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Abstract

Aim: The Tasmanian tiger, or thylacine, is an infamous example of a recent human-
mediated extinction. Confined to the island of Tasmania in historical times, thylacines
were hunted to extinction <150 years after European arrival. Thylacines were also once
widespread across the Australian mainland, but became extinct there c. 3,200 years
before present (gp). Very little is known about thylacine biology and population history;
the cause of the thylacines extirpation from the mainland is still debated and the reasons
for its survival in Tasmania into the 20th century are unclear. In this study, we investigate
the thylacine’s phylogeography and demographic history leading up to their extinction on
both the mainland and Tasmania to gain insight into this enigmatic species.

Location: Southern Australia.

Methods: We generated 51 new thylacine mitochondrial DNA (mtDNA) genome
sequences from sub-fossil remains and historical museum specimens, and analysed
them to reconstruct the species’ phylogeography and demographic history.

Results: We found evidence that thylacines had contracted into separate eastern and
western populations prior to the Last Glacial Maximum (c. 25,000 yr sp), and that the
ancient western population was larger and more genetically diverse than the historical Tas-
manian population. At the time of European arrival in c. 1800 CE, Tasmanian thylacines
had limited mtDNA diversity, possibly resulting from a bottleneck event broadly coincident
with an El Nino-Southern Oscillation (ENSO) associated climate event, although we find
some indication that the population was expanding during the late Holocene.

Main Conclusions: The timing of this putative expansion, in concert with a climate
event, suggests that climate change had an influence on thylacine population
dynamics. Given that ENSO effects are known to have been more severe on main-
land Australia, we suggest that climate change, in synergy with other drivers, is

likely to have contributed to the thylacine mainland extinction.
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1 | INTRODUCTION

The Tasmanian tiger, or thylacine (Thylacinus cynocephalus; Harris,
1808), was a marsupial carnivore infamous for its recent, human-
mediated extinction. At the time of European arrival in Australia in
the late 1700s, the species was found only in Tasmania. It became
extinct <150 years later, likely due to hunting encouraged by bounty
schemes initiated because of its perceived impact on introduced live-
stock (Owen, 2003). The Tasmanian devil (Sarcophilus harrisii), simi-
larly confined to Tasmania, then inherited the title of the largest
extant marsupial carnivore. Both species were also once widespread
across mainland Australia before declining to extinction there
approximately 3,200 years before present (sp; Johnson, 2006).

The driver(s) of the late-Holocene mainland extinctions is still
debated. Changes in climate, human intensification (i.e. development
of advanced tools and population size increase), and the introduction
of the dingo are the three main hypothesized causes (Prowse, John-
son, Bradshaw & Brook, 2013). The basis for these hypotheses is
the timing of the changes/events and the isolation of Tasmania from
their likely impacts. For example, the dingo (Canis lupus dingo)—a
potential predator and competitor of the thylacine and devil—was
introduced to mainland Australia c. 5,000 yr Bp but never reached
Tasmania as rising sea levels had flooded Bass Strait thousands of
years earlier (c. 14,000 yr sp; Corbett, 1995). Similarly, human popu-
lation size and hunting impacts increased on mainland Australia dur-
ing the Holocene while this trend was markedly absent in Tasmania,
where population size remained low (Johnson & Wroe, 2003).
Finally, following the relatively wet and stable period of the Holo-
cene optimum (c. 8,000-5,000 yr Bp), a strengthening of the El Nino
Southern Oscillation (ENSO) caused a shift in Australia’s climate
towards a drier, more drought-prone system (Donders, Wagner-Cre-
mer & Visscher, 2008).

The effects of late-Holocene ENSO activity are assumed to have
had a lesser influence on Tasmania—due to its maritime climate and
more consistent rainfall (Donders, Haberle, Hope, Wagner & Viss-
cher, 2007; Donders et al., 2008; Rees, Cwynar & Fletcher, 2015)
and hence, had a reduced impact on Tasmanian devils and thylacines
(Brown, 2006). However, a recent genetic study found evidence for
a bottleneck in the Tasmanian devil population that is coincident
with a peak in ENSO activity and the mainland population’s extinc-
tion approximately 3,200 yr sp (Briniche-Olsen, Jones, Austin, Bur-
ridge & Holland, 2014). The absence of other possible drivers in
Tasmania suggests that shifts in climate may have initiated the
decline of devil populations in Tasmania and the mainland. The com-
bined pressure of climate change, dingoes and/or human intensifica-
tion on the mainland may have led to the devil's extinction there.
Given that climate change effects are expected to have been greater
on the mainland than on Tasmania, Briiniche-Olsen et al. (2014) sug-
gest that climate change may have been underestimated as a driver
of the late-Holocene extinctions.

