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Evidence that disease-induced population decline
changes genetic structure and alters dispersal
patterns in the Tasmanian devil
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Infectious disease has been shown to be a major cause of
population declines in wild animals. However, there remains
little empirical evidence on the genetic consequences of
disease-mediated population declines, or how such pertur-
bations might affect demographic processes such as
dispersal. Devil facial tumour disease (DFTD) has resulted
in the rapid decline of the Tasmanian devil, Sarcophilus
harrisii, and threatens to cause extinction. Using 10 micro-
satellite DNA markers, we compared genetic diversity
and structure before and after DFTD outbreaks in three
Tasmanian devil populations to assess the genetic con-
sequences of disease-induced population decline. We also
used both genetic and demographic data to investigate
dispersal patterns in Tasmanian devils along the east coast
of Tasmania. We observed a significant increase in inbreed-
ing (FIS pre/post-disease �0.030/0.012, Po0.05; related-
ness pre/post-disease 0.011/0.038, P¼ 0.06) in devil
populations after just 2–3 generations of disease arrival,

but no detectable change in genetic diversity. Furthermore,
although there was no subdivision apparent among
pre-disease populations (y¼ 0.005, 95% confidence interval
(CI) �0.003 to 0.017), we found significant genetic differ-
entiation among populations post-disease (y¼ 0.020, 0.010–
0.027), apparently driven by a combination of selection and
altered dispersal patterns of females in disease-affected
populations. We also show that dispersal is male-biased in
devils and that dispersal distances follow a typical leptokurtic
distribution. Our results show that disease can result in
genetic and demographic changes in host populations over
few generations and short time scales. Ongoing manage-
ment of Tasmanian devils must now attempt to maintain
genetic variability in this species through actions designed to
reverse the detrimental effects of inbreeding and subdivision
in disease-affected populations.
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Introduction

Infectious diseases are increasingly recognized as
important drivers of population declines, and even
extinctions (de Castro and Bolker, 2005; Smith et al.,
2006; Pedersen et al., 2007). Rapid declines in population
size can lead to a loss of genetic diversity and elevated
levels of inbreeding, resulting in lowered fitness, reduced
adaptive potential and increased probability of extinction
(Gilpin and Soulé, 1986). However, despite the rise in
emerging infectious diseases worldwide (Jones et al.,
2008a) and their potential to negatively impact the
genetic viability of host populations, there are still few
studies investigating the genetic consequences of
epizootics for host populations (Trudeau et al., 2004;
Valsecchi et al., 2004; Teacher et al., 2009).

Populations in decline are predicted to lose genetic
diversity by both a loss of allelic diversity and a
reduction in heterozygosity. The former is predicted to

occur first, because rare alleles that contribute little to
heterozygosity are more easily lost during population
size reductions (Nei et al., 1975; Cornuet and Luikart,
1996). The few empirical studies investigating the genetic
consequences of disease-induced bottlenecks reveal that
although some populations do lose genetic diversity
following disease impacts (Trudeau et al., 2004; Foster
et al., 2007), others do not (Queney et al., 2000; Teacher
et al., 2009); this result has also been found for
populations that have undergone bottlenecks not asso-
ciated with disease (Carson, 1990; Flagstad et al., 2003;
Hailer et al., 2006). Indeed, the impact of a population
size reduction on genetic diversity depends on the
intensity of the perturbation, the length of time before
recovery and the rate of recovery to original population
numbers (England et al., 2003). Formulating generalized
predictions regarding the consequences of infectious
disease epidemics on host genetic diversity is therefore
difficult, and further studies are needed to elucidate the
extent to which they negatively impact host genetic
diversity.

Another likely consequence of population decline is a
change in dispersal patterns, because behavioural
mechanisms driving dispersal decisions are influenced
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by population density (Greenwood, 1980; Travis et al.,
1999). As population density declines, decreased dis-
persal may result, thereby decreasing gene flow among
sub-populations, leading to loss of genetic diversity
through genetic drift (Bohonak, 1999; Busch et al., 2009).
Alternatively, an increase in dispersal rates at low
population densities may not only counteract the effects
of genetic drift but can also swamp local genetic
adaptation (Slatkin, 1987; Pope et al., 2007). Because
dispersing individuals can be a significant factor in the
spread of infectious diseases (Hosseini et al., 2006), and
because disease management strategies often involve
population perturbation (for example, culling regimes;
Wobeser, 2002), understanding the scale of dispersal and
the relationship of dispersal patterns to population
density is important for conserving species threatened
by disease (Donnelly et al., 2003). However, inherent
difficulties in obtaining temporally stratified genetic
samples both before and after disease have resulted in
a dearth of studies of the consequences of disease
epidemics for dispersal patterns (Nunn et al., 2008).

The Tasmanian devil (Sarcophilus harrisii), the largest
carnivorous marsupial, is threatened with extinction as a
result of an epidemic of an infectious cancer, devil facial
tumour disease (DFTD) (McCallum et al., 2007). The
tumour is an infectious cell line, thought to be
transmitted between individuals by biting, that is able
to elude the immune system because of very low genetic
diversity at the functional major histocompatibility
complex gene complex associated with tumour recogni-
tion (Siddle et al., 2007). This consistently fatal disease
leads to altered population age structures and major
declines in population size (Hawkins et al., 2006; Lachish
et al., 2007; Jones et al., 2008b; McCallum et al., 2009).
Thus, DFTD has the potential to jeopardize severely the
genetic viability of affected populations.

In this study, we used microsatellite DNA data to
estimate the impact of an infectious disease epidemic on
genetic diversity, genetic structure and dispersal patterns
in Tasmanian devils. We examined whether DFTD-
driven population decline has reduced genetic diversity
in Tasmanian devil populations. In addition, we inves-
tigated whether altered dispersal rates of devils in
low-density, disease-affected populations have resulted
in changes to gene flow and population genetic structure.
We also used a combination of individual-based genetic
analyses and available demographic records of dispersal
events to investigate dispersal patterns and estimate
average dispersal distance in Tasmanian devils along the
east coast of Tasmania.

Methods

Study sites and sample collection
From October 2005 to July 2007, we sampled a total of
309 adult devils (devils aged 2 years and older) from
seven sites (n¼ 22–69 per site; Table 1) spanning 230 km
along the east coast of Tasmania (Figure 1). Ear tissue
biopsies were taken from trapped animals (see Hawkins
et al., 2006 for trapping protocols) and the location of
each trapped animal recorded using a GPS. The coastal
area sampled is bounded to the west by the Eastern Tiers
range (800 m) and dominated by dry sclerophyll forests
and coastal heath interspersed with grazing/agricultural

land. It represents a linear stretch of continuous habitat
for devils with no major barriers to movement (no large
rivers, mountain ranges, major roads or large cities).

