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Genetic rescue increases fitness and aids rapid
recovery of an endangered marsupial population
Andrew R. Weeks 1,2, Dean Heinze3, Louise Perrin4, Jakub Stoklosa5, Ary A. Hoffmann1, Anthony van Rooyen2,

Tom Kelly2,4 & Ian Mansergh3

Genetic rescue has now been attempted in several threatened species, but the contribution of

genetics per se to any increase in population health can be hard to identify. Rescue is

expected to be particularly useful when individuals are introduced into small isolated

populations with low levels of genetic variation. Here we consider such a situation by doc-

umenting genetic rescue in the mountain pygmy possum, Burramys parvus. Rapid population

recovery occurred in the target population after the introduction of a small number of males

from a large genetically diverged population. Initial hybrid fitness was more than two-fold

higher than non-hybrids; hybrid animals had a larger body size, and female hybrids produced

more pouch young and lived longer. Genetic rescue likely contributed to the largest popu-

lation size ever being recorded at this site. These data point to genetic rescue as being a

potentially useful option for the recovery of small threatened populations.
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T
here is increasing interest in using genetic translocations as
a means of recovering small populations of threatened
species, particularly with the growing urgency of needing

to maintain evolutionary adaptive capacity and reduce inbreeding
effects under rapidly changing environments1–6. Many threatened
species now include small and fragmented populations that may
have been isolated for long periods of time7. In the past, con-
servation biologists have avoided crossing genetically separate
populations because of the perceived risk of outbreeding
depression8, 9. However, this risk is likely to have been over-
stated10 and there is potential for assisted gene flow to increase
population fitness and adaptability1, 7. Nevertheless, to date, there
are very few examples where the benefits of genetic translocations
have been documented and the fitness effects of population
hybrids and derived genotypes measured1. Similarly, the few rare
examples are often accompanied by environmental improve-
ments, making it difficult to separate genetic from environmental
effects9.

Burramys parvus is one of Australia’s most threatened mar-
supials. It is the only hibernating marsupial, and is restricted to
the alpine regions of Australia. There are three main regions
where B. parvus is found in similar alpine habitats (Supplemen-
tary Fig. 1) and populations in these regions are genetically
separate, having been isolated for at least 20,000 years11. The
southern population is restricted to Mount Buller and contained
entirely within the Mount Buller Alpine Resort (Supplementary
Fig. 2). This population is regarded as highly threatened, having
undergone a rapid decline in genetic diversity that paralleled a
demographic collapse12. Because the population was predicted to
become extinct, a recovery programme was implemented that
involved habitat restoration, predator control and environmental
protection, along with the introduction of males from healthy and
genetically variable populations of B. parvus from the centre of its
distribution in 2011 and 2014. Restoration was used to link
favourable patches by creating boulderfields (prime habitat for
females) and through revegetation (secondary habitat for males)
(Supplementary Fig. 2). These measures were associated with a
rapid increase in population size of B. parvus in the main habitat
area at Mount Buller, the Federation-Wombat bowl, and we show
that genetic rescue likely contributed to this increase.

Results
Population size at Mount Buller. Population size for the
Federation-Wombat bowl was estimated based on the
capture–recapture data from annual spring monitoring (see
“Methods” section), where 70-96% of the adult population is
captured in most years. A rapid increase in population size
occurred between 2008 and 2015; in fact, the adult population is
now 68% larger than when this population was first discovered in
1996 (Fig. 1). Prior to the translocations, the population increased
by ~40 individuals (Fig. 1) across three sampling periods
(2008–2011) likely as a consequence of habitat improvement and
predator control programs. After the translocations (2012
onwards), there was a more rapid increase of around 100 indi-
viduals across a similar time interval. This provides an oppor-
tunity to investigate the potential importance of genetic factors in
the recovery process. Due to the release of some individuals from
an independent programme in spring 2013 (see “Methods” sec-
tion), we focus our analyses on the 2011–2013 data and indivi-
duals trapped during this period.