The late-Holocene bottleneck in Tasmanian devils resulted in the

observed low genetic diversity in the population today (Jones,

Paetkau, Geffen & Moritz, 2004). Similar patterns have been
observed in historic Tasmanian thylacines (Menzies et al., 2012), sug-
gesting a common population history in the two species. However,
due to the rapidity of the decline of thylacines we know very little
about their biology and population history. Additionally, lack of tem-
poral sampling has thus far prohibited analyses of historical demog-
raphy and range-wide phylogeographic structure in thylacines. We
obtained 51 new thylacine mitochondrial genome sequences, includ-
ing the first sequences from ancient samples from both Tasmania
and the mainland. We used these data to investigate the demo-
graphic history of thylacines and test the hypothesis that they
underwent a similar population decline to the Tasmanian devils dur-

ing the late-Holocene.

2 | MATERIALS AND METHODS

2.1 | Sample collection, DNA extraction and
radiocarbon dating

We collected <2 g of bone, tooth or dried tissue from 81 mainland
and Tasmanian thylacines held in various museums (Figure 1, also
see Appendix S1, Table S1.1 in supporting information) using a Dre-
mel tool (Racine, WI, USA) fitted with Dremel cut-off wheel #409
(for bone samples) or sterilised scalpel blades (for tissue samples).

We controlled for contamination of the subfossil and historic
museum samples with contemporary DNA by conducting all pre—
PCR work in a dedicated and physically separate clean-room DNA
facility at the Australian Centre for Ancient DNA, University of Ade-
laide. Laboratory protocols followed standard ancient DNA work-
flows to minimize contamination (Appendix S2).

DNA extraction was performed using the protocol described in
Brotherton et al. (2013) with some modifications (see Appendix S2).
Subfossil samples with enough material left after DNA extraction
(n = 19) were submitted for radiocarbon dating at the Australian
National University or the University of Waikato. We calibrated all
14C dates to calendar years (8p) using the Southern Hemisphere Cali-
bration curve (ShCal13) from the OxCal radiocarbon calibration tool
Version 4.2 (https://c14.arch.ox.ac.uk). Historical museum samples
without a known collection date (n = 15) were assigned an age of
120 yr B as an intermediate age between the death of the last
known thylacine in 1936 and establishment of the Tasmanian
Museum and Art Gallery in 1843, from which many of the historic
samples were sourced. We define ancient samples as those that are
>600 years old and historical samples as those that are <600 years
old or that were recently deceased at the time of collection if no
date was recorded.

2.2 | Library preparation and hybridization
enrichment

We built double-stranded Illumina libraries from 20 pl of each DNA

extract and extraction blank control following the protocol from
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FIGURE 1 Sample locations of sequenced thylacine individuals coloured by broad geographical area. We combined some closely
neighbouring localities. Seventeen of the 38 Tasmanian samples did not have locations recorded and are therefore not represented on the map

[Colour figure can be viewed at wileyonlinelibrary.com]

Meyer and Kircher (2010). We used custom adapters that featured
internal barcode sequences to allow multiplexing of individuals and
in-silico de-multiplexing downstream. Every batch of libraries pre-
pared included a library blank control.

RNA  baits
(MYcroarray, MI, USA) were used to enrich the target libraries for

Commercially synthesised biotinylated 80-mer

thylacine mitochondrial DNA. Baits were designed as part of the

commercial service using published thylacine mitochondrial
sequences from Miller et al. (2009). A second set of baits was
designed to include the mitochondrial genome sequence of a main-
land thylacine produced using the first set of baits. We chose to
exclude the control region from the second set of baits because the
large amounts of repetitive DNA in that region had resulted in low
mapping quality. One round of hybridization capture was performed
per the manufacturer’s protocol (MYbaits, v2 manual) with modifica-
tions (see Appendix S2).

All enriched libraries were quality tested using the Tapestation
2200 (Agilent Technologies, Santa Clara, USA) and sequenced in
2 x 150 (i.e. paired-end) reactions on lllumina NextSeq and MiSeq

machines at the Australian Genome Research Facility, Adelaide.

2.3 | Sequence processing and mitochondrial
genome assembly

Raw reads were de-multiplexed and internal barcodes removed using
sabre (https://github.com/najoshi/sabre) before being processed and
mapped to a thylacine mitochondrial reference sequence (GenBank
Accession: NC011944) using the PALEOMIX 1.1 pipeline (Schubert
et al., 2014). Briefly, we removed adapter contamination using the
default settings in ADAPTERREMOVAL 2.1 (Lindgreen, 2012) except
using a minimal read length of 25 bp. Mapping was performed using
BWA 0.7.7 (Li & Durbin, 2009), disabling the seed and relaxing the

edit distance (option —n = 0.01) as suggested by Schubert et al.
(2012). Separate sequencing runs of the same libraries were com-
bined before PCR duplicates were removed using SAMTOOLS 0.1.18
(Li etal, 2009) and MARKDUPLICATES from the Picard package
(http://broadinstitute.github.io/picard/). MAPDAMAGE2 (Jénsson,
Ginolhac, Schubert, Johnson & Orlando, 2013), implemented in
PALEOMIX, was used to demonstrate damage patterns consistent
with ancient DNA template by modelling post-mortem DNA damage
from patterns of nucleotide misincorporations for each library.

