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Abstract

Conservation translocations can restore populations and prevent extinction of threatened species. Sourcing adequate
genetic diversity is an essential consideration when planning reintroductions, because it influences individual fitness and
long-term persistence of populations, yet available populations of threatened species may lack diversity. We estimated
population genetic parameters for one of Australia’s most threatened mammals, the northern bettong, Bettongia tropica,
to select source populations for reintroduction. Individuals from sites across the species’ extant range in the Wet Tropics
of north Queensland were genotyped, using 6,133 informative SNPs. We found that samples clustered into four popula-
tions: an isolated northern population at Mt Spurgeon and three connected southern populations in the Lamb Range. Most
of the species’ genetic diversity was dispersed across the Lamb Range populations in approximately equal proportions.
Populations showed an isolation-by-distance effect, even over short distances within continuous habitat. Admixture of
populations was high at distances <7 km but low at distances>11 km, and there was asymmetrical gene flow between
the two closest neighboring populations. All populations had small effective sizes and experienced drift, but connectivity
appears to have mitigated drift and stabilized population sizes within the Lamb Range. The Mt Spurgeon population had
a very small effective population size and low genetic diversity. We use our findings to weigh up the risks and benefits of
mixing sources for reintroduction, and we recommend a mixed source approach. We do not currently recommend sourcing
individuals from Mt Spurgeon and conservation efforts to preserve this population are urgently required.
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Introduction

Reintroduction, via the translocation of wild animals, is a
potentially powerful conservation tool increasingly being
used to aid recovery in declining species (IUCN 2013;
Taylor et al. 2017). The benefits of conservation transloca-
tions include: increasing the range extent, increasing total
population size or number of populations, improving meta-
population stability, increasing connectivity and gene flow,
restoring ecosystem processes and function, and restoring
cultural values to a landscape (Noble et al. 2001; ITUCN
2013; Armstrong et al. 2015). We are in the midst of a global
biodiversity crisis and such benefits are sorely needed
(WWF 2020). However, reintroductions are not always suc-
cessful at reestablishing self-sustaining, viable populations
(Fischer and Lindenmayer 2000; Moseby et al. 2011; Short
2016). Thorough understanding of the species’ biology and
knowledge of specific factors that affect establishment suc-
cess and long-term viability are necessary prior to reintro-
duction to allow informed decisions that benefit the overall
recovery of the species (IUCN 2013).

Genetic factors affect both the fitness of translocated
individuals and the long-term survival of reintroduced pop-
ulations (Di Fonzo et al. 2011). Isolated populations, liv-
ing in environments that differ, can develop divergent local
adaptations and this needs to be considered when choosing
population sources to avoid the reintroduction of individu-
als that are locally maladapted (Houde et al. 2015). Another
major consideration for reintroductions is sourcing and
maintenance of adequate genetic diversity (Armstrong et
al. 2015). Since genetic diversity is the raw material upon
which natural selection acts, sourcing and maintaining high
diversity will help reintroduced populations adapt to future
conditions, increasing their long-term resilience to environ-
mental change (Weeks et al. 2011). Genetic diversity also
directly affects population viability in the short-term, as low
genetic diversity is associated with inbreeding depression
and reduced fitness caused by the increased expression of
deleterious recessive alleles (Frankham et al. 2017a; Kyri-
azis et al. 2021). Furthermore, genetic fitness can interact
synergistically with other threats, such as predation (Pacioni
et al. 2017). Thus, founder diversity can be an even more
important genetic determinant of successful reestablish-
ment than pre-existing local adaptation (Zeisset and Beebee
2013; Maschinski et al. 2013).

One option to increase the diversity of reintroduced
populations is to mix sources (Houde et al. 2015). Mixing
divergent populations can have a remarkably positive effect
on short- to medium-term fitness and population growth
(Frankham 2015; Weeks et al. 2017; Fitzpatrick et al. 2020).
This ‘hybrid vigor’ effect is thought to be a consequence of
increased heterozygosity in F1 and F2 hybrids suppressing
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the expression of deleterious recessive alleles (Weeks et
al. 2011; Hoffmann et al. 2020). However, such mixing
also risks outbreeding depression, and populations that are
adapted to different local environments may conversely
show lower fitness when mixed (Marshall and Spalton 2000;
Goldberg et al. 2005; Sagvik et al. 2005; Byrne and Silla
2020). This effect may occur due to watering down of adap-
tive traits, or genetic incompatibility, or both (Frankham et
al. 2011).

Fear of outbreeding depression has caused conservation
managers to avoid mixing populations that are genetically
distinct. Yet, local adaptation is not the only evolutionary
force leading to population divergence, random genetic
drift often contributes substantially to population diver-
gence, especially when populations have become small and
fragmented. Random drift is important in small populations
because the rate of genetic drift is inversely proportional to
effective population size, leading to lower genetic diversity,
fitness, and adaptive potential, but higher genetic ‘distinct-
ness’ in smaller populations (Weeks et al. 2016). Since
admixture following genetic drift of historically connected
populations rarely leads to outbreeding depression, the net
risk of outbreeding depression is often overestimated in
threatened species (Frankham et al. 2011). A recent review
showed that the ‘default’ recommendation has been to man-
age genetically distinct populations separately, yet when
both inbreeding and outbreeding depression risks are evalu-
ated, population mixing is more frequently recommended
(Liddell et al. 2021). The relative roles of genetic drift and
local adaptation in population history should be considered
when deciding whether to reintroduce individuals from one
or more sources.

Australia has suffered a 10% attrition of its mammal
species in the last 250 years, the highest rate of mammal
extinctions in the world (Woinarski et al. 2019). Declines
are continuing across northern Australia and are affect-
ing most small- to medium-sized mammals (Burbidge and
McKenzie 1989; Woinarski et al. 2011, 2015; Woinarski
2015). Reintroduction has had mixed results, and predation
has been one of the biggest factors in failed attempts (Short
2009; Moseby et al. 2011). To counter that issue, reintroduc-
tions to predator-proof enclosures, or islands, have proved
a highly successful strategy (Kanowski et al. 2018; Legge
et al. 2018).

