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Abstract

The extent of genetic diversity loss and former connectivity between fragmented populations
are often unknown factors when studying endangered species. While genetic techniques are
commonly applied in extant populations to assess temporal and spatial demographic changes,
it is no substitute for directly measuring past diversity using ancient DNA (aDNA). We
analysed both mitochondrial DNA (mtDNA) and nuclear microsatellite loci from 64 historical
fossil and skin samples of the critically endangered Western Australian woylie (Bettongia
penicillata ogilbyi), and compared them with 231 (n=152 for mtDNA) modern samples. In
modern woylie populations 15 mitochondrial control region (CR) haplotypes were identified.
Interestingly, mtDNA CR data from only 29 historical samples demonstrated 15 previously
unknown haplotypes and detected an extinct divergent clade. Through modelling, we
estimated the loss of CR mtDNA diversity to be between 46% and 91% and estimated this to
have occurred in the past 2000-4000 years in association with a dramatic population decline.
Additionally, we obtained near-complete 11-loci microsatellite profiles from 21 historical
samples. In agreement with the mtDNA data, a number of 'new' microsatellite alleles was
only detected in the historical populations despite extensive modern sampling, indicating a
nuclear genetic diversity loss greater than 20%. Calculations of genetic diversity
(heterozygosity and allelic rarefaction) showed that these were significantly higher in the past
and that there was a high degree of gene flow across the woylie's historical range. These
findings have an immediate impact on how the extant populations are managed and we
recommend the implementation of an assisted migration program to prevent further loss of
genetic diversity. Our study demonstrates the value of integrating aDNA data into current-day

conservation strategies.
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Introduction

Species and populations that are adversely affected by anthropogenic activities, including
habitat modification, are a global phenomenon (Andrén 1994; Ewers & Didham 2006). The
reduction in genetic diversity, often associated with population bottlenecks and habitat
fragmentation, can result in the loss of reproductive fitness and reduction in evolutionary
potential (Frankham 1996; Frankham et al. 1999). Genetic bottlenecks are most commonly
studied using modern molecular data and theoretical models are applied to determine their
likelihood and severity (Cornuet & Luikart 1996; Garza & Williamson 2001). The
incorporation of time-stamped ancient DNA (aDNA) data, for example obtained from
museum skins and fossils, can provide direct insight into a population's past diversity
(Ramakrishnan & Hadly 2009). The demographic history of bison (Shapiro et al. 2004), musk
ox (Campos et al. 2010) and the collared lemming (Brace et al. 2012), for example, have been
extensively studied using mitochondrial DNA (mtDNA) isolated from preserved fossil
material. However, the use of aDNA data to make informed conservation decisions is rare,
despite the fact that it can provide vital information regarding past population demography
(e.g. bottlenecks), former connectivity and extent of genetic diversity (see Leonard 2008 for a

review).

An Australian example of a species adversely affected by population declines is the woylie
(or brush-tailed bettong, Bettongia penicillata ogilbyi). Woylies are critically endangered,

nocturnal marsupials (Groom 2010; Wayne et al. 2008a), that feed primarily on hypogeal
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fungi (native truffles), tubers, bulbs, seeds and invertebrates, and they weigh between 1.1 and
1.6 kg (Van Dyck & Strahan 2008). With the exception of five translocated sites (i.e. not
naturally occurring) in South Australia and New South Wales, the distribution of the woylie is
currently limited to the south-west region of Western Australia (WA), one of only 34
recognised biodiversity hotspots on the planet (Myers et al. 2000). Historically, together with
the subspecies B. p. penicillata, this species had a widespread distribution across southern
Australia, but since European settlement (in the 18" century), it has undergone a substantial
population decline (Fig. 1), attributed primarily to the introduction of feral predators,
particularly red foxes (Vulpes vulpes) (Burbidge & McKenzie 1989; Start et al. 1998;
Woinarski et al. 2015). Habitat fragmentation and changes in fire regimes have also been
suggested as contributing factors (Groom 2010). An example of the extent of land clearing in
the woylie's former range is the "Wheat-belt" region, an area of 95,800 km” about the size of
Portugal , whereonly ~7% of the original vegetation remains in a number of small isolated

pockets (Saunders 1979).

Despite a spectacular recovery in the 1990s due to the intensification of the control of the red
fox (Start et al. 1998), the woylie has undergone a second, more recent, decline, resulting in a
90% reduction in seven years from a peak of about 200,000 animals in 1999 (Wayne ef al.
2013). The factors responsible for this decline are still not well defined (Groom 2010; Wayne
et al. 2015). Recent genetic studies of the extant populations using microsatellite data from
231 live individuals revealed four genetically distinct wild populations (Pacioni et al. 2011).
Two of these are found in the highly fragmented Wheat-belt region: Dryandra woodland and
Tutanning Nature Reserve and the other two within the Upper Warren region; Kingston and

Perup (Fig. 1). Current size estimates in these naturally occurring populations (excluding
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translocated populations) are approximately <10,000, with Tutanning Nature Reserve having
gone extinct in the wild in 2011 (Wayne et al. 2013, Department of Parks and Wildlife
unpublished data). Woylie translocated populations account for another ~4,000 individuals

(Wayne et al. 2013).

An evaluation of contemporary genetic diversity among 152 modern individuals from the four
remnant populations, using the mitochondrial control region (CR), revealed 15 haplotypes,
and expected heterozygosity (Hg, n=231) values of 63-83% for 12 microsatellite loci (Pacioni
et al. 2011). However, it is unknown to what extent genetic diversity has been lost since the
collapse of the population. The use of heterozygosity values calculated only from modern
samples as a measure of genetic health can be problematic due to the lack of comparative
baseline data. A direct assessment of genetic diversity using both pre- and post-decline
samples is the only way to securely quantify genetic diversity changes over time with any
degree of accuracy. An appreciation for temporal effects is often a missing factor when
making conservation decisions, the woylies being a case in point where, for example, the lack
of baseline data makes the establishment of conservation targets difficult (Pacioni et al.
2013). In this study, we used the woylie as an example to investigate to what extent the
application of aDNA techniques can improve our understanding of the dynamics associated
with wildlife declines. We characterised two genetic markers: mitochondrial DNA (control
region and cytochrome b) and microsatellites, and assessed the possible loss of the genetic
diversity and the degree of historical gene flow between regions. We further discuss how the

information obtained can inform conservation decisions.

Materials and methods
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Skin and Bone Sampling

A total of 64 historical samples were sourced from the collections of the Western Australian
Museum (WAM). Samples included fossil bone fragments from vertebrate archaeological
collections (n=15), museum skins (#=28) and bone material from the vertebrate
palaeontological collection (n=21) ranging between ~40 and 15,600 years old (Dortch 2004a;
b, Table S1 supporting information). Samples represent a wide geographical area, with
coverage across woylie former distribution (Fig. 1). The entire WAM woylie skin collection
was sampled for this study. Woylie fossils, from across southern WA, were selected from

sites such as caves that are typically conducive to long-term DNA preservation.