Table 1 Genetic differentiation (FST) among populations of Tasma-
nian devils on the east coast of Tasmania

Locus Pre-disease Post-disease East Coast

Sh2i (0.205) �0.006 0.019
Sh2g 0.006 0.027 0.078
Sh2v �0.003 0.029 0.034
Sh2p 0.006 (0.096) (0.122)
Sh3a �0.009 0.018 0.041
Sh3o 0.002 0.036 0.052
Sh6l 0.015 0.011 0.002
Sh2l �0.005 �0.007 0.009
Sh5c �0.007 0.018 0.022
Sh6e 0.039 �0.002 0.002
FST 0.005

(�0.003–0.017)
0.020

(0.010–0.027)**
0.033

(0.015–0.048)**

Loci found to be under selection are shown italicized and in
parentheses. FST gives the overall FST (with 95% confidence interval)
calculated with both the loci identified as being under selection
excluded (see Methods and Results sections). **Denotes significant
genetic differentiation at Po0.001.

Figure 1 Map showing the island of Tasmania in relation to
Australia and the location of the genetic sampling sites. The years
shown in parentheses next to each site indicate approximate arrival
year of devil facial tumour disease at each site. The three
populations marked by an asterisk were used in the pre- and
post-disease analyses.
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DFTD was present in all seven locations during our
study, although the estimated time of disease arrival at
each site varied from 2 to 10 years before sampling
(Figure 1; Hawkins et al., 2006). We refer to all these
seven east coast sites that we sampled post-disease as
‘East Coast’.

For three of these seven East Coast sites (Freycinet,
FNP; Little Swanport, LS; and Pawleena, PA; Figure 1),
we had existing genetic data from samples collected in
1999 (Jones et al., 2004), which we used to directly
compare genetic diversity before and after the onset of
the disease outbreak. Substantial trapping throughout
1999–2000 at FNP and PA confirmed that they were
disease-free at this time (Hawkins et al., 2006; Lachish
et al., 2007). Although disease was likely present at very
low prevalence in 1999 at LS (first unconfirmed DFTD
case in late 1999, Hawkins et al., 2006), population
density was high and the population age structure
(which changes markedly after disease arrival, Lachish
et al., 2009) was intact (MEJ, unpublished data). The FNP
population of devils has declined 470% since disease
arrival (Lachish et al., 2007) with similar, or greater,
declines recorded state-wide in all disease-affected devil
populations, including LS and PA (Hawkins et al., 2006;
McCallum et al., 2007; MEJ, unpublished data). For
simplicity, we refer to the 1999 data for these three sites
as ‘pre-disease’ and the 2005–2007 data for these three
sites as ‘post-disease’, even though disease was still
present at all three sites in 2005–2007. Pre-disease and
post-disease samples constitute different generations
because devils live a maximum of 6 years.

Laboratory methods
Genomic DNA was extracted from ear tissue biopsies
stored at �20 1C in 70% ethanol by the Hot-SHOT
method (Truett et al., 2000). Genetic analyses were
conducted using 10 microsatellite loci (Jones et al., 2003;
Sh6b excluded). PCR amplifications contained 2.5 mM

MgCl2 (Promega, Sydney, Australia), 1.5 pM forward
primer, 3.75 nM reverse primer, 0.2 mM of each dNTP,
PCR buffer (670 mM Tris-HCL, pH8.8, 4.5% Triton X-100,
166 mM (NH4)2 SO4, 2 mg ml�1 gelatin), 0.5 U PromegaTaq
and 1ml (B50 ng) of DNA. Reaction conditions were
as described by Jones et al. (2003). PCR products were
screened concurrently in three groups as follows: (a)
Sh3o/Sh3a/Sh6l, (b) Sh6e/Sh5c/Sh2l, (c) Sh2g/Sh2v/
Sh2i/Sh2p. Forward primers were labelled with
WellRED fluorescent dyes (D2, D3 or D4, Sigma-Proligo,
Sydney, Australia) and genotypes determined by com-
paring products against a size standard (D1 dye) using
a Beckman-Coulter CEQ8000XL sequencer (Galesville,
Australia). We tested for the presence of null alleles at all
loci using MICRO-CHECKER 2.2.3 (Van Oosterhout et al.,
2004).

To compare our data directly with that obtained by
Jones et al. (2004) using polyacrylamide-gel technology
(ABI-373, Applied Biosystems, Mulgrave, Australia), 39
of the samples collected in 1999 (representing at least
three replicates of all previously recorded alleles) were
re-amplified and genotyped on the Beckman sequencer
(Farmer, 2006). All replicate alleles amplified consistently
and allele spacings were identical between the two
systems. On the basis of these comparisons, we adjusted
our allele scoring to match the original data set by calling

allele sizes as follows: Sh2i/-6 bases; Sh2g/-6 bases;
Sh2v/-8 bases; Sh3o/-6 bases; Sh5c/-7 bases; Sh6e/-7
bases; Sh6 l/-4 bases; Sh2l/-6 bases; Sh2p/-5 bases;
Sh3a/-5 bases.

Data analysis
Tests for linkage disequilibrium and Hardy–Weinberg
equilibrium (HWE) were conducted on data for all East
Coast sites and for all loci using exact tests (Guo and
Thompson, 1992) implemented in the program GENE-
POP 4.0 (Raymond and Rousset, 1995), using the
sequential Bonferroni correction to account for multiple-
related tests (Rice, 1989). Single- and multi-locus FIS

(Wrights fixation index, f) values were calculated using
FSTAT (available from http://www2.unil.ch/popgen/
softwares/fstat.htm) (Goudet, 1995) to determine if
departures from HWE represented heterozygote defi-
ciency or excess. Genetic diversity measures for all sites
including the mean number of alleles per locus, allelic
richness (the number of alleles per locus standardized for
differences in sample size), observed and expected
heterozygosity were calculated using FSTAT (Goudet,
1995). We assessed the possibility that microsatellite
markers were sex-linked by comparing allele frequencies
between males and females.

Disease impacts on population subdivision
To understand changes in genetic structuring following
disease impacts, we estimated the level of differentiation
among the three pre-disease and post-disease sites and
among all seven East Coast sites using estimates of FST

(which was calculated as y, an unbiased estimator of FST;
Weir and Cockerham, 1984). Because FST values are
correlated with heterozygosity levels, outliers from this
relationship can indicate either directional (FST higher
than expected) or balancing selection (FST lower than
expected; Beaumont and Nichols, 1996). We tested this
relationship for each locus in all three data sets (pre-
disease, post-disease and East Coast sites) using Fdist
(Beaumont and Nichols, 1996) as implemented through
LOSITAN (with 20 000 simulations, 95% confidence
interval (CI), and the neutral and forced-mean FST
options, Antao et al., 2008). Mean overall FST was
calculated by jack-knifing over loci with departure from
panmixia tested using bootstrap 95% CI in FSTAT
(Goudet, 1995). The inclusion of non-neutral loci can
bias the calculation of FST values, genetic diversity
measures and effective population sizes. Accordingly,
the two loci found to show signs of being under selection
(see Results) were omitted from analyses of population
differentiation, comparisons between groups, M-ratios
and the temporal method (for Ne estimation, see below).
Estimates of dispersal patterns (spatial autocorrelation
analyses and isolation-by-distance (IBD) regression
analyses; see below) were not affected whether the two
loci potentially under selection were included or
excluded.