Finally, all alignments were visually inspected in GENEIOUS
10.0.2 and consensus sequences were called for all positions where
>60% of the sequences agreed and read depth was at least three.
Where there was no >60% majority, bases were called as the appro-
priate [IUPAC ambiguity symbol. Regions with insufficient read depth
were coded as N.

We aligned all consensus sequences and two publically available
Tasmanian thylacine mitogenome sequences (GenBank accession:
NC011944 and FJ515781; Miller et al., 2009) using MAFFT (Katoh,
Misawa, Kuma & Miyata, 2002) as implemented in GENEIOUS. We
chose to trim the control region from the alignment because of low
coverage and poor mapping quality.

2.4 | Descriptive statistics

Descriptive statistics (haplotype diversity Hy, nucleotide diversity =,
number of segregating sites S, and the average number of segregat-
ing sites between individuals k) were calculated on samples grouped
by geography and temporal period using DNASP 5.1 (Librado &
Rozas, 2009). The single NSW sample was excluded from this analy-
sis because it was the sole representative of that geographical area.
Undated ancient samples were also excluded, as they could not be

accurately placed into a temporal period. For comparison, we
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calculated the same statistics on a sample (n = 13) of contemporary
devil mitochondrial genomes (Genbank accession: JX475454—
JX475467; Miller, Eldridge, Morris, Zenger & Herbert, 2011; Miller,
Hayes, Ratan, et al., 2011) which were modified to also exclude the
control region.

DNASP was also used to test for demographic changes in the
historical Tasmanian thylacine samples using Tajima’'s D (Tajima,
1989), and Fu and Li's estimators D* and F* (Fu & Li, 1993). The sig-
nificance of the demographic estimators was obtained by examining
the null distribution of 5,000 coalescent simulations of these statis-
tics. Demographic estimator analysis was restricted to the historical
Tasmanian samples to avoid effects of heterochrony (Depaulis,
Orlando & Hanni, 2009).

To further test for evidence of population expansion in the his-
torical Tasmanian samples we generated a pairwise mismatch distri-
bution (Rogers & Harpending, 1992) on the data in DNASP. The
number of observed differences between pairs of mitochondrial gen-
omes was compared to the expected distribution of differences
under specified demographic models (i.e. constant population size or
population growth). By using t, the mode of the observed mismatch
distribution, and the mean mutation rate inferred for the Tasmanian
population using BEAST (see below) we estimated the time of
expansion by the relationship t = 7/2u, in which t is the time of
expansion and u is the cumulative (across sequence) probability of
substitution. To this result we added the average age of all the his-
toric thylacines (165 years), to calculate the time of expansion in
years Bp. The calculation was carried out using the online tool pro-
vided by Schenekar and Weiss (2011).

2.5 | Phylogenetic analysis

The program POPART (Leigh & Bryant, 2015) was used to construct
a TCS haplotype network from the alignment of all sequenced indi-
viduals and the two publically available sequences, including samples
with unknown ages (n = 53). Sites with more than 5% missing data
were masked (Leigh & Bryant, 2015).

We constructed a time-scaled phylogenetic tree in BEAST 2.4.1
(Bouckaert et al., 2014) using the same alignment. We used the
mean calibrated radiocarbon date and the known or estimated col-
lection dates for historic specimens as calibration points (Bouckaert
et al., 2014). When we included our ancient samples without radio-
carbon/collection dates in order to estimate their ages (Shapiro
et al., 2011), our BEAST analyses failed to converge. Consequently,
we excluded our ancient samples with unknown ages from the final
BEAST analysis (n = 44). The coalescent extended Bayesian skyline
model (Heled & Drummond, 2008), with a relaxed lognormal clock,
was used as it was preferred to the constant population size coales-
cent when tested using the modified Akaike information criterion
(AICM) in TRACER 1.6 (Table S2.2, Baele et al., 2012). Despite the
intra-species nature of the data, our relaxed lognormal clock analysis
rejected the use of a global clock (i.e. the posterior estimates for the
coefficient of variation were non-zero; Drummond & Bouckaert,
2015).

An appropriate partitioning scheme for phylogenetic analysis was
determined using the program PARTITIONFINDER 1.1.1 (Lanfear,
Calcott, Ho & Guindon, 2012). We used an input of 43 regions: first,
second and third codon positions of each mitochondrial protein-cod-
ing gene; non-coding regions; 12s rRNA; 16s rRNA; and concate-
nated tRNAs (Table $2.3). The optimum partitioning scheme was
chosen based on the Bayesian information criterion. The BEAST
Markov chain Monte Carlo (MCMC) was run twice with different
seed values for 30 million generations sampling every 1,000 genera-
tions. All parameters showed convergence and sufficient sampling in
both runs (indicated by effective sampling sizes above 200) when
inspected in TRACER 1.6, with the first 10% of samples discarded as
burn-in (Rambaut, Suchard, Xie & Drummond, 2014). A maximum
clade credibility (MCC) tree was annotated in TREEANNOTATOR
2.4.1 and visualizzed in FIGTREE 1.4.2 (Rambaut, 2007).