DNA Extraction

DNA extractions from historical samples were carried out in a dedicated aDNA laboratory
located at Murdoch University (Perth, Australia), minimising contamination from PCR
amplicons and modern DNA in accordance with established aDNA guidelines (Gilbert et al.
2005). Skin samples with attached hair (~5x5 mm) were diced using a sterile scalpel blade
and incubated overnight at 55°C with rotation, in 500 pl of digest buffer (20 mM Tris; pH 8,
1% SDS, 5 mM CaCl,, 10 mM dTT, and 10 mM EDTA) with the addition of 10 mg of
Proteinase K (Invitrogen). DNA was bound and eluted from the digest buffer using DNeasy
blood and tissue kit according to the manufacturer's recommendations (Qiagen). Samples of
bone and teeth were grounded to powder using a Dremel tool (part no. 114; Germany) set at a
low speed. Approximately 100 mg of bone powder was incubated in a bone digest buffer
(containing; 20 mM Tris; pH 8, 1% SDS, 10 mM dTT, 0.48 M EDTA and 10 mg of
Proteinase K) overnight at 55°C with rotation. Following digestion, all tissue samples were
centrifuged briefly to pellet debris and the supernatant transferred to a Vivaspin 500 tube with

a 30,000 Dalton molecular weight cut-off membrane (Sartorius Stedim Biotech) and
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centrifuged at 13,000 rpm, until ~50 pl of supernatant remained. This was then mixed with
five volumes of PBI buffer (Qiagen) and DNA was extracted using a DNeasy tissue and blood

kit (Qiagen) according to the manufacturer's recommendations.

DNA quantification

Following extraction, each sample was assayed for DNA preservation using quantitative PCR
(qPCR) assays. The ability to successfully genotype nuclear aDNA loci is largely dependent
on template copy number (Allentoft et al. 2011), accordingly qPCR assays represent an
important step in determining relative preservation across a set of samples such as collected

here.

The mtDNA primers targeting the 12s rRNA region (12s woylie macro 302F, primer
sequence CGTAAAGCGTGTTTAAGCC and 12s woylie macro 425R, primer sequence
CTGTAGTGTATTCAGCAAA; PCR product ~120 bp) were tested and shown to function
well in a SYBR-bead qPCR assay and therefore used to screen all samples. The PCR reagents
and protocol were optimised with a final 25 pul PCR reaction consisting of 2 ul template
DNA, 3.0 mM MgCl, (Fisher Biotech, FB), 1x PCR buffer (FB), 0.5 mM each dNTP's (Astral
Scientific), 0.16 pmoles of each primer (12s 302F/425R), 0.6 ul of SYBR Green dye (Stock
1/10,000 dilution; Invitrogen), 0.25 U AmpliTaq Gold polymerase (Life Technologies) and 1
ul (10 mg/mL) bovine serum albumin (BSA) (Fisher Biotech). PCR conditions were an initial
hot start at 95°C for 5 min followed by 40 cycles of 95°C for 45 sec, 57°C for 45 sec and
72°C for 45 sec. The same qPCR assay was used to assess the relative quantity of DNA in all
the historical DNA extracts, to establish the relative copy number of each sample. While

many of the "failed" samples still yielded DNA (Table S1), they were excluded from the
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analyses because of problems associated with allelic dropout of microsatellite loci — a
phenomenon commonly encountered with degraded DNA (Allentoft et al. 2011; Bouzat et al.

1998; Taylor et al. 1994).

DNA amplification

A ~400 bp fragment of the CR and a 370 bp fragment of the cytochrome b gene were
amplified using primers designed to target specific mtDNA regions (Table S2, Supporting
information). Reactions typically consisted of a 25 pl reaction containing 2 pl template DNA,
2 mM MgSQ,, 1x PCR buffer, 0.25 mM each dNTP's, 8 pmoles of each primer, 0.25 U HiFi
Taq polymerase (Invitrogen), 1 pl (10 mg/mL) bovine serum albumin and template DNA.
PCR conditions were: a hot start at 95°C for 5 min followed by 40 cycles of 95°C for 45 sec,
56°C/58°C (depending on primer set used) for 45 sec and 68°C for 45 sec. DNA was
sequenced in both directions using dye terminator cycle sequencing chemistry (3730xl
sequencer; Applied Biosystems via Macrogen - BigDye ver 3.1). Sequences were aligned in
Geneious Pro (BioMatters). PCR repetitions using varying amounts of input DNA were
conducted on individuals with unique mutations in order to check sequence fidelity. In
addition, those fragments with unique mutations were cloned using the p-GEM "TA" vector
system (Promega) to verify these rare variants and to investigate whether they could be
accounted for by post-mortem DNA damage (primarily the deamination of cytosine, causing a

C to T change during PCR amplification) (Briggs et al. 2007; Willerslev & Cooper 2005).

The microsatellite loci targeted in this study were previously used to characterise modern
woylie genetic diversity (Table S3; Pacioni & Spencer 2010), with the exclusion of Y151 due

to large variation in amplicon product size at this locus. All microsatellite amplifications were
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conducted as described above except that Amplitaq Gold polymerase (Applied Biosystems)
was used and 1.25 mM MgCl,. Primers for two loci (Y175 and Bt76) were redesigned closer
to the microsatellite repeating unit in order to shorten the allele length and reduce allelic

dropout.

DNA fragment analysis of the amplified microsatellite products was carried out using a 5-dye
system on an Applied Biosystems 3730 DNA analyser. The PCR product size was
determined using an internal size standard (Genescan TM-500 Liz; Applied Biosystems) and
fragments were scored using GeneMarker software (v1.5, Soft Genetics). Genotyping was
repeated at least three times for homozygotes, with the addition of different starting amounts
of DNA and were accepted only when all three repeats were homozygous for the same allele
and, similarly, heterozygotes were repeated twice and accepted when both were heterozygous
for the same alleles. We calculated the frequencies of falsely scoring an individual as
homozygous (P, Gagneux et al. 1997) and then the probability of falsely scoring an
individual (per locus) given our protocols (i.e. P(,hf). Two modern samples were co-run in
each PCR to ensure direct comparability between the modern and historical datasets, and the

allele scores of microsatellites from redesigned primer pairs were adjusted accordingly.