Disease impacts on genetic diversity
Changes in genetic diversity pre- and post-disease at
FNP, LS and PA were assessed using the FSTAT
permutation analysis for comparison between groups
(Goudet, 1995, with 10 000 permutations) on measures of
allelic richness, observed heterozygosity (HO), unbiased
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expected heterozygosity (HE), FIS and relatedness (Rel).
These measures of genetic diversity were also used to
assess genetic diversity among East Coast sites (using
analysis of variance, performed in R version 2.7.1) with
significance of FIS within each site determined by
permutation in FSTAT.

We tested for reductions in population size and loss of
genetic diversity by examining changes to the ratios of
allelic number to allelic size range (M-ratios; Garza and
Williamson, 2001) in the pre- and post-disease popula-
tions. The value of M decreases when a population is
reduced in size because the number of alleles should
decline faster than the allelic size range during a
population reduction (Garza and Williamson, 2001).
An M-value o0.68 indicates a bottleneck (for a data set
using 47 loci; Garza and Williamson, 2001). We further
tested for a genetic signature of population decline in the
three populations sampled pre- and post-disease by
the ‘temporal method’, which tests for small Ne based on
the changes in the variance of allele frequencies between
two samples (Waples, 1989; Luikart et al., 1998). As the
generation time of devils is 2 years (Lachish et al., 2009),
we calculated Ne assuming that either two or three
generations had passed between disease arrival and
post-disease sampling. We considered the population to
have undergone a bottleneck if the estimated Ne was
o28, which was the critical value when using 45
microsatellite markers and sampling 30 individuals
before and after the bottleneck (Luikart and Cornuet,
1998; Luikart et al., 1998).

Disease impacts on dispersal patterns
Changes to dispersal patterns following disease impacts
were inferred from patterns of spatial genetic structure in
two ways. First, we performed multiple-distance class
spatial autocorrelation analyses (with 10 km distance
classes) for all individuals and for females and males
separately in the pre- and post-disease populations,
using GENALEX 6.2 (see Peakall et al., 2003; Double et al.,
2005; Peakall and Smouse, 2005 for full description).
Second, because changes to dispersal patterns will affect
patterns of IBD (Leblois et al., 2004), we examined
changes in the strength of IBD across the three popula-
tions based on all individuals, and on males and females
separately, by regressing â on pairwise inter-individual
log-transformed geographical distances and retaining the
slope parameter, b, from each regression (performed in
Excel, as described by Knight et al., 1999; Stow et al.,
2001). A randomization test (10000 iterations) was used
to determine if there was a significant difference in the
mean b (strength of IBD) of each group pre- and post-
disease (Hood, 2006).

Dispersal patterns and genetic estimate of dispersal

distance
To estimate the spatial scale of dispersal and neighbour-
hood size across East Coast sites, we used a global spatial
autocorrelation analysis with variable distance classes
(5 km classes to 110 km; 20 km classes beyond that) to
account for distances of between 0 and 238 km, using
GENALEX6.2 (Peakall and Smouse, 2005). Significance of
the global correlogram was determined with a non-
parametric heterogeneity test (Smouse et al., 2008). As
detection of significant structure is influenced by the

range of distances over which autocorrelation is calcu-
lated (Peakall et al., 2003), we also performed a multiple-
distance class analysis for all individuals across the seven
sites. Fine-scale genetic structuring was assessed by
conducting spatial autocorrelation analyses within each of
the seven East Coast sites, with distance intervals of 3 km.

Because the spatial scale over which IBD develops is
proportional to the scale of gene flow (Rousset, 1997), the
relationship (linear regression) between pairwise genetic
and geographical distances of individuals may be used
to infer information on individual dispersal distance
(s; see Rousset, 2000). In general, the inverse of the slope
(b) of this regression provides an estimate of the product
4pDs2, where D is the effective population density
(Broquet et al., 2006). GENEPOP (Raymond and Rousset,
1995) was used to calculate b from the regression of â
against pairwise log-transformed geographical distance
for all individuals and to compute a 95% CI for b using
the ABC bootstrap procedure. This analysis was repeated
using the statistic ê, to obtain a more robust upper bound
to our estimate of neighbourhood size, as recommended
by Watts and Rousset (2007). To estimate effective
density (D), the area of each site was calculated as the
total area within the polygon demarcated by the most
extreme trap locations plus a 2 km buffer (approximate
radius of a devil home range) added to all land
boundaries. Population size estimates were obtained
for each sampling trip made to each site within the
period of genetic sampling using closed population
mark-recapture models in program CAPTURE (see Haw-
kins et al., 2006 for trapping protocols and statistical
details; Model Mth, Otis et al., 1978). To obtain estimates
of effective population size, we multiplied our mark-
recapture population estimates by 0.11; the average ratio
of Ne/N for wild populations reported by Frankham
(1995) in his survey of more than 100 species. Effective
population densities (effective population size/area) for
each trip at each site were averaged to obtain an estimate
of effective population density across all seven East
Coast sites.

Sex-biased dispersal should result in stronger spatial
autocorrelation (Peakall et al., 2003), greater genetic
distances, as well as stronger IBD for the more
philopatric sex (Handley and Perrin, 2007). We tested
for evidence of sex-biased dispersal in Tasmanian devils
in three ways, on the basis of the data from the East
Coast sites. First, global spatial autocorrelation analyses
were performed as described above, but for males and
females separately. Second, Mantel tests (10 000 simula-
tions) were used to test for congruence between matrices
of pairwise genetic distance and pairwise log-trans-
formed geographical distance for male–male and
female–female pairs. Third, the slope parameter, b, was
obtained from separate regressions of â on pairwise inter-
individual log-transformed geographical distances calcu-
lated per individual for all female–female pairs and all
male–male pairs (see description above and Knight et al.,
1999; Stow et al., 2001). Randomization (10 000 iterations)
was used to test the assumption of no difference between
mean b for females and males (Hood, 2006).

Direct estimate of dispersal
As part of the Tasmanian government’s extensive disease
monitoring program, intensive surveys have been con-
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ducted across the entirety of the devil’s range (60 sites
surveyed an average of 3.2 times each). To obtain a direct
estimate of the dispersal distance of devils, we searched
this database of live devil captures for all individuals
captured at multiple survey sites. We determined the
distance ‘moved’ by these individuals as the straightline
distances between their furthest two capture locations.
These movements were considered dispersal events if
the individual was a juvenile or sub-adult at its first
capture.

Results

There was no evidence for genotyping errors or null
alleles at any locus, nor was there evidence of linkage
disequilibrium between any pair of loci. All sites
appeared to be largely in HWE. Only three of the 70
locus� site tests for departures from HWE were sig-
nificant following Bonferroni correction: two due to
heterozygote excesses (Sh2v; f¼�0.301 and Sh2p;
f¼�0.601 at Mt William) and one due to heterozygote
deficiency (Sh2p; f¼ 0.320 at LS). No loci showed
evidence of sex linkage (allele frequencies for all loci
differed by less than 10% between males and females).