Members of the genus Bettongia (Potoroididae) are
highly threatened but tend to do well once threats are
removed (Moseby et al. 2018). Populations of three of the
four extant Bettongia species have been successfully rees-
tablished in Australia in the last 30 years to predator-free
havens (Martin et al. 2006; Portas et al. 2016; Legge et al.
2018; Thavornkanlapachai et al. 2019). The fourth species,
the northern bettong (B. tropica) is listed as Endangered
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(Burbidge and Woinarski 2016; DAWE 2022) and is among
the top 20 Australian mammals identified as being most at
risk of extinction (Geyle et al. 2018). Two B. tropica popula-
tion localities have disappeared in the last 30 years, leaving
the species’ persistence tenuously hanging on the survival
of populations in two remaining localities (WWF-Australia
2018). According to Woinarski (2018) there is a 14% risk
of the species going extinct within the next 20 years, unless
action is taken. Threats causing contemporary decline of B.
tropica are likely reduced habitat quality (associated with
altered fire regimes, feral cattle, weed invasions, and pigs)
and predation by feral cats (Dennis 2001).

The habitat requirements of B. fropica are well under-
stood, making it an ideal candidate for reintroduction.
Yet, besides one poorly planned and unsuccessful attempt
in 2005 (DEHP 2014), reintroduction has not been imple-
mented for the conservation of this species. Translocation
of wild B. tropica individuals to a 950-ha feral and predator-
free exclosure managed by the Australian Wildlife Conser-
vancy has been proposed. The proposed site is near Paluma,
in the Coane Range, and within the species’ former range,
where localised extinction occurred as recently as 2003.
Ongoing intensive vegetation management at that site is
restoring habitat quality, and all feral animals, predators and
competitors will be excluded from within the fenced area
prior to reintroduction. Previous genetic work has indicated
that there are likely four potential source populations (Pope
et al. 2000). However, the necessary detailed information on
contemporary population genetics of B. fropica is lacking.
This study aims to quantify the genetic diversity and struc-
ture of existing populations to make recommendations for
sourcing individuals for reintroduction. Our objective is to
maximise the chance of reintroduction success, while mini-
mizing the impact on source populations, thereby improv-
ing the species’ overall conservation status.

Materials and methods
Populations and sampling

Bettong ear tissue samples (n=240) were collected dur-
ing cage trapping at five sites between 2014 and 2021 and
refrigerated in 80% ethanol. Four sites were within a con-
tinuous band of habitat in the Lamb Range, which is often
grouped together as a single locality (e.g., Burbidge and
Woinarski 2016). These were: Lower Davies Creek (n=21),
Upper Davies Creek (n=54), Emu Creek (n=61), and Tina-
roo (n=284). Upper and Lower Davies Creek are separated
by 1.5 km east-west in the north of the Lamb Range; Emu
Creek is in the middle of the Lamb Range, 11 km south of
Davies Creek and 6.5 km north of Tinaroo, which is at the

southern end of the Lamb Range (Fig. 1). Davies Creek,
Emu Creek, and Tinaroo were expected to be inhabited by
genetically distinct populations based on the findings of
Pope et al. (2000). The fifth site, Mount Spurgeon (n=21), is
a geographically isolated population 75 km north of Davies
Creek, within Mt Lewis National Park in the Carbine Table-
lands. Two additional samples were obtained opportunisti-
cally from fresh roadkill within the Lamb Range: one from
Tinaroo, and one from Koah, 7 km north of Lower Davies
Creek. The Lamb Range and Mt Spurgeon are the only two
areas where B. tropica persist (WWF-Australia 2018). Trap
locations within these sites are shown in Fig. 1.

The degree of genetic differentiation among the Upper
and Lower Davies Creek sampled sites was initially
unknown. We examined the likely number and composition
of genetic populations using methods described in Sect. 2.3
below. This resulted in pooling of Upper and Lower Davies
Creek sites into a single population, Davies Creek (n=75),
for subsequent analyses.

Genotyping and quality control filtering

DNA was extracted from samples using a modified salting-
out method (Sunnucks and Hales 1996). Library prepara-
tion, array-based sequencing, and in silico genotyping of B.
tropica individuals for 28,915 Single Nucleotide Polymor-
phism (SNP) markers were performed by Diversity Arrays
Technology (DArT), Canberra, at a depth of 2.5 million
reads. Reads were aligned to a Bettongia gaimardi reference
genome provided by the Oz Mammals Genomics initiative
to improve SNP calling. The following quality control filter-
ing steps were then applied to the data using the R package
dartR (Mijangos et al. 2022): loci with <90% reproduc-
ibility (i.e., identical sequences in <90% of reads) were
removed; loci with mean read depth<10 or >1000 were
removed; all secondary SNPs (more than one SNP on the
same read fragment) were removed; individuals were fil-
tered to >80% call rate to remove any poor-quality samples;
SNP loci were filtered to 100% call rate (i.e., loci with any
missing data were removed); and finally loci which were
significantly out of Hardy-Weinberg equilibrium in one or
more population, with a Bonferroni correction applied to
the significance threshold (a.=0.05/number of loci), were
removed (49 total) to eliminate likely sequencing errors
(we defined “populations” for this test based on Pope et al.
(2000) and a preliminary assessment of population genetic
structure). After filtering, 241 genotypes (individuals) and
6,133 loci remained.
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Fig. 1 Extant and recently extinct Bettongia tropica population locali-
ties, and genetic sampling locations for this study. Population names
are indicated by the labels. Davies Creek, Emu Creek and Tinaroo
occur within a single area of occupied habitat and are therefore also
referred to collectively as the ‘Lamb Range populations’. An opportu-