A date randomization test was conducted to check whether the
temporal signal from the radiocarbon dates associated with ancient
and historic sequences were sufficient to calibrate the analysis (Ho
et al., 2011). This test randomizes all dates and determines whether
the 95% high posterior density (HPD) intervals of the mean rates
estimated from the date-randomized datasets include the mean rate
estimated from the original dataset (Figure S2.1-2). In addition, a
“leave-one-out-cross-validation” (LOOCV) test was performed to test
for bias and error in the sequences and associated dates (Shapiro
et al., 2011). In particular, we tested whether the assumed date of
120 yr Bp was appropriate for historic samples without specific dates
attached to them (Figure $2.3). Input .xml files for the date random-
ization and LOOCV tests were generated using the R package
“TipDatingBeast” (Rieux & Khatchikian, 2016).

2.6 | Inferences of demographic history

We used the extended Bayesian skyline model implemented in
BEAST 2.4.1, with prior and MCMC settings as above, to estimate
the demographic history of the Tasmanian thylacine population. We
restricted this analysis to the Tasmanian population as the phyloge-
netic analysis of the whole dataset revealed significant structure and
the date randomization test showed insufficient temporal informa-
tion among the WA samples alone (Figure S2.2). As above, the anal-
ysis was run twice and in both runs all parameters showed
convergence and sufficient sampling, with the first 10% of samples
discarded as burn-in.

We also inferred the thylacines demographic history from the
dated mitochondrial sequences using Approximate Bayesian Compu-
tation (ABC) as implemented in DIYABC 2.1.0 (Cornuet et al., 2014).
We tested six scenarios that represent an ancestral divergence fol-
lowed by different combinations of bottlenecks and expansions in
two geographically separated groups (Tasmania vs. Western Aus-
tralia; Figure 2). The single NSW sample was also excluded from this
analysis. The prior distributions of historical, demographic and muta-
tional parameters are described in Table 1. We chose to use a nor-
mal distribution for the time of ancestral divergence (based on our
results from BEAST), as we were most interested in the post-
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FIGURE 2 Demographic models of
thylacine population history across
southern Australia tested using ABC
analysis. Branch widths indicate relative
population size. Dashed lines indicate time
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TABLE 1 Prior distributions for demographic parameters used in ABC analysis of thylacine mitochondrial genomes from samples collected

from southern Australia. Ne is used for effective population size

Interpretation Parameter Distribution Min Max Mean SD Conditions
Ne Tas (most recent) Ntas Uniform 10 10,000 - - -

Ne WA (most recent) Nwa Uniform 10 50,000 - — —

Ne Tas (bottleneck) Nrtas1 Uniform 10 10,000 - - <Ntas
Ne Tas (post-divergence) Ntas2 Uniform 10 100,000 = = >N1as1
Ne WA (post-divergence) Nwaz Uniform 10 100,000 - - >Nwa
Ancestral divergence time ta Normal 10,000 100,000 30,000 12,000 -

Tas expansion time teTAs Uniform 0 20,000 - - <tg.1AS
Tas bottleneck time te1AS Uniform 0 40,000 - - <ta
WA bottleneck time teowa Uniform 3,200 40,000 - — <ta
Mutation model u Uniform 1.00 x 10°? 1.00 x 10°° = = HKY
Mutation model K Uniform 0.5 20 - - -

divergence demographic changes for this analysis. We chose to use
a generation time of four years as this falls between that of the Tas-
manian devil (c. 3 years), and the grey wolf (Canis lupis, c. 5 years), a
species with which the thylacine shares many convergent affinities
(Jones et al., 2008; Mech, Barber-Meyer & Erb, 2016; Wroe, Clau-
sen, McHenry, Moreno & Cunningham, 2007; Wroe & Milne, 2007).

Each scenario was simulated based on neutral coalescence for
10° jterations and summary statistics (number of haplotypes, number
of segregating sites, mean and variance of pairwise differences and
F.;) were computed for each simulation. DIYABC draws random val-
ues for each parameter from the prior distributions and performs
coalescent-based simulations to generate simulated samples with the
same number of samples and loci per population as the observed
dataset. A Euclidean distance is then calculated between the sum-
mary statistics of each simulated dataset and the observed dataset
(Beaumont, Zhang & Balding, 2002).