Mitochondrial DNA data analysis

Haplotypes from the historical samples were identified with DNAsp (Librado & Rozas 2009),
which was also used to calculate haplotype (#) and nucleotide diversity (m) (Nei 1987). We
applied the Stirling probability distribution to calculate the posterior probability of the
expected total number of (historical) haplotypes (Dixon 2006). As a result, we calculated the

probability that additional haplotypes were yet to be sampled, and estimated the expected total
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number of historical haplotypes, based on the observations and sample size of the historical
data. Sequences from modern data with complete coverage of the region amplified from
historical samples (n=146) were obtained from Pacioni et al. (2011), and their # and & values
were compared with those obtained from historical samples using a z-test. Rarefaction curves
from both historical and modern datasets were calculated using Vegan (Oksanen et al. 2013)
in R v2.15 (R DevelopmentCore Team 2015) and plotted to allow graphical comparison of
haplotype richness between the two datasets. The haplotype richness obtained with the
rarefaction approach allows for a direct comparison between the "modern" and "ancient"
datasets because it standardises the sampling effort. To further explore the expected number
of historical haplotypes, we fitted the two- and three-parameter asymptotic exponential
models to the haplotype richness data, compared them with the F-test, and then predicted,
using the most supported model, the number of historical haplotypes that we would have
obtained had we had available the same number of samples as for the modern data. Spatial-
temporal changes in the mtDNA genetic diversity were also visualised with a multi-

dimensional parsimony network built in TempNet v1.8 (Prost & Anderson 2011).

The CR and cytochrome b sequence alignments were analysed with the Bayesian methods
implemented in BEAST v1.5.3 (Drummond & Rambaut 2007) to obtain the phylogenetic
relationships. The general time-reversible (GTR) model of nucleotide substitution with
invariant and gamma sites (I+G), was used as determined by Modeltest v3.7 (Posada &
Crandall 1998). A strict molecular clock was assumed. The northern bettong (Bettongia
tropica, GENBANK accession numbers AF287895-AF287906) is a sister taxon to B.
penicillata and was therefore used to root the tree. To place the woylie radiation in a temporal

context, the cytochrome b sequences, along with other marsupial sequences (Genbank
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accession numbers in Table S4), were modeled in BEAST using the GTR+I+G substitution
model, assuming a strict molecular clock and Yule process speciation, and enforcing two
published calibrations (Westerman et al. 2004). A calibration of 23.8 million years (95% CI
23.0-25.9), for the divergence between the Macropodinae and the Potoroinae, and of 8.3
million years (95% CI 5-12) for divergence of Bettongia were imposed. Three runs of ten
million generations (sampling every 1000 trees) were conducted and combined using
LogCombiner v1.5.3. After a burn in of 1000 trees per run, a consensus tree was generated

using TreeAnnotator v1.5.3.

Next, we evaluated changes of woylie population size over time using coalescent-based
approaches as these have proven efficient in detecting demographic changes (Peery et al.
2012). We analysed the woylie CR mtDNA data using BEAST v.1.8 (Drummond et al. 2012)
running 200 million iterations and discarding the first 10% as burn in. We used the estimated
dates of the aDNA samples and calibrated the root with a lognormal prior using the results of
the analysis of the cytochrome b dataset described above. We used a lognormal prior also for
the clock rate while leaving default options for the remaining priors. Using the Akaike
information criterion through Markov chain Monte Carlo (AICM, Baele ef al. 2012) with 1000
bootstraps, we compared three demographic models: constant population size, exponential
growth and Bayesian Skyline Plot (BSP). Appropriate mixing and estimated sample size in the

analyses was checked with Tracer v.1.6 (Rambaut & Drummond 2007).

We also used a structured coalescent sampler to analyse these data to account for potential

problems arising from population structuring (Ho & Shapiro 2011; Navascués et al. 2010). The

historical data for these analyses were limited to samples that were geographically close to the
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extant populations (n=13). Using Migrate-n v3.6.8 (Beerli 2006), we compared migration
models of different levels of complexity: we started from a full model where the four
populations (Tutanning, Dryandra, Kingston and Perup) were kept separate. Because of their
relative geographic position, direct migration from Tutanning to any of the Upper Warren
populations (and vice versa) was prevented (i.e. animals from Tutanning could only migrate to
Dryandra and vice versa). We considered two three-population models where in one the two
populations from the Wheat-belt region (Dryandra and Tutanning) were merged into one
population and Perup and Kingston kept separate and, in the second, the Perup and Kingston
were merged and the Wheat-belt populations were kept separate. We further simplified the
migration model by considering only two populations (one for each region) and lastly we
simulated a panmictic population. These analyses were conducted running 10 replicates of 400
million iterations, sampling every 2000 trees and discarding 30% of the trees as burn-in. Each
analysis ran four chains with the default static heating scheme using slice sampling (Neal 2003)
and with a gamma prior for both population parameters (6: 0.2, 0.06, M: 500, 0.5). Eventually,
models were compared using the log Bayes Factor (LBF) calculated with the Bezier marginal
likelihoods obtained by thermodynamic integration. Once the migration model was selected,
we used Migrate-n to generate BSPs. Appropriate mixing and estimated sample size in
Migrate-n analyses as well as post-analysis data plotting was carried out with the R package
mtraceR (https://github.com/carlopacioni/mtraceR). To evaluate the extent of the bias
introduced in BEAST where substructuring was not explicitly taken into account, we generated
a BSP using BEAST with the same input file used for Migrate-n (i.e. limiting the historical
samples to geographically close to the extent populations, n=13) and graphically compared the
results. Where relevant, we repeated the demographic analysis with modern data only to

evaluate whether the addition of aDNA data had substantially changed our results.
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Microsatellite data analysis

The microsatellite data do not strictly conform to the requirements for testing the Hardy-
Weinberg Equilibrium, as they do not represent a population in the same space and time
(Frankham et al. 2002). Too few samples were available from one location during the same
time to test meaningfully whether genotype frequencies were in Hardy-Weinberg proportions.
Therefore, the data prevented identifying and correcting genotyping errors based on
deviations from Hardy-Weinberg proportions, as well as deficiencies and excesses of
particular genotypes using these standard approaches (e.g. Kalinowski 2006). However,

allelic dropout was identified from PCR replications of historical samples.

Descriptive measures of genetic diversity were calculated in GENALEX v6.2 (Peakall &
Smouse 2006), which included measures of allelic frequency per locus, observed

heterozygosity (H,) and observed number of alleles (V).