Divergence & population structure

Principal Component Analysis (PCA) was used to visual-
ize the distribution of the species’ genetic variance along
ordination axes (Pearson 1901; Jolliffe 2003). Population
groupings were inferred from Discriminant Analysis of
Principal Components (DAPC) using the R packages Sam-
baR v.1.08 (Jong et al. 2020) and adegenet v2.1.5 (Jombart
2008). First, to ascertain the number of genetic populations,
de novo K-means clustering was performed. For this step,
185 principal components explaining 95% of the total vari-
ance were retained, as recommended by Jombart & Collins
(2015), and possible numbers of clusters up to K=10 were
explored. The optimal number of clusters was determined
by examining the resulting BIC vs. K plot for a minimum
value or ‘elbow’ in the curve. Geographic population bound-
aries were determined from inferred clusters, and redefined
populations were used in all subsequent analysis.

DAPC was then rerun to identify possible migrants by
assigning individuals to inferred genetic clusters. For this
second step, the number of principal components used for
clustering was based on both a-score and cross-validation
methods: the minimum number to retain was demined by
plotting the increase in successful cross-validation predic-
tions with additional PCs, while the maximum number to
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nistic roadkill sample was included from Koah, north of Davies Creek
and it is unknown if this individual represents a genetically distinct
population. Polygons for extinct populations were modified from Laid-
law et al. (2012)

retain was determined by the maximum value in the a-score
spline plot. This resulted in eight principal components being
retained, which together explained ~25% of the total vari-
ance. The number of discriminant functions was set to three
(K-1). This approach was designed to optimize the trade-off
between including sufficient information for discrimination,
and overfitting or instability of group assignments. Genetic
clusters were assumed to equate to natal populations, and
disagreement between capture and assigned population was
interpreted as signifying migration (i.e., migration by the
individual in question or by a recent ancestor).

Population divergence was estimated from Nei and
Chesser’s sample size bias corrected genome-wide Fgr
‘Ggr” (Nei and Chesser 1983) calculated using R pack-
age FinePop2 v0.4 (Kitada et al. 2021) and by comparing
private, fixed, and mean frequency differences in alleles
between each pair of populations. For these comparisons,
each of the Lamb Range samples were rarefied to the size of
the smaller Mt Spurgeon sample (n=21) 1000 times (boot-
strapped) and averaged. Unrarefied private and fixed alleles
were also calculated between each population and a pooled
sample containing the reset of the populations to identify
the number of alleles unique to each. Weir and Goudet’s
(2017) measure of population-specific Fgr was calculated in
the R package FinePop2 (Kitada et al. 2021). This statistic
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measures deviation of each population from the hypotheti-
cal ancestral population (Kitada et al. 2021). To evaluate
the role of isolation-by-distance in population divergence, a
Mantel test was performed on pairwise individual Euclidean
genetic and geographic distances.

To examine the relative roles of past diversity loss due
to genetic drift versus accumulation of potentially adaptive
variation in shaping population differences, genetic diver-
sity metrics were regressed against population-specific Fqr.
Weeks et al. (2016) demonstrated that a close relationship
between population-specific Fgp and genetic diversity (lin-
ear for heterozygosity and quadratic for allelic richness)
occurs when population differences are primarily a con-
sequence of drift. Conversely, if population divergence is
due to new mutations and local adaptation, then population-
specific Fgr will have a weaker relationship with genetic
diversity (Weeks et al. 2016). Expected heterozygosity and
allelic richness calculations are described in Sect. 2.4 below.

Structure and contemporary gene flow between popula-
tions was assessed using individual admixture coefficients
estimated using the R package LEA-3.3.2 (Frichot and
Frangois 2015). Least-squares estimates of ancestry propor-
tions were iteratively estimated using nonnegative matrix
factorization (sNMF), for values of K ancestral populations
from two up to the optimal number of clusters determined
by minimum cross-entropy. This method was chosen for
admixture analysis over the functionally similar program
STRUCTURE (Pritchard et al. 2000) because it is faster
and can be better at detecting structure in the presence of
inbreeding (Frichot et al. 2014), which may occur in small
B. tropica populations. Admixture proportions were used to
corroborate migrants identified by DAPC.

Genetic diversity

Population level genetic diversity was assessed using the
following diversity metrics: allelic richness (AR), Shan-
non index (SI), observed heterozygosity (Hg), and expected
heterozygosity (Hg), calculated in DartR (Mijangos et al.
2022). Multilocus observed heterozygosity (MLH) of each
individual was estimated, and a Kruskal-Wallis rank sum
test followed by a Wilcoxon test with continuity correction
was used to compare MLH between populations.

Since estimates of allelic richness are sensitive to sam-
ple size (Shafer et al. 2015), allelic richness of each Lamb
Range population was also calculated from a rarefied sub-
sample equal in size to the smaller Mt Spurgeon sample
(21). Rarefication of individuals was bootstrapped using
1000 permutations to create probability distributions for
allelic richness that were approximately normal, against
which population differences could be tested. ANOVA was
used to compare rarefied allelic richness among the three

Lamb Range populations. In pairwise comparisons between
Mt Spurgeon and each of the Lamb Range populations, the
rarefied Lamb Range distribution was treated as a ‘null’ dis-
tribution against which the single, unrarefied allelic richness
estimate for Mt Spurgeon was tested. If the Mt Spurgeon
estimate fell outside the 95% prediction interval, then we
considered it significantly different (see Dyer 2017).