The posterior probability of each scenario was estimated using

logistic regression on the 1% of simulated datasets closest to the

observed dataset, subject to linear discriminant analysis as a pre-pro-
cessing step (Estoup et al., 2012). The selected scenario was the one
with the highest posterior probability value, with the 95% confi-
dence interval (Cl) not overlapping the 95% Cl of any other com-
pared scenario. We estimated the posterior distribution of each
demographic parameter under the best demographic model by carry-
ing out local linear regression on the closest 1% of simulated data-
sets, after the application of logit transformation to parameter values
(Cornuet et al.,, 2014).

3 | RESULTS

3.1 | Sequencing results

We successfully sequenced the mitochondrial genome (15,447 bp
excluding the control region) from 51 thylacines (15 from the main-
land and 36 from Tasmania, Figure 1). Thirty additional samples pro-

duced <1,000 unique reads or <50% coverage and were excluded
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TABLE 2 Genetic diversity summary statistics calculated from thylacine and devil mitochondrial genomes from sampled collected from
Tasmania (Tas) and Western Australia (WA). Number of samples (n), number of haplotypes (H), haplotype diversity (Hy), number of segregating
sites (S), nucleotide diversity (), average pairwise difference (k), Fu and Li’'s demographic estimators D* and F*, Tajima's D (Td), mode of the
observed mismatch distribution (t) and estimated time of expansion in years sp. Devil mitochondrial genomes were sourced from Miller,
Eldridge, et al. (2011) and Miller, Hayes, et al. (2011): GenBank accessions JX475454-JX475467 and were modified to exclude the control

region
Group n Age range H Hq S n k D* F* Td T Exp. time
Tas Historic 30 96-500 10 0.862 14 0.00017 2.37 -1.39 -1.52 -1.098 1.583 736
Tas Ancient 3 8-20 ka 3 1 32 0.00138 21.333 - - - - -
WA Ancient 10 3-8 ka 9 0.978 44 0.00168 14.489 - - - - -
Tas Devils 13 0-50 8 0.897 25 0.0005 7.62 0.049 0.10123 0.1961 - -
0.3

Expected distribution under
recent population growth

Expected distribution under
constant population size

- Observed distribution

0.2

Frequency

0.1

FIGURE 3 Mismatch distribution
constructed from aligned historical

0.0 —-——%

Tasmanian thylacine mitochondrial

0 5 10
Pairwise Differences
from further analysis. Forty-two dated samples range in age from 88
to 20,812 yr ep (Table S1.1). The average coverage and depth was
high for both the ancient samples (age >600 yr sp, mean cover-
age = 95.8%, mean depth = 152.2)
<600 yr Bp, mean coverage = 99.5%, mean depth = 1,177.7). Full

and historic samples (age

details of sequencing and mapping statistics are available in Appen-
dix 3 (Table S3.1). All libraries showed cytosine deamination frequen-
cies and distributions consistent with ancient or museum specimen
DNA (Figure S3.1). All library and extraction blank controls had no
more than two reads that mapped to the reference sequence
(Table S3.1).

3.2 | Descriptive statistics and network

Genetic diversity was lower across all measures in the historic Tas-
manian thylacine population than in the ancient Tasmanian or
ancient Western Australian groups (Table 2). Genetic diversity in his-
toric Tasmanian group was also lower than in a sample of modern
Tasmanian devils despite greater temporal range. The demographic
estimators, Fu and Li's D* and F*, and Tajima’s D, were all non-sig-
nificantly negative. The shape of the pairwise mismatch distribution

suggests that the historic Tasmanian thylacine population had

20 sequences [Colour figure can be viewed at
wileyonlinelibrary.com]

expanded prior to their decline to extinction (Figure 3). Using 7, we

estimated the timing of this expansion to be 736 yr 8p.

3.3 | Phylogenetic analysis

The TCS network (Figure 4) shows two distinct groups: western thy-
lacines versus Tasmanian and NSW thylacines. There is no structure
separating the two sampling locations within the western group and
the single NSW sample falls between two ancient Tasmanian sam-
ples. The undated western samples fall in with the rest of the west-
ern samples, which are genetically diverse. Three of the undated
Tasmanian samples are grouped with the most frequent haplotype
representing most of the historic samples. The other two undated
Tasmanian samples share a haplotype with an ancient Tasmanian
individual (Sample #9708) that was dated as 8,263 yr Bp.