Historical data were compared with modern data obtained from Pacioni et al. (2011) to
identify alleles that were not present in the modern data (unique alleles). Because differences
in sampling intensity can bias comparison of genetic diversity, with datasets containing larger
number of samples expected to contain more alleles (Kalinowski 2004), we used rarefaction
to compensate for the differences in sampling effort and calculated the number of alleles
present in an increasing sample size (from 1 to 20 for the historical dataset and from 1 to 210
samples for the modern data) using PopGenKit (Rioux Paquette 2011) in R v2.15 (R
DevelopmentCore Team 2015) and plotted the rarefaction curves for each dataset. Similarly

to what we did with the mtDNA data, we fitted the two- and three-parameter asymptotic

13
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exponential models to the haplotype richness data, compared them with the F-test, and then
predicted, using the most supported model, the number of historical haplotypes that we would
have obtained had we had available the same number of samples as for the modern data.
Moreover, we compared allelic richness, obtained sampling 11 diploid individuals, between
the modern and historic data with the non-parametric Wilcoxon signed-rank test (Kalinowski
2004). We also compared the individual /H between the two datasets with Mann-Whitney
test. Furthermore, to investigate possible differences in connectivity between regions we
estimated the number of migrants using the "private allele" (the alleles found exclusively in
one population) method (Barton & Slatkin 1986) and used GENEPOP v4.2 (Rousset 2008)
for this purpose. We selected this method because its assumptions are not violated by
heterochronous data. However, we acknowledge that the number of migrants estimated with
this approach is possibly biased due to the fact that most private alleles would also be rare
and, therefore, may be lost during population declines (i.e. the number of migrants calculated
from the modern dataset would be inflated). For the latter analysis, data from the two woylie
populations in the Upper Warren region were merged because records did not specify whether
historical samples were collected from the eastern or western compartment of the Upper
Warren forest. One locus was omitted from all statistical comparisons: Y112, due to high
rates of allelic dropout evident from PCR repetitions (see below). All univariate statistical
analyses were performed with SPSS v19 (IBM. 2010) or R v2.15 (R DevelopmentCore Team

2015).

Evidence of population bottlenecks for each extant population was investigated, using modern
microsatellite data, by testing for excess in heterozygosity (Cornuet & Luikart 1996) and

mode-shift (Luikart & Cornuet 1998), with the program BOTTLENECK (Piry ef al. 1999). A
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mixed model of microsatellite mutation was assumed, with single step mutations accounting
for 95% of all mutation events and a variance among multiple steps of 12 (Piry et al. 1999).
We used a Wilcoxon signed-rank test to test statistical significance (Piry ef al. 1999). We also
used the M-ratio method with M_P_ VAL, using recommended mutation parameters: 0.2 for
the proportion of one-step mutations (ps), 3.5 as the average size of non one-step mutations
(Ag) and a mutation rate (n) of 5x10™/locus/generation (Garza & Williamson 2001). It was
assumed that the population census sizes (N.) prior to European settlement were similar to
those estimated at the peak density observed after the commencement of the fox control
program, immediately prior to the most recent declines (i.e. a conservative and best available
estimate of pre-European populations) (Groom 2010). Following Frankham (1995), we
approximated effective population size (N.) to be 10% of N.. Tutanning pre-European
settlement N. was assumed to be similar to the N, at Dryandra. This test is anticipated to
produce positive results for at least 100 generations post-reduction (Garza & Williamson

2001).

Lastly, we used Migrate-n to estimate demographic changes over time after having determined
an appropriate migration model with the same approach as outlined for the mtDNA data.
Microsatellite data were analysed with an exponential prior (©: 300; M: 1000) and running 4
replicates of 100 million iterations, sampling every 1250 trees and discarding 25% of the trees
as burn-in. Each analysis ran four chains with the default static heating scheme using slice

sampling (Neal 2003).

Results

15
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DNA recovery and quantification

Of the 64 samples tested, including historical skins and fossils bones, DNA was successfully
isolated from 49 samples (76.5% success, Table S1). However, we specifically focused on a
subset of 29 well preserved samples, as determined by relative qPCR cycle threshold (Cr)
values (Cr is the number of cycles that are needed to obtained a pre-determined fluorescent
intensity and are inversely proportional to the initial amount of template used in the
reactions), spanning the entire former range of the woylie. There were two reasons to focus on
this subset of samples: firstly, we wanted to minimise the effect of microsatellite allelic drop
out often encountered with low copy number DNA (Allentoft ef al. 2011); secondly, samples
with good DNA preservation are less prone to artefacts such as contamination and DNA

damage.

Skin samples had relatively better DNA preservation than fossil bone, with a mean ACr value
of 4.24 or 18.9 times more DNA (25.55£5.90 SE compared to 29.77+5.79). Likewise,
younger samples yielded more mtDNA quantities than older samples (Table S1. See also
Hunt 2010). Although there was substantial variation in preservation, as expected (Allentoft
et al. 2012), there was a general trend with older specimens having lower relative DNA
concentrations, presumably due to a longer exposure to hydrolytic and enzymatic processes
(Allentoft et al. 2012). Lastly, as previously observed (Allentoft et al. 2011), there was an
overall trend between the Cr values and the percentage of microsatellite loci that could be

typed (Fig. S1).
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Mitochondrial DNA analysis

The lengths of the CR sequences obtained from the 29 historical samples varied between 250
and 400 bp (excluding primers). While all of these were used for phylogenetic analysis (see
below), we limited statistical analysis to 23 historical samples of ~400 bp (Table S1). Among
these 23 historical samples (of which ~70% were around 100 years old or less, see Table S1),
we identified a total of 18 haplotypes. Six samples possessed four CR haplotypes that are still
present in extant populations. The remaining 15 haplotypes have not previously been
observed despite intensive sampling of the modern woylie populations (Pacioni ef al. 2011).

These differences are further highlighted in the multidimensional network (Fig. 2).

Haplotype and nucleotide diversity of the sequences obtained from historical data was 0.976
(SD=0.02) and 0.039 (SD=0.004), which was substantially higher than any of the values
calculated from the extant wild populations (range: 4#=0.26-0.82; 7=0-0.022. Pacioni et al.
2013), and significantly higher than that obtained from the modern dataset (4=0.735,

SD=0.001, p<0.001; 7=0.022, SD=0.002, p<0.001).

The rarefaction curve computed from the historical dataset had a much higher trajectory and
did not plateau, suggesting that there were many unsampled historical haplotypes (Fig. 3a).
The three-parameter asymptotic exponential model was a significantly better fit (»<0.002)
than the two-parameter model and predicted an expected number of haplotypes equal to 42.4

if 146 historical samples had been used (equation: nh = 43.97 - 0.02 &% 5

, where nh is
expected number of haplotypes, and S is sample size). Modelling the aDNA data with the
Stirling probability distribution suggested that the number of historical haplotypes was 43,

with the lower 95% confidence interval being 28 (95% CI: 28-173, Fig. 3b).
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The phylogenetic reconstruction of the combined historic (#=29) and modern data
(Haplotypes A-K) revealed three highly supported (>98% posterior probability) clades within
the woylie radiation (Fig. 4). These CR clades and haplotypes were also observed in the
cytochrome b phylogeny confirming topological consistency between mtDNA regions (Fig.
S2). Two historical haplotypes (samples MB816 and MB823) constituted a distinct clade,
which was not present within the extensively sampled modern populations, suggesting that
this particular clade is likely extinct. The other two clades consisted of an admixture of both

modern and historical haplotypes and spanned a broad geographical area.