Observed and expected heterozygosity were also com-
pared within each population. Fisher’s exact tests of Hardy-
Weinberg Equilibrium (HWE) were performed for loci
within each population, according to the method of Wig-
ginton et al. (2005) and using DartR (Mijangos et al. 2022).
However, the loci most strongly deviating from HWE (i.e.,
that were significant after applying a Bonferroni correction),
were previously removed from the dataset during data filter-
ing; see Sect. 2.1 above. Global (across loci, within-pop-
ulation) HWE was determined by comparing the number
of significant (P <0.05) loci remaining within each popula-
tion against the number expected to be significant due to
chance (i.e., a null binomial distribution with 5% probabil-
ity of ‘success’ for HWE tests at alpha=0.05 and number of
‘trials’ = number variable loci), as suggested by Waples et
al. (2015). Global disequilibrium was determined at a one-
tailed significance level of P<0.05. Population differences
were investigated by identifying whether loci deviations
from HW proportions were characterized by a heterozygos-
ity excess or deficit, using Nei’s (1986) inbreeding coeffi-
cient, Fig.

Effective population size

Effective population size (Ne) was estimated using the
Linkage Disequilibrium (LD) method implemented in Ne
Estimator v2.1 (Do et al. 2014). This method estimates Ne
from LD measured as the squared correlation coefficient (1%)
between alleles at pairs of loci. The processes of genetic
drift and inbreeding cause the level of LD to be higher in
smaller effective populations, enabling effective population
size to be estimated accurately from genetic data (Waples
2006; Waples and Do 2010; Gilbert and Whitlock 2015).
Since the 6,133 loci used to produce Ne estimates are dis-
tributed across only 22 B. tropica chromosomes, some loci
will be physically linked, confounding LD, and biasing Ne
estimates downward. To account for this bias, the chromo-
some correction factor of Waples et al. (2016) was applied
to the output of Ne Estimator. Sample size bias was auto-
matically adjusted for within Ne Estimator (Waples 2006;
Do et al. 2014), and minor allele frequency was filtered to
>0.02 within the software settings (Waples and Do 2010).
To investigate the possible effect of gene flow on Ne
estimates, Ne was calculated both including and exclud-
ing migrants for populations where migration was detected.

@ Springer
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Fig.2 Discriminant Analysis of Principal Components (DAPC) of Bet-
tongia tropica genetic diversity. De novo K-means clustering was first
used to determine the number of genetic populations (a), with optimal
number of clusters determined at the lowest BIC value plotted (i.e., at
K =4). For this step 186 Principal Components were retained which
explained 95% of the total variance. Individuals were then assigned

Probable first and second generation (F, & F,) migrants
were identified as individuals with <60% local ancestry
according to the LEA admixture analysis. Discrepancies
between effective size estimates with and without migrants
were subsequently used to estimate migration rate by rear-
ranging Equation A1 in Waples and England (2011) to:

Ngpp — 1/ —N, (Kf —2]\78)
EPP \/ epp | NEPP (Equation 1)

m = =
2Ngpp
Where = immigration rate, N wpp= estimated effective

pool of parents (including parents of immigrants), and NS
= estimated local effective size (without migrants). For sim-
plicity only two populations were considered (i.e., n = 2 in
Waples and England’s original formulation), equilibrium
migration was assumed, and the contribution of individu-
als with immigrant ancestry < 40% to the parent pool were
ignored.

Results

Delineation and structure of potential source
populations

The data were best explained by four population clusters,
indicated by the lowest point in the BIC curve produced by
step one of the DAPC analysis, and by the lowest cross-
entropy score from the LEA analysis. However, both the
BIC and cross-entropy values for K=4 were only slightly
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variance
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»
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Fig. 3 Principal component analysis of Bettongia tropica genetic dis-
tance showing individuals (plotted on the two most explanatory ordi-
nation axes) and population labels

lower than for K=3 (Fig. 2). No genetic division between
Upper and Lower Davies Creek was observed by DAPC
(Fig. 2) or PCA (Fig. 3), therefore these sites were pooled
into a single ‘Davies Creek’ population. Genetic population
boundaries otherwise matched sample sites.

Mt Spurgeon was genetically distant from the three Lamb
Range populations (Fig. 3). There were five fixed allele dif-
ferences between the pooled Lamb Range populations and
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Table 1 Differences between each pair of B. tropica populations sampled. Percentages are of total SNPs sequenced (6,133), and sample sizes were

all rarefied to the smallest sample size (n=21) for comparison

popl pop2 Dist (km) Fixed Privl Priv2 AFD Ggr

Emu Creek Tinaroo 7 0.00% 8.90% 5.90% 0.074 0.014
Davies Creek Emu Creek 11 0.00% 11.90% 10.70% 0.110 0.040
Davies Creek Tinaroo 18 0.00% 14.20% 9.90% 0.116 0.046
Mt Spurgeon Davies Creek 80 0.20% 10.60% 44.40% 0.214 0.187
Mt Spurgeon Emu Creek 86 0.20% 11.10% 43.60% 0.214 0.188
Mt Spurgeon Tinaroo 93 0.20% 12.00% 41.60% 0.217 0.195

Dist=average geographic distance; Fixed =percentage of mutually exclusive alleles; Privl =percentage of alleles present in popl but not
pop2; Priv2 =percentage of alleles present in pop2 but not popl; AFD =absolute mean allele frequency difference of loci between populations;

GST=Nei and Chesser’s (1983) genome wide fixation index

Fig. 4 Admixture of Bettongia
tropica individuals. LEA least-
squares estimates of ancestry
proportions were iteratively esti-
mated for K ancestral populations
from K =2 up to K=4, which was
the optimal number of clusters
determined by DAPC. Columns
represent individual probability
of ancestry (0—1) belonging to
each of the colored clusters. At

K =4, clusters represent sampled
populations

Percent Ancestry

Spurgeon Davies Creek

Mt Spurgeon, and the pooled Lamb Range populations had
3,311 private alleles (i.e., they were not observed in Mt
Spurgeon). A substantially smaller number of alleles were
private to Mt Spurgeon (268), which was approximately the
same as the number of alleles unique to the Davies Creek
population (231). Tinaroo and Emu Creek populations had
19 and 41 private alleles, respectively, but together they had
289. In pairwise comparisons between each of the popula-
tions, there were approximately four times more alleles pri-
vate to the Lamb Range populations than to Mt Spurgeon
even after rarefying to account for small sample size at Mt
Spurgeon (Table 1). Ggr values were also higher in all com-
parisons between Mt Spurgeon and the Lamb Range popu-
lations than in comparisons between populations within the
Lamb Range (Table 1). There was little evidence of con-
temporary gene flow between Mt Spurgeon and the Lamb
Range; individuals from Mt Spurgeon had<1% Lamb
Range ancestry, and Lamb Range individuals had < 7% Mt
Spurgeon ancestry (Fig. 4).