Population subdivision pre- and post-disease
Two loci were identified as candidates for directional
selection (FST values greater than the upper 0.025%
confidence limit of the simulated null distribution) and
were omitted from analyses. These were locus Sh2i in the
pre-disease populations (P¼ 0.014) and locus Sh2p in
both the post-disease populations (P¼ 0.061) and in all
seven East Coast sites (P¼ 0.015) (Table 1). Investigating
genetic differentiation pre- and post-disease revealed
that, before DFTD outbreak and population decline,
there was no evidence of genetic subdivision among the
FNP, LS and PA sites (FST¼ 0.005, 95% CI �0.003 to 0.017,
P¼ 0.328, Table 1). However, in as few as 4 years
following disease arrival, significant subdivision has
developed among the three sites (FST¼ 0.020, 95% CI

0.010–0.027, P¼ 0.0001, Table 1). Significant overall
genetic differentiation was also found across all seven
East Coast sites (Table 1).

Disease impacts on genetic diversity
Measures of genetic diversity were low for all sites
(Table 2, see Supplementary material for allele frequen-
cies and genetic diversity measures per locus). We found
a significant increase in FIS post-disease and a trend
towards increased relatedness between individuals post-
disease, consistent with higher levels of inbreeding
following disease-induced demographic decline (Table 3).
There were no significant differences in allelic richness,
observed heterozygosity or expected heterozygosity
between the pre- and post-disease populations (Table 3).
Nevertheless, all M-ratios pre- and post-disease were
below the critical value of 0.68 and all declined post-
disease (LS pre-/post¼ 0.600/0.579; FNP 0.648/0.639; PA
0.593/0.532), suggesting that disease-driven population
decline may be contributing to the loss of genetic
diversity in these three populations. Low initial values
of M-ratios in pre-disease devil populations are consis-
tent with founder effects or past population bottlenecks
(Jones et al., 2004). The temporal method revealed no

Table 2 Genetic diversity of Tasmanian devils at three pre-disease locations and the seven post-disease East Coast sites calculated using
10 microsatellite markers

Years N # M/F A AR HO HE FIS

Pre-disease sites
Little Swanport (LS) 1999 41 19/22 3.3 3.231 0.428 0.427 �0.006
Freycinet Peninsula (FNP) 1999 70 32/38 3.5 3.022 0.443 0.427 �0.034
Pawleena (PA) 1999 35 17/18 3.3 3.301 0.421 0.425 0.009

All three pre-disease sites 146 68/78 3.4 3.243 0.433 0.426 �0.018

East coast sites (post-disease)
Little Swanport (LS) 2006/7 55 32/23 3.3 3.031 0.436 0.446 0.035
Freycinet Peninsula (FNP) 2006/7 69 36/33 3.7 3.228 0.404 0.420 0.031
Pawleena (PA) 2006 22 13/9 3.0 3.010 0.405 0.415 0.026

All three post-disease sites 146 81/65 3.3 3.086 0.414 0.428 0.031

Dunalley (DY) 2006/7 35 15/20 3.2 2.981 0.400 0.394 �0.028
Forestier Peninsula (FO) 2006/7 57 25/32 2.9 2.673 0.334 0.343 0.029
Mt William (MW) 2005/6 38 20/18 2.7 2.623 0.482 0.431 �0.119*
St Marys (SM) 2006 33 18/15 2.9 2.773 0.361 0.388 0.073

All seven East Cost Sites 309 159/150 3.8 2.901 0.403 0.405 0.011

Parameters shown are the years when genetic samples were collected, the number of individuals genotyped (N), the number of males and
females genotyped (# M/F), the mean number of alleles per locus (A), allelic richness (AR), observed heterozygosity (HO), unbiased expected
heterozygosity (HE) and multi-locus FIS (*Po0.01).

Table 3 Results of FSTAT permutation analysis examining changes
in genetic diversity measures at three Tasmanian devil populations
sampled pre- and post-disease

Genetic diversity measurea Pre-
disease

Post-
disease

P
(10 000 permutations)

AR 3.185 3.139 0.830
HO 0.478 0.497 0.897
HE 0.464 0.463 0.999
FIS �0.030 0.012 0.044
Rel 0.011 0.038 0.064

Abbreviations: AR, allelic richness; FIS, inbreeding coefficient; HO,
observed heterozygosity; HE, unbiased expected heterozygosity;
Rel, relatedness.
aNon-neutral loci removed (see Methods and Results sections).
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indication of recent population bottlenecks having
occurred at any of the three populations in response to
disease-induced population decline, assuming either
two or three generations between samples (two genera-
tions: LS Ne¼ 46.68; FNP Ne¼ 79.432; PA Ne¼ 45.15,
three generations: LS Ne¼ 96.08; FNP Ne¼ 119.01; PA
Ne¼ 67.28). There were no significant differences in
genetic diversity among the seven East Coast sites (mean
number alleles, F(6,63)¼ 0.57, P¼ 0.75; allelic richness,
F(6,63)¼ 0.36, P¼ 0.90; observed heterozygosity, F(6,63)¼
0.32, P¼ 0.91, expected heterozygosity, F(6,63)¼ 0.28,
P¼ 0.94).

Changes to dispersal patterns following disease impacts
The establishment of DFTD appears to have had a
marked effect on dispersal of individuals. We observed a
37% reduction in the spatial extent of positive (non-
random) genetic structure following disease (from 80 to
50 km, Figure 2a). This appeared to be largely driven by
changes in female dispersal. The genetic similarity of
females within 30 km of each other increased signifi-
cantly post-disease, and the spatial extent of detectable
positive genetic structure for females was significantly
reduced post-disease (Figure 2b). No such pattern was
seen for males (Figure 2c). A reduction in dispersal rate/
distance of females post-disease was also supported by the
significantly steeper regression slope parameters for females
post-disease (Table 4). Although this parameter did not
change significantly for males post-disease, the trend was in
the same direction as observed for females (Table 4).

Dispersal patterns and genetic estimate of dispersal

distance in Tasmanian devils
The global spatial autocorrelation analysis revealed
significant positive genetic structure along the East Coast
(Heterogeneity test; o¼ 237.08 Po0.001, Figure 3a).
Individuals within 20 km of each other were more

genetically similar than any two random individuals,
with the first x-intercept of the correlogram indicating a
genetic patch size of 28.7 km (Figure 3a). The true spatial
extent of genetic structuring in Tasmanian devils extends
to 110 km (interestingly, also the furthest dispersal
distance recorded from trapping, see below) with the
genetic similarity between individuals decreasing with
increasing distance, indicating geographically restricted
non-random dispersal (Figure 3b). Spatial autocorrela-
tion analyses within East Coast sites revealed no
evidence of fine-scale genetic structuring in any of the
East Coast sites (results not shown).

We detected a distinct genetic signature of male-biased
dispersal in this study. Although males and females
both showed evidence of spatial genetic structuring
(ofemales¼ 217.20, Po0.001; omales¼ 147.94, Po0.001),
females within 5 km of each other were genetically more
similar than were males within this distance (Figures 4a
and b). Furthermore, IBD patterns were stronger in
females than males, as revealed by Mantel tests (Table 5a)
and slope parameters (Table 5b). IBD was also apparent
among individuals across the seven East Coast sites
(r¼ 0.72, P¼ 0.022). The slope, b, of the regression of â

Table 4 Results of two-sample randomization tests showing
differences in the strength of isolation-by-distance among Tasma-
nian devils pre- and post-disease

Pre-disease Post-disease Diff P

b s.d. b s.d.