Molecular clock analysis based on the cytochrome b dataset dated the most recent common
ancestor of the western Australian B. penicillata as living between 0.59 and 1.75 million years
ago (mean=1.2). This parameter was therefore included in the coalescent-based demographic
analysis of CR with a lognormal prior of mean 1,000,000 and SD=0.32 (in real space). Of the
three demographic models analysed, the BSP was the model with the best fit according to
differences in AICM estimates (constant population size: 2642.05, SE=0.08; exponential
growth: 2644.47, SE=0.08; BSP: 2572.52, SE=0.04). Based on this analysis, the woylie
population size for 2006-2008 was 99.86% lower than the historical population size (Fig. 5,
range: 99.3-99.97%). The mutation rate was estimated to be approximately 10% per million
years, placing the beginning of the population decline between ~4,600 and ~2,300 (95%

HPD) years ago.

The comparison of migration models with Migrate-n favoured the most complex model with

four distinct populations (LBF=5.9 with the next most likely model; Table 1), therefore we
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summed the parameter values to obtain the species-wide demographic changes over time.
Taking into account migration between populations, woylie numbers declined by a 89.1%

compared to historical population size (Fig. 6a, range: 87.1-90.7).

Microsatellite data analysis

We implemented several quantitative and qualitative measures to improve the reliability of
the microsatellite dataset. Following our strict approach, we only considered 21 historical
samples, from which we obtained near-complete 11-loci microsatellite profiles (Table S1).
From the PCR repetitions, we calculate a Py, for the locus Y112 of 36.4% and it was
therefore excluded from all statistical comparisons. The remaining loci had lower P, (range:
0-16.3%, Table 2). Hence, our protocol had less than 0.5% probability of falsely scoring an
individual homozygous (except for the locus Y112, for which it was ~5%). Despite the
limited number of historical individuals with full microsatellite profiles we observed nine
individuals with at least one "unique allele" (i.e. alleles that were not present in modern data,
Table 2). Levels of heterozygosity and average allelic richness (N4z) varied across loci (Table
2) but were significantly higher in the historical dataset (N4 z: Wilcoxon tests: Z=-2.191,
p=0.028; IH: Mann-Whitney test: Z=-2.45, p=0.014, Table 2, Fig. 3c). The three-parameter
asymptotic exponential model was a marginally better fit (p=0.044) to the rarefaction data
than the two-parameter model and predicted an expected mean number of alleles equal to 20.7
if 210 historical samples had been used (equation: na = 20.74 - 0.88 &>* 5, where na is
expected number of alleles, and S is sample size). The numbers of migrants were consistently

higher when compared with estimates calculated with the modern data alone (Table 3).
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No evidence of a bottleneck was detected using the heterozygosity excess and the mode shift
analytical approaches. The M-ratio method, however, detected a reduction in population size
in all modern populations except for that from Perup, the eastern population in the Upper

Warren region.

Migrate-n strongly favoured a panmictic population (LBF>50,000 with the next most likely
model). Because the commencement of the decline is less clear in Migrate-n microsatellite
BSP (Fig. 6a), we calculated the extent of the decline from 26 because accuracy may
decrease beyond this point (P. Beerli personal communication) and detected a 56.5%

population decline in recent time.

Discussion

The aim of this study was to overlay data generated from historical samples on those from
extensively sampled modern populations (Pacioni et al. 2011), and evaluate whether
application of aDNA techniques enhances our understanding of the possible genetic impact of
declines in wildlife. Specifically, we set out to characterise ancient mitochondrial and
microsatellite DNA to address two key questions for conservation management, namely
quantifying the potential loss of genetic diversity and to assess the degree of former
connectivity between extant populations remaining within the species' highly fragmented
distribution. While modern data alone can be used to model past demographic events, it is not
as powerful as using direct measurements of genetic diversity based on ancient DNA. The
woylie exemplifies a common situation in that it is a critically endangered species where

genetics has been largely ignored in its management for the past 20 years, despite specific
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recommendations in the woylie recovery plan (Start et al. 1995). This exclusion has prevented
the establishment of management practices that seek to maximise the level of genetic
diversity from amongst remaining populations. Lack of the genetic component also makes it
impossible to evaluate whether assisted migration of individuals from different populations

would be a viable management strategy.

Genetic diversity

The inclusion of aDNA data allowed us to conclude that the woylie underwent a dramatic
genetic loss. This finding is somewhat in contrast with a previous assessment based only on
modern data. In fact, modern levels of genetic diversity were considered relatively high
(Pacioni et al. 2011). However, after the addition of data from historical samples, the
rarefaction analysis and the estimation of the most likely number of haplotypes (=43, 95%
CI 28-173 Fig. 3b) confirmed a mtDNA genetic loss of ~65% (range: 46-91%, considering
that only 15 haplotypes are still detectable in modern populations compared to a range of 28-
173 expected historical haplotypes). These findings are also supported by comparisons of the

historical and modern microsatellite data where we found a reduction of at least 20%.

The use of microsatellite loci in ancient DNA presents a challenge because of the potential
problem of data fidelity associated with DNA degradation (Bourke et al. 2010; Morin et al.
2001). Amplification of microsatellite data from historical skins has been limited (Bourke et
al. 2010), and even less frequent from fossil bones (Allentoft et al. 2014; Nystrom et al.
2012). In our study, the inclusion of microsatellite data from historical samples proved to be
very informative, demonstrating a significant reduction in allelic richness and heterozygosity

across the loci examined. Furthermore, seven of the nine individuals with unique alleles were
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from within or close to the woylie's current geographic distribution. Considering the large
number of modern samples that were profiled (n=231, Pacioni et al. 2011), it is very likely
that these alleles have been 'lost' from the modern populations. The three-parameter
asymptotic exponential model predicted at least 20.7 historical alleles, suggesting a loss of at
least 21.3%. Our results indicate how carefully one should interpret results based on modern
data alone. In fact, based on the latter dataset, only limited concerns were raised on this aspect
of woylie conservation (Pacioni et al. 2011), while this study clearly demonstrates a dramatic
overall reduction in genetic diversity. Another example of the potential bias generated by the
lack of baseline data, which can result in misleading management targets, is that the mean
genetic diversity (from modern data) of the wild woylie populations considered in this study
was used as a reference term to evaluate whether the genetic diversity of translocated
populations was satisfactory (Pacioni et al. 2013). The characterisation of the historical
genetic diversity, as conducted in this study, indicates that, while in principle that approach is

valid, the conclusions are possibly rather optimistic.

It was only possible to quantify these estimations by including ancient DNA data and,
considering the occurrence of allelic drop out that it is inevitable when working with aDNA,

these should be considered conservative.