BEAST analyses estimated the average mutation rate to be
1.27 x 1077 substitutions per site, per year. This rate falls within
the range (c. 1 x 1077-107%) recently estimated for numerous
ancient mitochondrial DNA datasets (Ho et al., 2011). The MCC tree
(Figure 5) showed that the Tasmanian group (including the single
NSW sample) and the western group diverged c. 30,000 yr sp
(20,725-48,780 95% HPD). The most recent common ancestor
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FIGURE 4 1cs network based on the alignment of 53 thylacine mitochondrial genome sequences (15,447 bp). Circle size is proportional to
the frequency of haplotypes. Hatch marks represent the number of mutations between haplotypes. Black dots represent unsampled haplotypes
and other colours relate to geographical location as presented in Figure 1 (orange = south-west WA, red = Nullarbor, WA, blue = NSW and
green = Tasmania). Asterisks show the position of the nine undated ancient samples. The network was built with sites with >5% missing data
masked meaning that the number of haplotypes and mutations are underrepresented [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Beast maximum clade credibility phylogeny of thylacine mitochondrial sequences for which radiocarbon dates were available.
Nodes are labelled with Bayesian posterior probabilities (PP) for nodes with PP >0.5. Node height reflects mean posterior age. Grey bars at
nodes represent the 95% HPD of node age. Double slanted lines indicate that a portion of the bar has been omitted because of space
constraints. Colours correspond to geographical location as shown in Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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(TMRCA) was c. 12,000 yr p (8,449-16,813 95% HPD) for the
western group, c. 25,000 yr sp (20,959-30,535 95% HPD) for the
eastern group including the ancient samples, and c. 1,000 yr sp
(455-2293 95% HPD) for the historic Tasmanian samples. The single

NSW sample falls within the ancient Tasmanian samples.

3.4 | Inference of demographic history

The coalescent-based Bayesian skyline plot shows a slow and slight
decline over the last c. 15,000 years, followed by an expansion in
the Tasmanian population beginning c. 1,000 yr ep (Figure 6). How-
ever, confidence intervals are wide and a constant population size
through time cannot be rejected.

ABC analysis identified Scenario 3 as the most likely scenario
(Table S3.2). In Scenario 3 the population size of the western group
remained constant and the Tasmanian group expanded after a bot-
tleneck (Figure 7). The estimated parameters under Scenario 3 are
given in Table 3. The timing of bottleneck and recovery in Tasmania
are estimated to be 20,400 (6,440-36,520 95% Cl) and 3,160
(192.8-16,960 95% Cl) year Bp respectively. We note that the gener-
ation time estimate used (4 years) may deviate from the thylacines
true generation time, possibly biasing the timing of inferred events.
However, our ABC time estimates are broadly consistent with the
demography inferred by our Bayesian skyline analysis.

4 | DISCUSSION

Our analyses of thylacine mtDNA revealed an east-west phylogeo-
graphical split, higher genetic diversity and effective population size
in western versus Tasmanian populations, and evidence for a late
Pleistocene or Holocene population bottleneck and recent popula-

tion expansion in the Tasmanian population.

95% HPD

mean
FIGURE 6 Extended Bayesian skyline
plot of female effective population size in
the Tasmanian thylacine population
[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 The thylacine demographic scenario selected by ABC
analysis (Scenario 3). Time is given in thousands of years before
present (ka). Time estimates are provided as the median and 95%
confidence intervals (grey dots and error bars). The width of the
branches represents relative population size [Colour figure can be
viewed at wileyonlinelibrary.com]

4.1 | Phylogenetic patterns in mainland thylacines

The divergence between the two groups seen in our phylogenetic
analysis is suggestive of isolation by distance or a demographic sce-
nario in which the thylacines retracted into western and eastern
refugia around the time of the Last Glacial Maximum (LGM,
¢. 25,000 yr Br). Evidence for retraction into east/west refugia dur-

ing the LGM has been observed in a range of Australian birds
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TABLE 3 Posterior distributions of

A Parameter Median
parameters from the selected scenario
(Scenario 3) from ABC analysis of thylacine Nras 4,470
mitochondrial genomes from samples Nwa 15,600
collected from southern Australia Nrasi 787
Ntas2 55,500
ta 42,400
te-Tas 3,160
te-TAs 20,400
u 2.61 x
k 9.48

(Dolman & Joseph, 2012; Murphy, Joseph, Burbidge & Austin, 2011)
and mammals (Cooper, Bertozzi, Baynes & Teale, 2003; Miller,
Eldridge, et al., 2011; Miller, Hayes, et al., 2011). The same pattern
of east/west divergence has been suggested for mainland devils
based on fossil occurrences, but is not observed in the fossil distri-
bution of mainland thylacines, possibly due to taphonomic bias
(Brown, 2006; Owen, 2003). The Nullarbor and/or Lake Eyre regions
are well-characterized biogeographical barriers for many terrestrial
vertebrates and may have obstructed gene flow between popula-
tions during and after the LGM, a pattern that is evident in numer-
ous extant vertebrate fauna (Austin, Joseph, Pedler & Black, 2013;
Byrne et al., 2008; Marin et al., 2013; Neaves, Zenger, Prince &
Eldridge, 2013). Several thylacine samples used in our study are from
the Nullarbor with ages ranging from 3-7 thousand years, indicating
that the western group was present on the Nullarbor immediately
preceding the groups extinction. Thus, we suggest the Eyrean barrier
(Lake Eyre/Flinders Ranges) as a more likely barrier for thylacines.