All individuals 0.010 0.013 0.009 0.019 0.001 0.166
Females 0.012 0.017 0.023 0.036 0.012 0.007
Males 0.006 0.013 0.007 0.014 0.001 0.186

Abbreviations: b, the mean slope parameter estimated from all
individual regressions of pairwise genetic distance on pairwise
geographic distance; diff, absolute difference between means.

Figure 2 Correlogram plots of spatial genetic autocorrelation in Tasmanian devils sampled at three sites on the east coast of Tasmania
showing the combined correlation coefficient (rc) as a function of increasing distance for (a) all individuals pre- (�) and post- (J) disease;
(b) all females pre- (m) and post- (n) disease; and (c) all males pre- (’) and post- (&) disease. Error bars indicate 95% CI as determined by
bootstrapping, and dashed lines show the permuted 95% CI for the null hypothesis of no genetic structure. Arrows indicate the extent of
detectable (significant) positive genetic structure in the pre-disease (solid arrow) and post-disease (open arrow) populations.
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versus log geographic distance was estimated as 0.01
(95% CI 0.005–0.019). This translates to a neighbourhood
size (4pDs2) of 97 individuals (95% CI 53–184 indivi-

duals). The estimate of effective density across the East
Coast was 0.036 individuals km�2 (range: 0.007–0.113
individual km�2) giving an indirect estimate of mean
dispersal distance (s) in devils of 14.18 km (95% CI 10.80–
20.16 km).

Direct estimate of dispersal in Tasmanian devils
Interrogation of the statewide disease-monitoring
database revealed only 15 records of dispersal events
(sub-adult or juvenile individuals moving between
survey sites) in more than 76 000 trap-nights involving
3155 individuals (only two records of adults moving
between sites were found). These seven females and
eight males dispersed on average 30.28 km (mean
distance males¼ 20.27±7.37 km (95% CI); fema-
les¼ 42.03±28.08 km), with a broad range of dispersal
distances recorded (12.5–109.3 km). This direct demo-
graphic dispersal estimate is approximately twice that
obtained by the indirect genetic method, although the
median dispersal distance (18.98 km, which places less
emphasis on the single long-distance dispersal event
recorded) does lie within the 95% CI of the indirect
estimate.

Figure 3 Spatial genetic structure in Tasmanian devils sampled at seven sites on the east coast of Tasmania showing (a) correlogram plot of
the correlation coefficient for all individuals along the East Coast as a function of distance; (b) the combined correlation coefficient of all
individuals as a function of increasing distance. Error bars indicate 95% CI for r or rc as determined by bootstrapping, and dashed lines show
the permuted 95% CI for the null hypothesis of no genetic structure. The arrow indicates the extent of detectable (significant) positive genetic
structure.

Figure 4 Correlogram plots of spatial genetic autocorrelation in Tasmanian devils sampled at seven sites on the east coast of Tasmania
showing the correlation coefficient for (a) all females (n) and (b) all males (&) along the East Coast as a function of distance. Error bars
indicate 95%CI as determined by bootstrapping, and dashed lines show the permuted 95% CI for the null hypothesis of no genetic structure.

Table 5 Results of tests to infer sex-biased dispersal patterns in
Tasmanian devils: (a) Mantel tests of the correlation (r) between
pairwise genetic and (logarithmic) geographical distances for
females and males; (b) two-sample randomization test of the
difference in strength of isolation-by-distance (IBD) in females
and males

r P

(a) Mantel tests
Females 0.112 o0.001
Males 0.058 0.004

b s.d. Diff P

(b) Strength of IBD test
Females 0.014 0.021
Males 0.008 0.017 0.005 0.015

Abbreviations: b, the mean slope parameter estimated from all
individual regressions of pairwise genetic distance on pairwise
geographic distance; diff, absolute difference between means.
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Discussion

Using temporally replicated spatial genetic data, we
report that population decline following an epidemic of
an emerging infectious disease is affecting population
genetic structure in Tasmanian devils. Despite the
relatively few generations since the establishment of
DFTD in Tasmanian devil populations, there is evidence
of increased inbreeding, greater population genetic
differentiation, changing selection regimes and reduction
in the dispersal movements of females. Recent studies of
disease-induced genetic changes in wildlife populations
(Teacher et al., 2009; Trudeau et al., 2004) have based
inferences on spatially replicated diseased/disease-free
sites, potentially confounding site differences as an
explanatory factor. Our paper represents one of few
studies to have directly investigated the population
genetic impacts of a wildlife disease epidemic for the
host population from a baseline of pre-disease genetic
data. Our results highlight that wildlife epizootics can
have detectable effects on host population dynamics and
genetic structure over only a few generations and across
short time scales.

The consequences of DFTD-induced population decline

for genetic diversity
Several processes could cause the elevated FIS observed
post-disease relative to pre-disease in this study: popula-
tion subdivision (the Wahlund effect), selection and
inbreeding (or assortative mating) (Frankham et al.,
2002). Neither population subdivision nor selection is a
likely candidate in this study, as there were no
departures from HWE and analyses were conducted
with purportedly neutral markers. The trend towards
increased relatedness between individuals post-disease
suggests that the elevated FIS observed in this study
indicates increased inbreeding occurring in the
decimated post-disease populations.

Despite substantial population declines occurring at all
three populations (Hawkins et al., 2006; Lachish et al.,
2007; McCallum et al., 2007), we did not find strong
evidence for a reduction in genetic diversity 4–7 years
following disease outbreak (though lower M-ratios post-
disease suggest that some loss of genetic diversity is
occurring). In addition, no population bottlenecks were
inferred from the temporal method, which is a powerful
method for detecting recent population bottlenecks,
when sampling 430 individuals before and after a
bottleneck and utilizing more than five polymorphic loci
(Luikart et al., 1998). We think it unlikely that inadequate
sampling has limited our power to detect bottlenecks
and changes in genetic diversity because both samples
sizes and the number of polymorphic loci used in this
study are robust (see also discussion by Jones et al., 2004)
and because we were able to detect significant changes in
other parameters measured pre- and post-disease arrival
(FIS, IBD and genetic correlation measures).

There are two plausible explanations for the retention
of genetic diversity in Tasmanian devils following DFTD
outbreaks. First, genetic diversity in post-disease popula-
tions may have been maintained by dispersal. Although
we found evidence for reduced dispersal post-disease
among females and significantly greater genetic differ-
entiation between post-disease populations (see discus-

sion below), the value for FST post-disease (0.02) suggests
some migration between sites. Immigration between
populations was deemed the reason that genetic diver-
sity in common frogs was retained following Ranavirus
epidemics (Teacher et al., 2009). Second, it is likely that
despite ongoing population reductions of 470% at the
time of sampling, simply too little time had passed since
disease arrival (a maximum of 7 years and three
generations) for substantial reductions in Ne and con-
sequent changes to genetic diversity to have occurred.
A similar conclusion was reached in a study that found
no change in genetic diversity two generations after a
disease-induced population crash in rabbits (Queney
et al., 2000). In fact, simulations show that even the more
immediate effect of bottlenecks, reduced allelic diversity,
may not be severe in the first few generations following a
bottleneck (assuming Ne¼ 10 and 10 equally frequent alleles
in the pre-bottleneck population Allendorf, 1986). For this
reason, the evidence of increased inbreeding and suggestion
of a decline in genetic diversity from the M-ratio analysis
after only two to three generations is of concern.