There was also genetic structure observed within the
Lamb Range. This is illustrated by PCA axis two in Fig. 3,
which explains > 10% of the total variation. There was a sig-
nificant isolation-by-distance effect revealed by the Mantel
test (R?=0.623, P<0.001), even after Mt Spurgeon individ-
uals were removed from the analysis (R?=0.427, P<0.001;
Fig. 5). Davies Creek was the most genetically distinct

iy ,Jllhﬂlll.%h]l

rr'[' ] '1I'|I""ql'1lll'l""

Tl -

Emu Creek Tinaroo

among Lamb Range populations according to Ggr, private
alleles, and the PCA (Table 1; Fig. 3). There was 100% con-
cordance between individuals captured at Davies Creek and
DAPC assignment to the Davies Creek genetic cluster (i.c.,
no individuals were flagged as potential immigrants; Fig. 2).
According to the LEA analysis only eight out of 75 (10%) of
Davies Creek individuals showed admixture >20%, and the
greatest admixture of a Davies Creek individual was 38%
non-Davies ancestry (23% Emu Creek, 13% Tinaroo, 1.7%
Mt Spurgeon; Fig. 4).

There was some discordance between capture popula-
tion and DAPC assignment of individuals to Emu Creek
and Tinaroo. One individual captured at Emu Creek was
‘misassigned’ to the Tinaroo cluster, whilst 14 individuals
captured at Tinaroo were ‘misassigned’ to the Emu Creek
cluster, totalling 15 migrants (Fig. 2). For 11 of these 15
individuals, the LEA admixture analysis also showed that
they had higher non-local than local ancestry. The four
individuals for which the two analysis methods disagreed
were all caught at Tinaroo. However most (12 out of 15)
DAPC identified migrants had LEA ancestry proportions in
the range 40-60%, thus these individuals are likely admixed
second-generation migrants and classification as ‘migrants’
may be arbitrary. Overall, mean Emu Creek ancestry at
Tinaroo was 24.9% and mean Tinaroo ancestry at Emu
Creek was 16.8%.
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Fig.5 Isolation-by-distance of
B. tropica individuals based

on Mantel tests of Euclidean
genetic distance and natural log
geographic distance. Grey (dark)
circles = pairwise comparisons
within the Lamb Range, pink 601

within population distances

Spurgeon - Lamb Range
population distances A

between Lamb Range
population distances

(light) triangles = comparisons
containing individuals from

Mt Spurgeon. Two tests were
performed: one with all the
samples (solid line), and another
with Lamb Range individuals
only (dashed line). Mt Spurgeon
individuals were excluded from
this second test because the Mt
Spurgeon population was both
genetically distant and far away,
and therefore may have dispro-
portionately influenced the results

50 1

Euclidean genetic distance

404

301

X Davies - Tinaroo

\ Davies - Emu

Emu - Tinaroo

Genetic diversity and effective size of potential
source populations

Unadjusted allelic richness was similar among all Lamb
Range populations (Davies Creek =1.88; Emu Creek = 1.86;
Tinaroo = 1.85), but lower in Mt Spurgeon (1.46). On aver-
age, rarefaction reduced allelic richness estimates for the
Lamb Range populations by 4-5% (Fig. 6a). Mt Spurgeon
allelic richness fell outside the 95% prediction intervals of
all Lamb Range population rarified null distributions, and
no permutation produced an allelic richness estimate lower
than Mt Spurgeon. The three Lamb Range populations
were also significantly different from each other according
to the ANOVA of rarified allelic richness (P<0.001), with
a Tukey’s HSD test indicating that Davies Creek >Emu
Creek > Tinaroo (Fig. 6a; Table 2). Mt Spurgeon was also
lower in heterozygosity and Shannon diversity than the
Lamb Range populations, while the three Lamb Range pop-
ulations had similar levels of heterozygosity and Shannon
diversity (Table 2).

There was a significant difference in individual multilo-
cus heterozygosity (MLH) between populations revealed
by the Kruskal-Wallis rank sum test (x*=59.417, DF =3,
P<0.001), again due to individuals from Mt Spurgeon hav-
ing lower heterozygosity than individuals from Lamb Range
populations (Wilcoxon signed-rank P<0.001). There were
no significant differences in pairwise comparisons of MLH
between any of the Lamb Range populations (p>0.57).
Within each population, individuals varied in MLH, and
there were three extreme outliers (defined as <Q1-3 *
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IQR or >Q3+3 * IQR; Mcgill et al. 1978). There was one
individual with unusually high heterozygosity in each of
the Davies Creek and Tinaroo samples, and one individual
with unusually low heterozygosity in the Tinaroo sample
(Fig. 6b).

Globally, all populations were in Hardy-Weinberg Equi-
librium (P=0.847-0.999). There were a small percentage
of loci remaining out of equilibrium within each population
(2.7-4.7%; Table 2), however these were not more frequent
than expected by chance. Amongst significant loci there
was a mean heterozygosity deficit, whereas across all loci
there was a mean heterozygosity excess. This was true in all
populations (Table 2).