Demographic analyses

Data from historical samples also allowed a better understanding of the demographic history
of the woylie compared with that obtained from modern samples only. Specifically, the
historical data helped to quantify the extent of the decline and its consequences on the genetic

diversity. Even with modern data alone, Migrate-n correctly detected the overall woylie
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decline. However, in these analyses, the estimated historical population size was substantially
reduced as was the extent of the decline (Fig. 6). Differences in the results are even more
dramatic in BEAST analyses. In fact, when all historical samples for which we had time-
stamped data (n=22) were included in the mtDNA analysis, the 95% HPD intervals were
reduced and this analysis indicated that the woylie experienced more than a 99% decline in
population size in recent times. When this analysis was repeated including only modern data
(n=146, Fig. 5), it was not possible to discriminate between a constant population and a
declining trend in the demography of the woylie. Migrate-n analysis with microsatellite data
detected the decline even with modern data alone. However, in this analysis too, the
confidence intervals are slightly wider and the population size in recent times is mildly
underestimated. These results exemplify the potential problems in reconstructing past
demographic trajectories from modern data alone. It is evident that the inclusion of aDNA
data can be highly informative and it is likely to have important implications for the

management of threatened species.

The lack of significant results using common bottleneck tests highlights the limitations of
these methods. The M-ratio tests detected genetic bottleneck in three out of four remnant wild
populations, while the heterozygosity excess and mode-shift approaches did not detect a
bottleneck at all. Various factors can influence the statistical power of the bottleneck tests,
including the time since the bottleneck, the nature of the post-decline recovery and the
effective population size pre-bottleneck (Busch et al. 2007; Cornuet & Luikart 1996; Garza &
Williamson 2001; Williamson-Natesan 2005). We argue that the timing of the modern
population sampling was too close to or contemporary with the most recent declines (i.e. after

1999), for them to be detected (despite the substantial loss of genetic diversity) by the
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heterozygosity excess and mode-shift methods (Cornuet & Luikart 1996; Garza &
Williamson 2001; Williamson-Natesan 2005). Possibly, the demographic post-reduction
growth, consequent upon the fox control programs started in the late 1990s, created a
heterozygosity deficiency, which balanced out the heterozygosity excess following the
bottleneck subsequent to the European settlement. On the other hand, we consider the results
of the M-ratio analyses indicating a genetic bottleneck to be the outcome of substantial
declines in the 20™ century as opposed to the most recent declines. The M-ratio approach can
detect a bottleneck up to 100 generations post decline (Garza & Williamson 2001), which
would correspond to ~250 years in the woylie (Groom 2010; Pacioni 2010). This is also
supported by the observation that the new alleles found in historical samples were within the
allele frequency distributions of the modern populations (i.e. their loss is responsible for a

decrease of the M-ratio).

Gene flow

With the exception of the pair Kingston-Perup, the other modern populations are, nowadays,
completely isolated (Pacioni et al. 2011). The coalescent-based analyses, demonstrated that
historically these sites were connected, a finding that was only the subject of speculation in
Pacioni ef al. (2011). Analysis of microsatellite data suggests that these were actually part of a
large panmictic population. These results are also supported by the private allele analysis,
despite the limitations of this approach mentioned above. In this analysis, the estimates of the
number of migrants between localities increased when data from the limited number of
historical samples were included. This demonstrates a wider spatial distribution of alleles, just

a hundred years ago (when most historical samples were collected), than that found at present.
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It is intriguing to note that the last hundred years is a time consistent with the substantial

habitat loss and fragmentation in the WA Wheat-belt region (Saunders 1979).

The differences between the migration models supported by mtDNA and microsatellite data
are not surprising. In fact, woylies have a male-biased dispersal (Christensen 1980; Pacioni
2010), with females normally settling near to their mother's home range boundaries (Pacioni
2010). Males are, therefore, primarily responsible for long-distance gene flow, which is not

detected in the mtDNA data as mtDNA is maternally inherited.

Timing of the decline

We used BEAST to attempt to establish the time of commencement of the decline, because
BEAST can take into account uncertainty around the evolutionary rates and calibration points
while reconstructing the phylogeny and the demographic history. While our sampling regime
(which was mid way between the "pooled" and "scattered" sampling strategies) should not be
prone to substantial biases (Heller et al. 2013), we acknowledge a possible bias in the
inference of the demographic history in the BSP, because there is a strong indication of
reduced gene flow between different regions within Western Australia in recent times. Habitat
fragmentation and isolation of the studied populations generally lead to an underestimation of
population size (Heller ef al. 2013), and consequently the extent of the demographic decline
may be overestimated. The effect of fragmentation on calculations of evolutionary rates is less
predictable. Contrary to expectations, when using the same input data in BEAST as for the
Migrate-n analysis (limiting data to samples geographically representative of the four modern
populations), BEAST estimation of historical population size appears to be more conservative

(although not substantially different), and the timing of the decline is only slightly shifted
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toward the present (Fig. S3). It should be stressed that such estimates are subject to
uncertainties because the inter-specific mutation rates are probably lower than the intra-
specific rates (Ho et al. 2008) and, accordingly, caution the reader to interpret these results
with care. We argue that, while it is difficult to pinpoint exactly when the decline commenced
its downward trajectory, it is clear that it started recently (i.e. less than ~4,000 years ago) and
has continued to the present. A possible catalyst for the start of this decline could have been
the arrival of the dingo (Canis lupus dingo) in Australia (3,500-5,000 years ago, Fillios et al.
2012; Savolainen et al. 2004), but based on the observation of the substantial loss of genetic
diversity compared to samples from as recently as 100 years ago, we also argue that the
decline has been intensified since European settlement. Additional time-stamped samples that
increase the time span covered by the aDNA data may help to more accurately estimate the
timing of woylie decline, as it remains uncertain whether European factors (foxes, cats,
disease), pre-European factors (e.g. dingo or fire regimes), or a combination of both, were the

trigger for the decline in woylie genetic diversity and population numbers.

Implications for woylie conservation

The findings of this study have direct implications for the conservation and management of
the critically endangered woylie in south-western Australia. Notably, evidence of a much
wider former connectivity between the now fragmented habitats where the modern
populations reside is highly relevant. Managing small isolated populations is challenging due
to their susceptibility to stochastic events and greater effects of genetic drift (Frankham 1996;
Frankham et al. 1999). Our findings show that there is a precedent for re-establishing gene

flow between the currently isolated populations. Strategies such as natural corridors and
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translocations could help restore gene flow to historical levels and assist in the maintenance

of the remaining genetic diversity.

Through direct measurement of ancient genetic variability, we uncovered the extent of genetic
diversity loss in the woylie that occurred along with a substantial demographic reduction. A
very conservative estimate of genetic loss would be of 65% for mtDNA and 20% for nuclear
DNA, but in reality the number is likely to be far greater given the rate at which new genetic
variants were detected in the ancient gene pool. This loss of genetic diversity can be attributed
directly to the massive population decline detected with the BSP analysis. The severity and
tempo of the decline should act as a catalyst for more active management strategies that seek
to maintain the existing species-wide genetic diversity. The translocated woylie populations
that were established in the late 1980s (e.g. populations in South Australia, Delroy et al.
1986), despite being at lower genetic diversity than indigenous populations (Pacioni et al.
2013), may have captured some of the genetic diversity that it is now lost in Western
Australia and may play a role in the future genetic management of the woylie. Indeed, a
haplotype found in South Australian translocated populations was not found in Western

Australian populations, but it was identified from an historical sample from Dryandra.