Infectious diseases, by virtue of causing high mortality
rates and the well-established relationship between
genetic diversity and disease resistance, may be strong
selective agents in populations (Hudson et al., 2002).
Hence, selection may affect the impact of disease on the
genetic makeup of host populations. Our analyses
revealed that different loci were under directional
selection in the pre-disease (Sh2i) and post-disease
(Sh2p) populations. This change suggests that some
aspect of DFTD arrival and impact in populations altered
the selective environment for Tasmanian devils.
Although selection for differential disease susceptibility
in DFTD-affected devil populations remains to be tested,
we found that one allele at one locus (allele 226 at locus
Sh2i) present at high frequencies (40.340) in pre-disease
populations had been virtually lost in the post-disease
populations (o0.015). This may indicate a disease-
related selective sweep against individuals possessing
one or more genes linked to this allele.

Effects of disease on population genetic structure

and dispersal
A key finding of this study is that demographic decline
in devil populations following a disease epidemic has
increased genetic subdivision among populations. In
addition to the differential effects of selection operating
pre- and post-disease, the observed increase in FST could
have been driven either by the non-random loss of alleles
from populations or by changes to the dispersal patterns
of individuals within the populations. Although addi-
tional temporal genetic samples are needed to discern
the roles of these factors in driving population diver-
gence, our results showing altered dispersal patterns in
females post-disease in the absence of sex-linked loci
suggest that increased FST was at least in part driven by
altered dispersal patterns. We found higher levels of
genetic structure and reduced levels of gene flow among
females post-disease, which indicate that females did not
disperse either as far, or as often, in disease-affected
populations. As is typical of most polygynous mammals,
reproductive success in female devils is limited by their
ability to secure resources needed for reproduction (food
and den sites; M Jones, unpublished data; Handley and
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Perrin, 2007). It follows then, that when populations are
greatly diminished in size (following DFTD outbreak),
and resources become abundant, females do not need to
disperse as far or as frequently.

It is unlikely that this result is an artefact of different
sampling scales or sampling intensities as there was only
12 km difference between the furthest two individuals
(females or males) sampled pre- (112 km) and post-disease
(100 km), and sample sizes were identical pre- and post-
disease, although the ratio of males to females varied
(male/female pre-disease¼ 68/78, post-disease¼ 81/65).
Decreased dispersal rates following population decline
and leading to changes in genetic structure have been
reported in other mammal species (Bohonak, 1999;
Richardson et al., 2002; Sommer, 2003; Matthysen, 2005),
consistent with our findings in female devils.

This study provides the first evidence for male-biased
dispersal in Tasmanian devils, although demographic
records and genetic analyses show that both sexes do
disperse from their natal site. Devils display character-
istic female-defence polygyny (M Jones, unpublished,
data; Pemberton, 1990), in which local mate competition
in males is expected to exceed local resource competition
among females leading to male-biased dispersal (Pusey,
1987; Handley and Perrin, 2007). Although dispersal
patterns in male devils were not significantly altered in
disease-affected populations, there was a nonsignificant
increase in the strength of IBD, suggesting some
influence of disease-induced population decline on male
movements. Our ability to detect a change in dispersal
patterns in males may have been limited by the spatial
scale of the pre- and post-disease study (110 km), as gene
flow occurs at greater spatial scales in males. We did find
significant positive genetic structure in males across the
larger area of the post-disease East Coast (230 km),
suggesting this may be the case.

Dispersal patterns in Tasmanian devils: genetic versus

demographic estimates
The dispersal distances obtained by direct and indirect
methods were qualitatively similar and corresponded
well with the estimates of genetic patch size and the limit
of positive genetic structure revealed by spatial auto-
correlation analyses. Tasmanian devils have traditionally
been thought to disperse large distances (Pemberton,
1990). Here we have shown that, while long-distance
dispersal (to at least 110 km) does occur, dispersal
is characterized by much shorter range distances
(14–30 km), suggesting that exchange of individuals
among populations will be common only between
geographically proximate locations. Such leptokurtic dis-
tributions of dispersal distances are a commonly observed
feature of natural populations (Koenig et al., 1996).

Discrepancy between estimates of mean dispersal
distances (demographic estimate¼ 30.28 km; indirect
estimate¼ 14.2 km) most likely reflects the fact that the
indirect estimate was determined across uniformly low-
density, disease-affected populations, whereas the demo-
graphic estimate was determined from both healthy and
diseased populations, which varied greatly in density.
Population density is known to influence dispersal
distances (Lambin et al., 2001; Matthysen, 2005). In this
study, the longest recorded dispersal movement (110 km)
was undertaken by a female from a very high-density

population. Moreover, our analyses provided evidence
for reduced dispersal distances in low-density diseased
populations. In addition, the estimation of dispersal
distance (s) depends enormously on the reliability of
the estimate of effective population density. We currently
lack the demographic data (age and sex ratios and
variance in reproductive success) required to accurately
estimate effective population density and so assumed the
value for devils to be similar to that found in other
species. This approach seems appropriate, or even
conservative, given that carnivores are known to have
intrinsically small Ne (Creel, 1998) and that DFTD impacts
devil populations primarily by removing reproductively
active adults (Lachish et al., 2007; Jones et al., 2008b).

Conclusions
High disease-induced mortality rates and massive
reductions in population size as a result of the impacts
of DFTD on Tasmanian devils have, within just 2–3
generations of disease arrival, significantly altered
population genetic structure and resulted in an apparent
increase in inbreeding but not, as yet, significantly
reduced heterozygosity or allelic diversity. We suggest
that the short period of time (three generations) that has
elapsed since disease arrival precluded the detection of
significant changes to genetic diversity. Nevertheless,
evidence for both increased inbreeding and increased
population differentiation post-disease suggest that
processes capable of driving the loss of genetic diversity
are operating in DFTD-affected populations. With DFTD-
driven population declines ongoing in all DFTD-affected
populations (McCallum et al., 2009), any loss of genetic
diversity, when combined with other detrimental sto-
chastic processes that can affect small populations (Allee
effects, increased genetic drift), may have serious con-
sequences for the viability of devil populations in the
longer term. The possibility of restricted dispersal and
increased population differentiation following disease
impacts is also of concern for the persistence of these
populations, as these behavioural and genetic changes can
lead to even more pronounced negative impacts from
inbreeding and genetic drift (Frankham et al., 2002).

The conservation management of devil populations in
the wild is now a priority for the Tasmanian government
(Jones et al., 2007). This study confirms that there is still
time to conserve the genetic diversity in this species if
management can reverse the effects of inbreeding and
subdivision in disease-affected populations. Our results
suggest that any action undertaken must be implemen-
ted over linear distances greater than 30 km to enable
gene flow and some within-site dispersal. Moreover,
given the already low genetic diversity in devil popula-
tions before the emergence of DFTD (Jones et al., 2004)
and the elevated levels of inbreeding and potential for
loss of genetic diversity associated with DFTD that we
have found, it is important that any refuge populations
be large enough to limit further genetic complications
resulting from bottlenecks and inbreeding. Nonetheless,
proposed translocations should also consider whether
populations are locally adapted to different conditions
(Storfer, 1999).