Effective population size (N,) estimates were small for
all B. tropica populations. Full sample estimates ranged
from 53 to 71 in the Lamb Range and 31 in Mt Spurgeon
(Table 2). Mt Spurgeon’s estimate of N, was significantly
lower (determined by non-overlapping jackknife 95% Cls)
than estimates in Davies Creek and Tinaroo, but not Emu
Creek. There were no significant differences in Ny, estimates
among Lamb Range populations. For subsequent analy-
ses, 26 admixed individuals with >40% migrant ancestry
were identified and excluded from Tinaroo, and nine from
Emu Creek. All Davies Creek and Mt Spurgeon individu-
als had>60% local ancestry, however the roadkill sample
from Koah was removed as it may belong to a geneti-
cally differentiated but otherwise unsampled population.
Excluding migrants reduced N, estimates for both Emu
Creek (53 down to 38) and Tinaroo (70 down to 51), which
meant that migration rate could be estimated between these
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Fig. 6 Genetic diversity of the four Bettongia tropica populations. (a)
Rarefied allelic richness (box and whiskers) and unadjusted sample
allelic richness (triangles). Rarefication of the three larger samples
to the smallest sample was bootstrapped, giving the whisker range.
(b) Individual multilocus heterozygosity (MLH). Black points =
‘mild’ outliers (> 1.5 * IQR above or below the hinge); red asterisks =
‘extreme’ outliers (>3 * IQR above or below the hinge). Notches show
approximate 95% confidence interval around medians

populations using Eq. 1. Immigration rate was high in both
populations, but slightly higher at Emu Creek (0.176) than
Tinaroo (0.164).

Population-specific Fgp was highly correlated with allelic
richness and expected heterozygosity (Fig. 7). A linear
model best fit the relationship between He and Fgp, with
the correlation being almost perfect (R?>0.999; P<0.001;
DF =2). A quadratic model best fit the relationship between
rarefied AR and population specific Fgp, which was also
extremely tight (R?>0.999; P=0.001; DF=1).

Discussion

Reestablishing B. tropica in the southern part of its former
range could greatly improve the species’ conservation sta-
tus. Understanding source population genetics improves
the chance of successful reintroduction and establishment
of a genetically diverse population. We found four, exist-
ing, genetically differentiated populations, from which
individuals could potentially be sourced for reintroduction.
However, these populations had differing levels of genetic
diversity, and there were differences in the degree to which
populations were genetically isolated. One population,
occurring at Mt Spurgeon, had a particularly small effec-
tive size and low genetic diversity. We use our findings to
develop recommendations for reintroduction.

Genetic characteristics of extant B. tropica
populations

Genetic diversity was similar across the three Lamb Range
populations, but lower at Mt Spurgeon. Genetic diversity is
important for fitness and adaption, and low genetic diversity
is associated with inbreeding depression (Alho et al. 2009;
Armstrong et al. 2015; énos et al. 2016; Frankham et al.
2017a; Weeks et al. 2017). The heterozygosity estimate for
Mt Spurgeon is very low compared to most estimates for
wild mammal populations found in the literature, with a few
exceptions from endangered species such as arctic ringed
seals, polar bears, black bears and western barred bandicoots
(Kjeldsen et al. 2016; White et al. 2018). The Lamb Range
populations have similar heterozygosity to other endan-
gered marsupial species that have suffered major population
declines such as natural (non-admixed) burrowing bettong
(Bettongia lesueur) populations (White et al. 2018; Rick et
al. 2019) and reintroduced or captive greater bilby (Macro-
tis lagotis) populations (Lott et al. 2020). The Lamb Range
average heterozygosity is slightly lower than estimates for
species with large or outbred populations (Kjeldsen et al.
2016). Nevertheless, cross-study comparisons of SNP het-
erozygosity should be viewed cautiously, and inference is
limited by ascertainment and sample size biases (Schmidt
et al. 2020).

All B. tropica populations had small effective sizes, sug-
gesting that they may be vulnerable to further diversity loss
through genetic drift. This has implications for the long-term
survival of these populations and for management, includ-
ing reintroduction. The Mt Spurgeon estimate fell below the
‘50’ minimum viable size threshold for preventing immedi-
ate inbreeding effects (Harmon and Braude 2010; Jamieson
and Allendorf 2012). Populations will theoretically lose
heterozygosity at a rate of 1/(2*¥Ne) due to drift, thus an
Ne estimate of 31 predicts a loss of 1.61% heterozygosity
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Table 2 Bettongia tropica population genetics summary statistics for the four populations sampled. Three of the populations occur within a single
band of habitat in the Lamb Range and are therefore grouped under that heading. All individuals were genotyped for 6,133 SNP loci

Population n AR Ho* He* si Ne,, nLoci HWE Fig pop-Fgrp
(boot- (CL)  Var SigLoci (SE)
strap
range)

Mt Spurgeon 21 1.460* 0.152 0.143 0216 31 2822 2.7% -0.038  0.422

(21-53) (0.009)

Lamb Range

Davies Creek 75 1.799 0.221  0.220 0347 71 5398  4.7% 0.005  0.121
(1.77- (54-95) (0.006)
1.82)

Emu Creek 61 1.785 0.222 0219 0344 53 5293 4.3% -0.003  0.122
(1.75- (40-73) (0.006)
1.81)