A further conservation outcome is the characterisation of woylie genetics at the boundaries of
the species' distribution. For example, our profiling of fossil material from Faure Island, at the
northern limit of the former distribution, demonstrated that the woylies that once inhabited
this region were genetically very similar to extant populations despite being more than 1000
km away. Faure Island and Dirk Hartog Island are important sites in the Shark Bay World

Heritage Area for ecosystem restoration (DEC 2005), which involves translocations of
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previously present species to re-establish past biodiversity in the region. Our data suggest that
the use of the available genetic stock is appropriate and it is not unreasonable to expect that

woylies might adapt easily to these relatively more arid environments.

Conclusion

The mode and tempo of genetic diversity loss is often difficult to quantify in species that have
already undergone significant declines. The south-west of Western Australia is a biodiversity
hotspot and therefore a critical region for conservation purposes, yet baseline data for past
biodiversity are limited. Moreover, many marsupials are still in decline in Australia but it is
difficult to quantify changes in the genetic profile of these species over time. We set out to
investigate how knowledge of the past might assist best-practice conservation in the present.
The south-west of Western Australia used to provide a rich, continuous habitat to numerous,
now endangered species and while we focused on only one species, it is likely that the degree
of genetic diversity loss is directly relevant to many endemic species in the region. Whilst
detailed screening of available fossils and skins was conducted in the case of the woylie, the
number of samples available in these kinds of studies will always be limiting. The lack of
samples for key localities, sampling restrictions on skin and bone voucher specimens and
constraints imposed by DNA preservation are all limitations when trying to quantify past
diversity using ancient DNA techniques. Despite these limitations, this study demonstrates
that the inclusion of historical material in genetic studies is beneficial for wildlife
management and conservation. We demonstrated that the inclusion of aDNA data improves
the quantification of genetic diversity changes and inference of historical population
dynamics. Additionally, we advocate that, when technically feasible, it is important to expand

ancient DNA studies past the use of mtDNA in an attempt to quantify what has occurred at
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the nuclear DNA level; both microsatellite data and SNPs (single nucleotide polymorphisms)
can provide these insights and such approaches are aided by next generation DNA sequencing
platforms. This becomes especially relevant in species where male-biased dispersal may skew

mtDNA interpretation of diversity, connectivity and phylogeography.
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Figure Legends

Fig. 1. Localities of historical woylie fossil and museum specimens sampled in south-west
Western Australia (WRS: Witchcliffe Rock Shelter). Modern populations are indicated in
capital letters within grey squares: UW=Upper Warren, D=Dryandra, T=Tutanning). Grey
area in the insert: former Betfongia penicillata distribution including both subspecies
Bettongia penicillata ogilbyi and B. p. penicillata (adapted from Wayne et al. 2008b) based
on contemporary, fossils and Aboriginal knowledge records (Burbidge ez al. 1988). Images of
the woylie (B. p. ogilbyi: (a) an adult woylie fitted with a VHF radio collar (Photo: John

Lawson), (b) skin and (c) fossil bone remains).

Fig. 2. Multidimensional parsimony network of mtDNA sequences from historical and
modern woylie samples (after removal of sequences with ambiguities). Dimensions of the
circles are proportional to the number of sequences for each haplotype. Margaret River is a

region that includes samples from WRS, Mammoth Cave and Tunnel Cave.

Fig. 3. a. and c. Rarefaction curves of modern and historical woylie data for (mtDNA)
haplotype richness and (microsatellite) allelic richness, respectively. Error bars indicate SE
from re-sampling iterations. b. Posterior probability distribution for expected total number of
haplotypes based on observed number of haplotypes and sampling effort in the historical

dataset.
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Fig. 4. Bayesian phylogeny of Bettoniga penicillata ogilbyi, showing the maximum a
posteriori (MAP) tree generated using BEAST. A GTR+G+I substitution model was imposed
on an alignment containing the 29 historical CR sequences (~400bp) and 15 modern
haplotype sequences (identified with an *) from Pacioni et al. (2011) detected in 152 modern
samples (~600bp). Posterior probabilities are shown on the selected outer nodes. The scale
represents the number of nucleotide substitutions per site. Three distinct clades are indicated

on the tree. The tree topology is mirrored at the cytochrome b locus (see Fig. S2).

Fig. 5. Reconstruction of the woylie (B. penicillata ogilbyi) demographic history based on
control region of mtDNA using a Bayesian Skyline Plot analysis implemented in BEAST
v1.8 (Drummond et al. 2012). Shaded areas represent 95% Highest Probability Density
(HPD). Solid lines represent the medians. Population size is expressed as log of the effective

population size times the generation times.

Fig. 6. Reconstruction of the woylie (B. penicillata ogilbyi) demographic history based on
control region of mtDNA (a) and microsatellite data (b) using a Bayesian Skyline Plot
analysis implemented in Migrate-n v3.6.8 (Beerli 2006). In red analysis with modern data
alone and in blue analysis including modern and ancient DNA data. Shaded areas represent

1.96 standard deviations from parameter values.
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Tables

Table 1. Mode (2.5 and 97.5 percentile) of number of migrants between woylie

populations (from row to column)

Kingston Perup Tutanning Dryandra
Kingston 1.1 (0-6.1) n/a 4.8 (0-23.5)
Perup 0.3 (0.1-0.5) n/a 5.1 (0-23.5)
Tutanning n/a n/a 0.1 (0-12.9)

Dryandra 0.1 (0.002-0.5) 2(0.2-6.8) 0.5 (0-10.3)
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Table 2. Descriptive statistics of genetic diversity of microsatellite loci in the woylie

(Bettongia penicillata ogilbyi) for modern (n=231)/historical (n=21) datasets. Between

brackets SE.

Locus H, (%) Ny Nar Uy P
Bt76 85.3/85.7 19/14 10.5/11.57 2 22
Bt64 73.8/100 24/19 11.08/14.29 2 9.4
T17-2 68.7/90.5 16/14 10.07/11.13 1 6.5
Y175 82.2/78.9 19/13 10.57/10.5 0 14.3
Pa593 83.5/88.9 16/13 10.36/11.27 1 8
Y105 40.9/23.1 11/5 5.4/4.4 0 0
Y112" 73.7/90 29/11 12.46/11 1 36.4
P12 70.6/68.8 10/8 6.69/6.82 1 5.8
Y170 81/90 18/14 10.51/11.56 0 16.3
Bt80 76.9/58.3 12/10 7.92/9.54 1 8.5
P126 42.1/54.5 5/4 3.46/4 0 0
Mean  70.8(0.5)/75.3(0.7) 16.3(2.0)/11.4(1.3) 9.0(0.8)/9.6(1) 0.8(0.2) 9.8(3)

H,, observed heterozygosity; N4, number of alleles; N4, allelic richness; Uy, historical

unique alleles; Py, frequencies of falsely scoring an individual as homozygous (%).