The detrimental impacts of infectious diseases on
host demography and population dynamics are well
known (Hudson et al., 2002), but to date, the genetic
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consequences of disease epidemics for host populations
are little explored. The results of this study showing
changes in population genetic structure and dispersal
patterns of a wild carnivore following a disease epidemic
highlight that infectious disease can rapidly change the
genetic composition of host populations. The extent to
which depleted genetic diversity and more restricted
dispersal following disease epidemics affects the long-
term resilience and viability of populations is of
profound concern for species conservation. Incorporat-
ing genetic monitoring and conservation genetic tools
into wildlife disease ecology is necessary to ensure a
better understanding of host–pathogen dynamics and to
more effectively manage species threatened by disease.
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tion Biology: The Science of Scarcity and Diversity. Sinauer
Associates Inc: Sunderland, MA, USApp 19–34.

Goudet J (1995). FSTAT (Version 1.2): a computer program to
calculate F-statistics. J Hered 86: 485–486.

Greenwood PJ (1980). Mating systems, philopatry and dispersal
in birds and mammals. Anim Behav 28: 1140–1162.

Guo SW, Thompson EA (1992). Performing the exact test of
Hardy-Weinberg proportion for multiple alleles. Biometrics
48: 361–372.

Hailer F, Helander B, Folkestad AO, Ganusevich SA, Garstad S,
Hauff P et al. (2006). Bottlenecked but long-lived: high
genetic diversity retained in white-tailed eagles upon
recovery from population decline. Biol Lett 2: 316–319.

Handley LJL, Perrin N (2007). Advances in our understanding
of mammalian sex-biased dispersal. Mol Ecol 16: 1559–1578.

Hawkins CE, Baars C, Hesterman H, Hocking GJ, Jones ME,
Lazenby B et al. (2006). Emerging disease and population
decline of an island endemic, the Tasmanian devil,
Sarcophilus harrisii. Biol Conserv 131: 307–324.

Hood GM (2006). CSIRO. PopTools version 2.7.5. Available on
the internet. Url:http://www.cse.csiro.au/poptools.

Hosseini PR, Dhondt AA, Dobson AP (2006). Spatial spread of
an emerging infectious disease: conjunctivitis in house
finches. Ecology 87: 3037–3046.

Hudson PJ, Rizzoli AP, Grenfell BT, Heesterbeek H, Dobson A
(2002). Ecology of Wildlife Diseases. Oxford University Press:
New York, USA.

Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman
JL et al. (2008a). Global trends in emerging infectious
diseases. Nature 451: 990–994.

Jones ME, Cockburn A, Hamede R, Hawkins C, Hesterman H,
Lachish S et al. (2008b). Life-history change in disease-
ravaged Tasmanian devil populations. Proc Natl Acad Sci
USA 105: 10023–10027.

Jones ME, Jarman P, Lees C, Hesterman H, Hamede R, Mooney
N et al. (2007). Conservation management of Tasmanian
Devils in the context of an emerging, extinction-threatening
disease: Devil Facial Tumor Disease. EcoHealth 4: 326–337.

Jones ME, Paetkau D, Geffen E, Moritz C (2003). Microsatellites
for the Tasmanian devil (Sarcophilus laniarius). Mol Ecol Notes
3: 277–279.

Jones ME, Paetkau D, Geffen E, Moritz C (2004). Genetic
diversity and population structure of Tasmanian devils, the
largest marsupial carnivore. Mol Ecol 13: 2197–2209.

Knight ME, van Oppen MJH, Smith HL, Rico C, Hewitt GM,
Turner GF (1999). Evidence for male-biased dispersal in Lake
Malawi cichlids from microsatellites. Mol Ecol 8: 1521–1527.

Disease-induced decline and genetic change in Tasmanian devils
S Lachish et al

181

Heredity

http://www.cse.csiro.au/poptools


Koenig WD, VanVuren D, Hooge PN (1996). Detectability,
philopatry, and the distribution of dispersal distances in
vertebrates. Trends Ecol Evol 11: 514–517.

Lachish S, Jones M, McCallum H (2007). The impact of disease
on the survival and population growth rate of the Tasmanian
devil. J Animal Ecol 76: 926–936.

Lachish S, McCallum H, Jones ME (2009). Demography, disease
and the devil: life-history changes in a disease-affected
population of Tasmanian devils (Sarcophilus harrisii). J Animal
Ecol 78: 427–436.

Lambin X, Aars J, Piertney SB (2001). Dispersal, intra-specific
competition, kin competition and kin facilitation: a review of
the empirical evidence. In: Clobert J, Danchin E, Dhondt AA
and Nichols JD (eds). Dispersal. Oxford University Press:
New York, USA.

Leblois R, Rousset F, Estoup A (2004). Influence of spatial and
temporal heterogeneities on the estimation of demographic
parameters in a continuous population using individual
microsatellite data. Genetics 166: 1081–1092.

Luikart G, Cornuet JM (1998). Empirical evaluation of a test for
identifying recently bottlenecked populations from allele
frequency data. Conserv Biol 12: 228–237.

Luikart G, Sherwin WB, Steele BM, Allendorf FW (1998).
Usefulness of molecular markers for detecting population
bottlenecks via monitoring genetic change. Mol Ecol 7: 963–974.

Matthysen E (2005). Density-dependent dispersal in birds and
mammals. Ecography 28: 403–416.

McCallum H, Jones ME, Hawkins C, Hamede RK, Lachish S,
Sinn DL et al. (2009). Transmission dynamics of Tasmanian
devil facial tumor disease may lead to disease-induced
extinction. Ecology 90: 3379–3392.

McCallum H, Tompkins DM, Jones M, Lachish S, Marvanek S,
Lazenby B et al. (2007). Distribution and impacts of
Tasmanian devil facial tumor disease. EcoHealth 4: 318–325.

Nei M, Maruyama T, Chakraborty R (1975). The bottleneck effect
and genetic variability in populations. Evolution 29: 1–10.

Nunn CL, Thrall PH, Stewart K, Harcourt AH (2008). Emerging
infectious diseases and animal social systems. Evol Ecol 22:
519–543.

Otis DL, Burnham KP, White GC, Anderson DR (1978).
Statistical inference from capture data on closed animal
populations. Wildl Monogr 62: 135.

Peakall R, Ruibal M, Lindenmayer DB (2003). Spatial auto-
correlation analysis offers new insights into gene flow in the
Australian bush rat, Rattus fuscipes. Evolution 57: 1182–1195.

Peakall R, Smouse PE (2005). GENALEX 6: genetic analysis in
Excel. Population genetic software for teaching and research.
Mol Ecol Notes 6: 288–295.

Pedersen AB, Jones KE, Nunn CL, Altizer S (2007). Infectious
diseases and extinction risk in wild mammals. Conserv Biol
21: 1269–1279.

Pemberton D (1990). Social Organisation and Behaviour of the
Tasmanian Devil, Sarcophilus harrisii. University of Tasmania:
Hobart, Tasmania.

Pope LC, Butlin RK, Wilson GJ, Woodroffe R, Erven K, Conyers
CM et al. (2007). Genetic evidence that culling increases
badger movement: implications for the spread of bovine
tuberculosis. Mol Ecol 16: 4919–4929.