This apparent structuring may also be due to isolation by dis-
tance, given that eastern Australia is represented by a single main-
land sample, and several mammals show evidence of Late
Pleistocene range expansion across the Nullarbor and Eyrean barri-
ers. For example, the red kangaroo (Macropus rufus), western grey
kangaroo (Macropus fuliginosus), western pygmy possum (Cercartetus
concinnus) and fat tailed dunnart (Sminthopsis crassicaudata) have
wide distributions with limited genetic structure across southern
Australia (Clegg, Hale & Moritz, 1998; Cooper, Adams & Labrinidis,
2000; Neaves, Zenger, Prince & Eldridge, 2012; Pestell, Cooper,
Saint & Petit, 2007). Increased sampling in the east and, crucially, in
southern and south-eastern Australia, will be needed to confirm
whether our results show retracting populations or simply isolation
by distance across the species range.

The single NSW sample falls within the eastern group, bracketed
by older and younger ancient Tasmanian samples, indicating that
Tasmanian and mainland populations were connected via the Bass
Strait land bridge before
c. 14,000 yr Bp (Lambeck & Chappell, 2001). The Bass Strait land

bridge has acted both as a barrier and a corridor for different terres-

it was flooded for a final time

trial vertebrates. Koalas (Phascolarctos cinereus) never crossed the
land bridge to reach Tasmania, whilst several mammals (e.g. Frank-
ham, Handasyde & Eldridge, 2016; Gongora et al., 2012), frogs (e.g.
Symula, Keogh & Cannatella, 2008) and reptiles (e.g. Dubey & Shine,

e

q05 q95 Mean Mode
1,440 9,320 4,850 3,510
4,350 42,400 18,500 6,920
77.2 3,270 1,110 67.3

10,200 96,000 54,500 96,300
28,160 60,000 42,800 39,280
192.8 16,960 5,400 116

6,440 36,520 20,880 19,880

107 1.18 x 1077 512 x 1077 281 x 1077 2.61 x 1077

0.9 18.8 9.62 1.64

2010) show deep (>0.9 Myr, Pliocene/Pleistocene) divergences, sug-
gesting ancient vicariance with no subsequent dispersal. In contrast,
several other reptiles (Chapple, Keogh & Hutchinson, 2005) and
frogs (Schauble & Moritz, 2001) crossed the land bridge in the late
Pleistocene to colonize Tasmania from Victoria. More samples are
needed from eastern Australia to reconstruct demographic history of
thylacines in this region and to establish the extent of gene flow
between Tasmania and the mainland during the late Pleistocene.

The estimated female effective population size and genetic diver-
sity of the western population was much larger than the Tasmanian
population. We do not detect any genetic patterns of decline in the
Western Australian population prior to their extinction approximately
3,200 yr Bp. This could indicate that, like the Tasmanian thylacines,
the mainland thylacine decline to extinction was rapid and not the

result of intrinsic factors, such as inbreeding depression.

4.2 | Tasmanian thylacine demographic history

Our data suggest that the Tasmanian thylacine population was
increasing prior to European arrival. ABC analysis indicates that this
expansion represents a recovery from a population bottleneck. The
95% CI surrounding the estimated time of this bottleneck is large
(6,440-36,520 yr 8p), possibly because ABC analysis restricts demo-
graphic scenarios to abrupt events. In contrast, the Bayesian skyline
plot of the Tasmanian population suggests that the decline may have
been slow and incremental, feasibly the result of the isolation of
Tasmania from the mainland. However, the ClI surrounding the esti-
mated size change is also large. While mitochondrial DNA has many
properties useful for genetic analysis and can be easier to retrieve
from degraded specimens, future studies should focus on multiple
nuclear loci to gain more precise estimates of demographic history
of the thylacines (Heled & Drummond, 2008; Ho & Gilbert, 2010).

Regardless of the mode of decline, the low genetic diversity in
the Tasmanian thylacine population reveals that their effective popu-
lation size was small. ABC inference suggests that the effective
female population size was fewer than 1,000 individuals (me-
dian = 787, 95% ClI 77.2-3270) prior to the expansion, increasing to
4,470 (95% Cl 1,440-9,320) in historic times. We do not detect any
genetic patterns of population decline leading up to the extinction of
thylacines in 1936, likely because the extirpation occurred so quickly
(Owen, 2003).
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4.3 | Comparison with Tasmanian devils

The demographic history of thylacines and devils show a number of
striking parallels that contrast with other terrestrial carnivores with
similar distributions. Both species were widespread on the mainland
during the Pleistocene but became extinct there at the same time
(approximately 3,200 yr Bp) and both species survived a population
bottleneck (or, in the thylacine’s case, at least long-term low Ne due
to island insularity), resulting in low genetic diversity in Tasmania
(Briiniche-Olsen et al., 2014). In contrast, tiger quolls and eastern
quolls (the next largest marsupial carnivores in Tasmania and eastern
Australia) did not go extinct on the mainland and have higher levels
of genetic diversity (Firestone, Elphinstone, Sherwin & Houlden,
1999). This suggests that an ecological crisis severely impacted thy-
lacines and devils, sometime in the mid- to late-Holocene, but did
not affect other marsupial carnivores. Habitat preferences (quolls
favour wetter forest, while thylacines and devils were more abun-
dant in drier, open sclerophyll forest) may explain the contrasting
response (Jones & Barmuta, 2000; Jones & Stoddart, 1998).