* Excluded from statistical tests because of evidence of substantial allelic dropout
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Table 3. Number of migrants per generation between localities where modern woylie
populations are located, calculated with the private allele method using 11 microsatellite loci

(bold: ancient and modern DNA data, normal font: modern DNA data alone).

Upper Warren Tutanning Dryandra
Upper Warren 0.52 0.91
Tutanning 0.69 0.68
Dryandra 1.25 0.73
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Table S1. Summary of information of historical woylie (Bettongia penicillata ogilbyi) samples, including DNA preservation, age, and their use for statistical

analyses.
Sample C'lab Uncalibrate Age Ct Largest Msat BEAST Migrate-n Migrate-n
Location 14 Age (year¥) Sample . BSP BSP
ID codes C** error alue Amplicon typed
( ) vai Pl yp BSP (mtDNA) (msats)
153 Faure Island n/a Bone 29.38 293
173 Tunnel Cave 12840 (90) 15300 (14990-15570) Bone 26.65 253
187 Beaufort 108 Skin 25.79 253
191 Pingelly 102 Bone 34.43 253
190 Jerramungup 41 Skin 20.97 293
794 Jerramungup 41 Skin 23.9 293 10 Vv
808 Faure Island n/a Bone 30.43 293 4
802 Wk 4517 Tunnel Cave 12840 (90) 15300 (14990-15570) Bone 34.3 253
803 Wk 5474 Tunnel Cave 12890 (250) 15600 (14981-16262) Bone 28.18 253
810 Wk 4516 Tunnel Cave 4280 (60) 4800 (4739-4939) Bone 35.74 253 v
804 Wk 3625 Tunnel Cave 8270 (80) 9300 (9139-9384) Bone - -
Wk 6706,
805 Wk 6707 Tunnel Cave 9860 (95) 11400 (11107-11666) Bone
811 Wk 4517 Tunnel Cave 12840 (90) 15300 (14990-15570) Bone - 253
812 Wk 3626 Tunnel Cave 1370 (40) 1300 (1278-1322) Bone 23.48 293 4 Vv
Wk 3626
’ - - + - - _
813 Wk 4516 Tunnel Cave 1370-4280 (40-60) 3100 (1278-4939) Bone
814 Wk 4517 Tunnel Cave 12840 (90) 15300 (14990-15570) Bone 29.61 253
815 Wk 3626 Tunnel Cave 1370 (40) 1300 (1278-1322) Bone 23.09 293 6 v
Wk 3954, Witchcliffe
816 Wk 3955 Rock Shelter 400-680 (50-90)t 500 (352-706) Bone 36.39 293 V4
Witchcliffe
806 Wk 3954 Rock Shelter 400 (50) 400 (352-499) Bone 27.86 293 8 v
Wk 3954, Witchcliffe
817 Wk 3955 Rock Shelter 400-680 (50-90)t 500 (352-706) Bone - -
Wk 3954, Witchcliffe
818 Wk 3955 Rock Shelter 400-680 (50-90)t 500 (352-706) Bone 23.86 293 3 V4
Witchcliffe
807 Wk 3954 Rock Shelter 400 (50) 400 (352-499) Bone - -
820 Cranbrook 108 Skin 33.22 141
821 Contine 44 Skin 28.25 293 7 V4 Vv Vv



. Migrate-n Migrate-n
Sample C'*lab . Uncalibrate Age Ct Largest Msat BEAST
Location 14 Age (year¥) Sample . BSP BSP
ID codes C** error alue Amplicon typed
( ) vai Pl yp BSP (mtDNA) (msats)

822 Pingelly 102 Skin - -
823 w%w_imn__:m 102 Skin  29.2 293 8 v v v
824 Beaufort 108 Skin 25.14 253
825 w%w_imn__:m 102 Skin  34.38 141
826 Gracefield 108 Skin 26.41 253 7 v
827 Jerramungup 41 Skin 19.26 293 v v
828 Beverley 77 Skin - -
829 Mammoth 96 Skin  24.2 293 10 v

Cave
830 A_,”\_maaos 96 Skin  29.15 293 4 v

ave

832 Capel/Uralla 79 Skin 32.57 141
833 Chorkerup 72 Skin - -
834 Beverley 77 Skin - 293

Pingelly/ .
835 Woyerling 49 Skin 32.32 293 Vv V4
836 Pingelly 78 Skin - -
837 Contine 44 Skin 14.83 293 10 V4 Vv Vv
838 Mooterdine 44 Skin 17.69 293 10 v v v
840 Mooterdine 44 Skin 22.87 293 10 v v
841 Karridale 78 Skin - -
842 Karridale 80 Skin - -
843 Karridale 80 Skin 32.29 253
844 Unknown 66 Skin  28.78 141

location
845 Contine 44 Skin 18.59 293 9 V4 Vv Vv
846 Cuballing 47 Skin 16.84 293 10 V4 Vv Vv
848 Manjimup 32 Bone 17.33 293 8 V4 Vv Vv
849 Boyup Brook 41 Bone  29.4 253 8 Vv
850 Dryandra 37 Bone  25.26 293 7 V4 Vv Vv
851 Bernier Is., 96 Bone  31.57 253

uncertain
852 Faure Island n/a Bone 29.58 123
853 Manjimup 32 Bone 27.25 293 10 v Vv Vv



. Migrate-n Migrate-n
Location  UNGRPTtAIS  ageryearr)  sample St tagest  Mest BLAST Uasp o ase
(mtDNA) (msats)
854 Perup River 30 Bone  28.88 293 V4 Vv
855 Manjimup 32 Bone 23 293 10 V4 Vv Vv
1003 Peron n/a Bone - 293
Peninsula
1004 Faure Island n/a Bone 40.33 -
1005 Faure Island n/a Bone - 253
1006 Faure Island n/a Bone 29.8 293
1007 Nullarbor n/a Bone - -
(cave)
1008 Nail Tail n/a Bone  35.37 ;
Cave
1009 Nullarbor n/a Bone - -
(cave)
1010 Nullarbor n/a Bone  42.95 253
(cave)
1011 Peak Charles n/a Bone ) )

N.P.

* Years prior to 2008. Archaeological dates (i.e. more than 150 years) are based on calibrated radiocarbon age estimates of years before 1950. Between brackets range with + s.e.

+ Sample is positioned in an undated layer between two dated layers

Calibrations were carried out using CalPal2007 _HULU calibration curve of the Cologne Radiocarbon Calibration & Paleoclimate Research Package, available at http://www.calpal-online.de/