Pusey AE (1987). Sex-biased dispersal and inbreeding avoid-
ance in birds and mammals. Trends Ecol Evol 2: 295–299.

Queney G, Ferrand N, Marchandeau S, Azevedo M, Mougel F,
Branco M et al. (2000). Absence of a genetic bottleneck in a
wild rabbit (Oryctolagus cuniculus) population exposed to a
severe viral epizootic. Mol Ecol 9: 1253–1264.

Raymond M, Rousset F (1995). GENEPOP (Version-1.2)—
Population genetics software for exact tests and ecumencism.
J Hered 86: 248–249.

Rice WR (1989). Analyzing tables of statistical tests. Evolution
43: 223–225.

Richardson BJ, Hayes RA, Wheeler SH, Yardin MR (2002). Social
structures, genetic structures and dispersal strategies in
Australian rabbit (Oryctolagus cuniculus) populations. Behav
Ecol Sociobiol 51: 113–121.

Rousset F (1997). Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics
145: 1219–1228.

Rousset F (2000). Genetic differentiation between individuals.
J Evol Biol 13: 58–62.

Siddle HV, Kreiss A, Eldridge MDB, Noonan E, Clarke CJ,
Pyecroft S et al. (2007). Transmission of a fatal clonal tumor
by biting occurs due to depleted MHC diversity in a
threatened carnivorous marsupial. Proc Natl Acad Sci USA
104: 16221–16226.

Slatkin M (1987). Gene flow and the geographic structure of
natural populations. Science 236: 787–792.

Smith KF, Sax DF, Lafferty KD (2006). Evidence for the role of
infectious disease in species extinction and endangerment.
Conserv Biol 20: 1349–1357.

Smouse PE, Peakall R, Gonzales E (2008). A heterogeneity
test for fine-scale genetic structure. Mol Ecol 17: 3389–
3400.

Sommer S (2003). Effects of habitat fragmentation and
changes of dispersal behaviour after a recent population
decline on the genetic variability of non-coding and coding
DNA of a monogamous Malagasy rodent. Mol Ecol 12:
2845–2851.

Storfer A (1999). Gene flow and endangered species transloca-
tions: a topic revisited. Biol Conserv 87: 173–180.

Stow AJ, Sunnock P, Briscoe DA, Gardner MG (2001). The
impact of habitat fragmentation on dispersal of Cunning-
ham’s skink (Egernia cunninghami): evidence from allelic
and genotypic analyses of microsatellites. Mol Ecol 10:
867–878.

Teacher A, Garner TW, Nichols RA (2009). Population genetic
patterns suggest a behavioural change in wild common frogs
(Rana temporaria) following disease outbreaks (Ranavirus).
Mol Ecol 18: 3163–3172.

Travis JMJ, Murrell DJ, Dytham C (1999). The evolution of
density-dependent dispersal. Proc R Soc Lond Ser B-Biol Sci
266: 1837–1842.

Trudeau KM, Britten HB, Restani M (2004). Sylvatic plague
reduces genetic variability in black-tailed prairie dogs. J Wildl
Dis 40: 205–211.

Truett GE, Heeger P, Mynatt RL, Truett AA, Walker JA, Warman
ML (2000). Preparation of PCR-Quality mouse genomic DNA
with hot sodium hydroxide and Tris (Hot-SHOT). BioTechni-
ques 29: 52–54.

Valsecchi E, Amos W, Raga JA, Podesta M, Sherwin W (2004).
The effects of inbreeding on mortality during a morbillivirus
outbreak in the Mediterranean striped dolphin (Stenella
coeruleoalba). Anim Conserv 7: 139–146.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P
(2004). MICRO-CHECKER: software for identifying and
correcting genotyping errors in microsatellite data. Mol Ecol
Notes 4: 535–538.

Waples RS (1989). A generalised-approach for estimating
effective population size from temporal changes in allele
frequency. Genetics 121: 379–391.

Watts PC, Rousset F (2007). Compatible genetic and ecological
estimates of dispersal rates in insect (Coenagion mercuriale:
Odonata: Zygoptera) populations: analysis of ‘neighbour-
hood size’ using a more precise estimator. Mol Ecol 16:
737–751.

Weir BS, Cockerham CC (1984). Estimating F-statistics
for the analysis of population structure. Evolution 38:
1358–1370.

Wobeser G (2002). Disease management strategies for wildlife.
Rev Sci Tech Off Int Epiz 21: 159–178.

Supplementary Information accompanies the paper on Heredity website (http://www.nature.com/hdy)

Disease-induced decline and genetic change in Tasmanian devils
S Lachish et al

182

Heredity

http://www.nature.com/hdy

	Evidence that disease-induced population decline changes genetic structure and alters dispersal patterns in the Tasmanian devil
	Introduction
	Methods
	Study sites and sample collection

	Table 1 Genetic differentiation (FST) among populations of Tasmanian devils on the east coast of Tasmania
	Figure 1 Map showing the island of Tasmania in relation to Australia and the location of the genetic sampling sites.
	Laboratory methods
	Data analysis
	Disease impacts on population subdivision
	Disease impacts on genetic diversity
	Disease impacts on dispersal patterns
	Dispersal patterns and genetic estimate of dispersal distance
	Direct estimate of dispersal

	Results
	Population subdivision pre- and post-disease
	Disease impacts on genetic diversity

	Table 2 Genetic diversity of Tasmanian devils at three pre-disease locations and the seven post-disease East Coast sites calculated using 10 microsatellite markers
	Table 3 Results of FSTAT permutation analysis examining changes in genetic diversity measures at three Tasmanian devil populations sampled pre- and post-disease
	Changes to dispersal patterns following disease impacts
	Dispersal patterns and genetic estimate of dispersal distance in Tasmanian devils

	Table 4 Results of two-sample randomization tests showing differences in the strength of isolation-by-distance among Tasmanian devils pre- and post-disease
	Figure 2 Correlogram plots of spatial genetic autocorrelation in Tasmanian devils sampled at three sites on the east coast of Tasmania showing the combined correlation coefficient (rc) as a function of increasing distance for (a) all individuals pre- (bul
	Direct estimate of dispersal in Tasmanian devils

	Figure 3 Spatial genetic structure in Tasmanian devils sampled at seven sites on the east coast of Tasmania showing (a) correlogram plot of the correlation coefficient for all individuals along the East Coast as a function of distance; (b) the combined co
	Figure 4 Correlogram plots of spatial genetic autocorrelation in Tasmanian devils sampled at seven sites on the east coast of Tasmania showing the correlation coefficient for (a) all females (utri) and (b) all males (squ) along the East Coast as a functio
	Table 5 Results of tests to infer sex-biased dispersal patterns in Tasmanian devils: (a) Mantel tests of the correlation (r) between pairwise genetic and (logarithmic) geographical distances for females and males; (b) two-sample randomization test of the 
	Discussion
	The consequences of DFTD-induced population decline for genetic diversity
	Effects of disease on population genetic structure and dispersal
	Dispersal patterns in Tasmanian devils: genetic versus demographic estimates
	Conclusions

	Conflict of interest
	Acknowledgements
	References