We cannot support or refute the hypothesis that thylacines
underwent an abrupt bottleneck at the same time as devils, but we
suggest that our results do support an environmental change in Tas-
mania at that time. The overall similarity in demographic histories
suggests that a regime shift in the broad Tasmanian ecosystem
caused population declines in both species. Given the absence of
other drivers evident in Tasmania at the time, Briiniche-Olsen et al.
(2014) propose the intensification of the ENSO climate system as
the driver of the devils late-Holocene decline. During the late-Holo-
cene, ENSO associated events resulted in greater variability in rain-
fall and increased duration and intensity of droughts across Australia
(Donders et al., 2008). Although this climate variability is assumed to
have been less pronounced in Tasmania than on the mainland (Don-
ders et al., 2007), several studies of palaeoecological proxies have
linked vegetation changes and fire events on the island to ENSO
activity (Beck, Fletcher, Gadd, Heijnis & Jacobsen, 2017; Fletcher
et al., 2014; Stahle, Whitlock & Haberle, 2016).

Unstable climate, changes in vegetation states and altered fire
regimes have been linked to changes in vertebrate population
dynamics on the Australian mainland and other continents (Dortch,
2004; Hadly, 1996; Jaksic, Silva, Meserve & Gutiérrez, 1997; Lima,
Stenseth & Jaksic, 2002; Marshal, Owen-Smith, Whyte & Stenseth,
2011). To test for a relationship between ENSO-linked environmen-
tal change and population size changes in the Tasmanian thylacine
and devils, a greater understanding of prey abundances in Tasmania
during the late-Holocene is needed.

4.4 | Implications for the devil and thylacine
mainland extinctions

It has been assumed that ENSO activity had minimal impact on Tas-
mania. However, our results and other recent studies show that cli-
mate change may have impacted the top marsupial predators on the

island. Given that climate change impacts are known to have been

more severe on the mainland, this could indicate that ENSO activi-
ties have been underestimated as a potential driver of the devil and
thylacine’s mainland extinctions. Alternatively, the contrasting out-
comes of mainland extinction and island survival may suggest that
climate change alone was insufficient to cause the mainland extinc-
tions. This is congruent with a recent simulation study that identified
synergistic effects of climate change and human intensification as a
probable cause of the thylacine and devil mainland extinctions
(Prowse et al., 2013).

4.5 | Summary

Using the largest dataset of thylacine DNA sequences to date we
provide the first genetic evidence that mainland thylacines split into
eastern and western remnant populations in southern Australia prior
to the LGM and show that the ancient western population had a lar-
ger effective population size than the recent Tasmanian population.
We find no evidence for a loss of genetic diversity leading to the
extinction of the western population, indicating that the mainland
extinction was rapid and not the result of intrinsic factors, such as
inbreeding depression.

We showed that, like devils, Tasmanian thylacines had relatively
low genetic diversity, the result of a bottleneck event or island insu-
larity. However, unlike Tasmanian devils, our analyses suggest that
the Tasmanian thylacine population was expanding prior to European
arrival. The timing of this expansion, in concert with a decline in Tas-
manian devils and an ENSO-associated climate event, points to a
possible environmental regime shift in Tasmania c. 3,000 yr Bp.
Given that ENSO effects are known to have been more severe on
mainland Australia, we suggest that climate change, in synergy with
other drivers (such as human intensification or dingo competition/
predation), is likely to have contributed to the devil and thylacine
mainland extinction.

To gain further understanding of the thylacine’s demographic his-
tory and processes that led to their extinction, future studies should
focus on multiple nuclear loci and strive for increased sampling in
south-central and eastern mainland Australia. The Fossahul database
(https://doi.org/10.4227/05/564€6209c4fe8) of dated Australian
fossils lists 32 thylacine fossils from south-central (i.e. South Aus-
tralia and Victoria) and 27 from eastern (i.e. NSW and Queensland)
mainland Australia (Rodriguez-Rey et al., 2016). While this list does
not include undated material and many of the listed fossils are of an
age outside the range from which it would be possible to retrieve
DNA, the database shows the plausibility of filling in our sampling
gaps in the future.

Climate projections predict a hotter and more arid climate
across Australia in coming decades, which will exacerbate and add
to existing threats to native species (CSIRO and Bureau of Mete-
orology, 2015). Therefore, understanding the impact of past cli-
mate change on Australian native fauna and disentangling its
effects from that of human pressure and invasive species is criti-
cal for understanding extinction risk and focusing conservation

efforts in the future.
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