Tinaroo 84  1.756 0222 0216 0337 70 5194 3.5% -0.023  0.139
(1.73— (56-89) (0.006)
1.78)

n=the number of individuals genotyped; AR =rarefied allelic richness (*sample allelic richness is shown for Mt Spurgeon; all others were
rarified to n=21); Ho=mean observed heterozygosity; He =mean expected heterozygosity under Hardy-Weinberg Equilibrium; SI=Shannon
diversity index; NeLD = Effective population size calculated using the linkage disequilibrium method and adjusted for sample size and finite
chromosomes (Cl;x = Jackknife 95% confidence interval); nLociVar=number of variable loci (out of 6,133) in each population; HWE Sig-
Loci=percentage of variable loci significantly out of HWE at a=0.05; F;g = overall mean ‘inbreeding’ coefficient of loci where positive values

indicate a deficit of heterozygosity; pop-Fg = population specific Fgp

2SE = 0.002 for all populations
®SE = 0.003 for all populations

Fig. 7 Relationship between
genetic diversity and genetic
uniqueness of four Bettongia
tropica populations. Two mea-
sures of genetic diversity were
used: (a) expected heterozygosity
and (b) rarefied allelic richness.
Population-specific Fgr was used
to measure genetic uniqueness.
A high correlation indicates
genetic drift (loss of diversity) is
driving the genetic divergence of
populations
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per generation, potentially explaining the low diversity
observed at Mt Spurgeon. Although larger than Mt Spur-
geon, effective population size estimates in the Lamb Range
were well below the 500’ effective individuals theoreti-
cally required for long-term population viability. Moreover,
Frankham et al. (2014) argue that the 50/500 rule is too low,
and in fact more than 100 effective individuals are required
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to keep fitness decline due to inbreeding depression below
10%. Yet, despite the implications of having small effective
sizes, populations in the Lamb Range appear to have been
stable over the last 20 years (Whitehead 2018).

Removing migrants from the Emu Creek and Tinaroo
samples reduced effective size estimates. Fewer immigrants
may have had proportionally higher effect on Emu Creek
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effective size estimates compared to Tinaroo because of the
smaller relative size of that population. Over-estimation of
local effective size from linkage disequilibrium is expected
when migration levels are high and migrant individuals
are included in the sample, because the parent pool being
sampled is actually the metapopulation, not just the local
population (Waples and England 2011). Whilst using ‘local’
estimates (i.e., excluding migrants) is necessary to avoid
double counting when inferring census size from effec-
tive size, we argue that for our objective of assessing drift
risk, ‘metapopulation’ estimates (i.e., including migrants)
are more suitable because they implicitly capture the miti-
gating effect of gene flow on drift. Indeed, we found that
even though Emu Creek and Mt Spurgeon have similar
local effective sizes, Emu has retained significantly higher
genetic diversity and thus is less susceptible to inbreeding
depression. Gene flow greatly increases population persis-
tence (Mims et al. 2019), therefore connectivity likely plays
a crucial role in maintaining genetic diversity and prevent-
ing decline of the Lamb Range populations, and explains
the population stability.

Genetic distinctness was correlated with population
genetic diversity, suggesting drift is the primary driver of
genetic structure in this species. In fact, almost the entire
variance in population divergence, measured by popula-
tion-specific Fqr, was explained by genetic drift. Mt Spur-
geon is the most geographically isolated population, and as
expected, was also the most genetically distinct. However,
the genetic uniqueness of Mt Spurgeon was predominantly
characterized by an absence of genetic diversity found in
the Lamb Range. In other words, many loci heterozygous in
other populations were homozygous in all individuals sam-
pled at Mt Spurgeon. This suggests strong drift has led to a
loss of ancestral diversity and fixation at Mt Spurgeon since
the time it diverged from its last common ancestor with the
Lamb Range populations. Given the small effective size, it
is unsurprising that little novel, potentially adaptive, varia-
tion has accrued at Mt Spurgeon. This adds to the growing
body of evidence that maladaptive drift is a dominant force
in the genetic differentiation of threatened species (Coleman
et al. 2013; Weeks et al. 2016; Casey et al. 2018).

Genetic and geographic distances were much shorter
between the Lamb Range populations, and we found genetic
evidence of recent migration among populations. The three
Lamb Range populations occur in continuous habitat and
individuals are known to be capable of dispersing at least
several kilometers. However, we also found an isolation-by-
distance effect occurring over short distances, confirming
the findings of Pope et al. (2000). Populations were panmic-
tic at 1.5 km (Lower — Upper Davies Creek), but structure
appeared at 7 km (Emu Creek — Tinaroo), and then jumped
to a much greater level of isolation at 11 km (Davies Creek

— Emu Creek). Gene flow is insufficient for panmixia across
the Lamb Range.

The observed patterns of B. tropica genetic structure may,
in part, reflect their historic biogeography. Pope et al. (2000)
showed there was a deep split in B. tropica mitochondrial
haplotypes within the Lamb Range, dividing northern B.
tropica populations (i.e., Davies Creek, Mt Spurgeon and
the now extinct Mt Windsor population) from southern pop-
ulations (Tinaroo, and the now extinct Coane Range popula-
tion), with admixture at Emu Creek (see Fig. 1). Pope et al.
hypothesized this divergence was associated with periods of
contraction of Wet Tropics rainforest during the Pleistocene,
with secondary contact occurring relatively recently around
5000-7000 years ago when rainforest expanded (Moritz et
al. 2009; Graham et al. 2010). It’s possible that some of this
relic structure remains in the nuclear genome, if migration
has been extremely limited over millennia. Conversely, if
migration has occurred consistently at the rate we observed,
it would have presumably dissolved historic structure within
this timeframe. We found that gene flow favored dispersal
from Emu Creek south to Tinaroo, however this is opposite
to the northward migration bias that was recorded in the late
1990s (Pope et al. 2000), suggesting that dispersal patterns
are in flux and migration may have occurred in pulses rather
than at a steady equilibrium rate. Alternatively, structure
could be evolving dynamically, if very strong drift (due to
the small effective size) is consistently causing diversity loss
at a rate faster than is replenished by gene flow. Population
history of B. tropica is likely complex and is yet unresolved.

Recommendations for reintroduction

Based on our genetic findings and existing information,
we argue that the best strategy would be a ‘mixed source’
approach to reintroduction (Houde et al. 2015), whereby
individuals are sourced from all three Lamb Range popu-
lations, rather than sourcing all individuals from a single
population. This recommendation is supported by four
arguments.

