ± .004 0.282 ± .003 0.270 ± .003 0.038 ± .004 0.101 ± 0.009 1.481 41.33 ± 0.50
Central West 1.753 ± .006 1.439± .004 0.284 ± .003 0.270 ± .003 0.041 ± .005 0.093 ± 0.008 1.472 32.99 ± 0.62
North East 1.616 ± .007 1.343 ± .005 0.220 ± .003 0.216 ± .003 0.014 ± .005 0.196 ± 0.007 1.37 39.05 ± 0.27
South Bruny Island 1.671 ± .006 1.394 ± .005 0.251 ± .003 0.243 ± .003 0.026 ± .005 0.170 ± 0.010 1.421 84.16 ± 0.43
South East 1.838 ± .005 1.449 ± .005 0.282 ± .003 0.270 ± .003 0.037 ± .004 0.0779 ± 0.009 1.484 57.85 ± 1.33
South West 1.713 ± .006 1.426 ± .005 0.280 ± .003 0.268 ± .003 0.038 ± .006 0.085 ± 0.017 1.467 29.09 ± 0.42
Tasman Peninsula 1.448 ± .006 1.266 ± .0005 0.167 ± .003 0.163 ± .003 0.022 ± .006 0.354 ± 0.006 1.279 65.79 ± 0.34

Table S7: Annotation of candidate SNPs associated with baldness. For SNPs in non-genic regions, the
position and annotation of the closest gene upstream and downstream of the SNP are provided.

Genome contig Position of candidate SNP Genic/non-genic Position of gene or closest genes Gene annotation

ptg000013 11097938 Non-genic 11034629-11037505 CALHM3, calcium homeostasis modulator protein 3
11137523-11196035 NEURL1, neuralised E3 ubiquitin protein ligase 1

ptg000048 2661559 Genic 2551173-2690658 GRIA3, glutamate ionotropic receptor AMPA type subunit 3
ptg000048 4113929 Genic 4091125-4123719 DOCK11, dedicator of cytokinesis 11
ptg000048 4025573 Non-genic 3933269-4012663 TNIK, TRAF2 and NCK interacting kinase

4025614-4034150 MAP4K4, mitogen-activated protein kinase kinase kinase kinase 4
ptg000272 649547 Non-genic 611019-613166 MYH6, myosin-6

651350-652559 Unknown protein
ptg000602 69459 Genic 31541-121032 NCOA1, nuclear receptor coactivator 1

Table S8: Effective population size estimates for the King Island and Tasmanian scrubtit and the respective
a-priori subpopulations therein. Jackknifed estimates are derived from the ‘no singleton alleles accepted’
method in NeEstimator. ‘Inf’ denotes infinite estimate.

Population Subpopulation Samples Estimated Ne Jackknifed estimate

King Island 15 10 5 – 17
Colliers Swamp 5 Inf 48 – inf
The Nook 5 13.5 2 – inf
Pegarah Forest 5 2.3 1 – 70
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Population Subpopulation Samples Estimated Ne Jackknifed estimate

Mainland
East Coast 15 8 3 – 10
Rest of mainland 40 137 56 – 113
South East 11 48 12 – 132
South West 5 Inf Inf
Central West 6 Inf 133 – Inf
Central North 10 154 39 – 112
South Bruny Island 7 954 68 – Inf
North East 7 1587 Inf
Tasman Peninsula 8 375 346 – inf
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Figure S1a: Cluster dendrogram showing the bitwise genetic distance between scrubtit samples. Branch
labels correspond to the bioplatforms library ID, the dual library index ID and the library index sequence.
Labels with R- denote technical replicates. Tight pairs on long branches denote replicated samples, note
however that not all replicates are labelled as technical replicates.
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Figure S1b : Cluster dendrogram showing the bitwise genetic distance between scrubtit samples. Branch
labels correspond to the sampling locations. Tight pairs on long branches denote replicated samples as shown
in Figure S1a.

Figure S2: Bootstrapped dendrogram showing subpopulation-level differentiation in the King Island and
Tasmanian scrubtit. Values on branches denote bootstrapped probability estimates. Weilangta population
was just a single sample, so the position of that population is likely to change with additional samples from
that locality.
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Figure S3: Images of pattern baldness in affected King Island scrubtits.

31



P
os

te
d

on
19

S
ep

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

47
11

29
.9

91
74

36
3/

v
2

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure S4: Mitochondrial genome of the King Island scrubtit (Acanthornis magna greeniana ).

Figure S5: Standardized relationship between geographic distance and individual-level genetic differentia-
tion in King Island and Tasmanian scrubtits. Prediction is derived from a linear model, shading represents
95% confidence interval.
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Figure S6: Cross-entropy plot used to identify hierarchical population structuring in the genomic dataset
for King Island and Tasmanian scrubtits. Lower values of the cross-entropy criterion indicate a better fit to
the data. The relatively large drops in cross-entropy scores between 1 and 2, 2 and 3 and (to a lesser extent)
between 3 and 4 ancestral populations (k ) indicates that kvalues of 2, 3 or 4 are well-supported, although
higher levels ofk further subdivide a-priori populations into clusters that correspond with the spatial pattern
of sampling.
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Figure S7 : Admixture plots showing the probability assignment of each individual scrubtit to a-priori
subpopulations based on sampling locations when the number of ancestral populations (k ) ranged from 2
to 4.

33



P
os

te
d

on
19

S
ep

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

47
11

29
.9

91
74

36
3/

v
2

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure S8: Cross-entropy plot used to identify hierarchical population structuring in the genomic dataset
for King Island scrubtits. Lower values of the cross-entropy criterion indicate a better fit to the data. The
relatively large drops in cross-entropy scores between 1 and 2, 2 and 3 ancestral populations (k ) indicates
that kvalues of 2 and 3 are well-supported.
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Figure S9: Patterns of landscape genomic structure in the King Island scrubtit. Panels show the population
genomic structure when two and three ancestral clusters (k values) are identified in the data set. Colours in
each panel represent the distribution of an ancestral cluster, interpolated across King Island. Black points
indicate sampling locations.

Figure S10: Estimates of genetic diversity (HE& PA) and inbreeding (FIS) across Tasmanian scrubtit and
King Island scrubtit subpopulations. Error bars show standard errors for HE and PA, and 95 % confidence
intervals for FIS.
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Figure S11: Manhattan plot showing the probability of a SNP showing an association with pattern baldness
in King Island scrubtits by locus position. The six outlier loci with small p- values are shown in red.
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