First, there are no closely related, or environmentally
matched, populations available that are likely to confer
pre-existing adaptation to the proposed reintroduction site.
Until 2003, a natural B. tropica population occurred at the
site, however, since the species’ regional extinction from
the Coane Range, the nearest extant population is 250 km
north, at Tinaroo in the Lamb Range. Pope et al. (2000),
who sampled 10 individuals from the Coane Range popula-
tion prior to its extinction, did find mitochondrial sequences
more closely related to Tinaroo than the other populations,
and Houde et al. (2015) recommended that if population
ancestry could be identified, then the closest ancestral
match should be used as the source to reestablish an extinct
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population. However, this is based on the assumption of
genetic similarity, and genomic patterns are often discor-
dant with mitochondrial patterns due to complex population
histories of isolation and admixture (Singhal and Moritz
2013), as appears to be the case for B. tropica (Pope et al.
2000). Moreover, the environmental differences, and there-
fore divergent selection pressures, are far greater between
the Coane Range and Lamb Range than they are within the
Lamb Range. For example, the Coane Range is drier and
more seasonally variable than the Lamb Range (Bateman
et al. 2012). Thus, it is unlikely that the shared ancestry
between Coane Range and Tinaroo (Lamb Range) popula-
tions would endow Tinaroo animals with fitness advantages
over the other Lamb Range populations. In the absence of a
source population with conferrable local adaptations, maxi-
mising diversity is the recommended approach for selecting
sources (Houde et al. 2015).

Second, while we found the Lamb Range populations
each have higher genetic diversity and larger effective size
than Mt Spurgeon, they are still small and have each lost a
(different) portion of the species’ diversity through genetic
drift. The reintroduced population would most likely ben-
efit from sourcing individuals from each of the populations
so that more of the species’ diversity is captured, making it
better equipped to adapt (Weeks et al. 2011). Offspring of
mixed parents may also have increased fitness due to genetic
rescue, helping the new population establish and increase
quickly to a self-sustaining size (Frankham 2015; Weeks et
al. 2017; MacFarlane 2019; Fitzpatrick et al. 2020). Rapid
increase in size after founding from a few individuals is
important to avert major genetic drift and allow purging of
deleterious recessive alleles (Hoffmann et al. 2020). Other
examples of bettong genetic rescue attest to the benefit of
mixing, across subspecies (Rick et al. 2019).

Third, the risk of outbreeding depression from mixing
sources is low. We have demonstrated that the population
differences within B. tropica are primarily attributable to
genetic drift, and drift rarely generates outbreeding depres-
sion unless it has led to fixed chromosome differences
((Frankham et al. 2017b). While it is unknown if there is
any karyotype variation within B. tropica populations,
it seems improbable, given chromosomes across species
within this genus are conserved (Sharman et al. 1980). Out-
breeding depression is most likely to occur when mixing
allopatric populations adapted to different environments
(e.g., Byrne and Silla 2020), whereas the Lamb Range pop-
ulations inhabit similar environments, and all occur within
17 km of each other. Since outbreeding depression can
occasionally evolve between isolated populations in similar
environments, and this risk increases with increasing time
since isolation, Frankham et al. (2011) recommended a 500-
year gene flow threshold for mixing populations. Despite
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evidence of historic isolation of northern and southern
Lamb Range B. tropica populations for tens or potentially
hundreds of thousands of years in the mitochondrial genome
(Pope et al. 2000; Haouchar et al. 2016), we found evidence
of recent gene-flow. The range of admixture coefficients
present in the three Lamb Range populations indicates not
only migration, but survival and presumed fitness, of pop-
ulation hybrids over multiple generations. Furthermore, a
500-year threshold may be overly conservative for bettongs
as mixing divergent Bettongia lesueur populations which
are estimated to have been separated for more than 8000
years did not result in reduced fitness (Rick et al. 2019). Per-
haps this is because most bettongs, including B. tropica and
B. lesueur, have small, fragmented populations and there-
fore much larger genetic rescue effects obscure outbreeding
depression upon mixing. Alternatively, mitochondrial diver-
gence may simply not be a good predictor of reproductive
isolation (Singhal and Moritz 2013). Even if outbreeding
depression were to occur, fitness can be restored by selec-
tion within a few generations if the population size is suf-
ficiently large (Frankham et al. 2011, 2017b).

Fourth, reintroductions should not be done at the risk of
causing localised extinction by removing too many individ-
uals from natural populations (IUCN 2013). Yet, reintroduc-
tions require a minimum number of founding individuals
to be successful (Tracy et al. 2011). A total of 50 founding
individuals have been proposed for this translocation (Aus-
tralian Wildlife Conservancy, personal communication,
2020), based on successful reintroductions in the Potoroi-
dae family (Short 2009; Finlayson et al. 2010; Pacioni et al.
2013) and theorical recommendations (Weeks et al. 2011;
Jamieson and Allendorf 2012). We found that effective
population sizes of all B. tropica populations were small,
all less than 100, and therefore removal of 50 individuals
from any one population may increase its extinction risk.
A mixed source approach allows the impact of removals
to be spread across the three populations, thereby reducing
extinction risk to any particular population. Given that the
Lamb Range populations all have similar levels of diversity,
demographic or effective population size and genetic dis-
tance should be used as the key determining factors. Select-
ing more divergent individuals will capture greater diversity,
and more individuals should come from the larger popula-
tion, to ensure that existing populations are not harmed.

We do not, however, recommend sourcing any animals
from Mt Spurgeon at this time. This population has low
genetic diversity, and therefore would contribute little addi-
tional variation, and may even reduce fitness of the founding
population by introducing deleterious genetic load (Wilder
et al. 2020). Moreover, its very small effective population
size means that removing any individuals would be overly
risky. Persistence of the Mt Spurgeon population is of



Conservation Genetics

utmost conservation importance, and further management
interventions should be undertaken to prevent its extinction,
including supplementing the population for genetic rescue.
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