Contribution of introduced males and genetic diversity. The
genetic material that was first introduced into the population
consisted of five males from Mount Higginbotham (Supplemen-
tary Fig. 1) in 2011, with four contributing to F1s during the 2011

breeding season. These four males only survived the 2011
breeding season, while the fifth male survived until 2015, but did
not start contributing to offspring until the 2013 breeding season.
In spring 2014, six males were then introduced to the Mount
Buller population from the Timms Spur population in the central
region during the breeding season, with four of the males con-
tributing during that breeding season. Alleles from introduced
males have now become integrated into the gene pool (Supple-
mentary Fig. 3) and levels of heterozygosity are now approaching
healthy populations of B. parvus in the central region (Table 1).
Genetic diversity (allelic richness, heterozygosity) has increased
along with population size as a consequence of these introduc-
tions (Table 1).

Fitness of hybrids. The F1s from the initial introduction in 2011
contributed genetic material to adults that were collected in 2012
during annual spring monitoring and had not been recorded
before this time. As there were estimated to be 21 resident males
present in the population in 2011 (see “Methods” section), we
calculated the fitness of the introduced males compared to resi-
dent males using the frequency of hybrid genotypes in 2012.
These point to a fitness advantage to the introduced males and/or
greater F1 hybrid juvenile survival with the total fitness advantage
being greater than twice that of the local males/juveniles
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Fig. 1 Burramys parvus adult population size. Estimates are for the

Federation-Wombat bowl area at Mount Buller based on the capture-

recapture data. Solid line is the estimate based on the robust design

model22 with standard error (mean) bars. Dashed line represents the

number of unique observed individuals. Arrows indicate the 2011 and 2014

introduction of six males from each of Mount Higginbotham and Timms

Spur in the central region (Supplementary Fig. 1)

Table 1 Temporal changes in genetic diversity within the

Mount Buller population

Population Year n Na Ar HO HE FIS

Mt Buller 2010 29 1.583 1.515 0.141 0.139 −0.014

Mt Buller 2011 40 1.708 1.594 0.160 0.164 0.024

Mt Buller 2012 43 3.625 3.107 0.333 0.309 −0.077

Mt Buller 2013 67 3.750 3.135 0.329 0.327 −0.008

Mt Buller 2014 103 3.875 3.287 0.352 0.355 0.006

Mt Buller 2015 138 4.583 3.608 0.392 0.416 0.057

Mt

Higginbotham

2012 104 5.583 4.524 0.526 0.552 0.047

Population genetic statistics for B. parvus based on 24 nuclear microsatellite markers. Sample

size (n), average number of alleles (Na), mean allelic richness (Ar), mean observed (HO) and

expected (HE) heterozygosity, and the inbreeding coefficient (FIS). Estimates for a large and

stable population in the central region (Mount Higginbotham) are shown as a comparison
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(Table 2). This heterotic effect may reflect fitness consequences of
inbreeding in the Mount Buller population; there was a 76% drop
in heterozygosity between 1996 and 2010, which equates to an
effective population size of 3.88 (95% CIs; 1.81–8.05) during this
period and led to detectable inbreeding (see “Methods” section).
F1 males with hybrid genotypes were also larger than resident
individuals, a pattern that was evident in both sexes (Fig. 2). All
F1 hybrid females had a full-complement (four) of pouch young,
whereas many non-hybrid females had less than four pouch
young, and this reduction was marginally significant by a Fisher’s
exact test (P= 0.047). These data point to a substantial initial
benefit from the genetic rescue, which was expected if the effects
of deleterious alleles present in the Mount Buller population are
masked in hybrids following population hybridisation.

We also considered the longevity of the F1 hybrids in the
Mount Buller population compared to those without hybrid
alleles from the same cohort up to spring 2015. For the males, 13
out of 14 survived only 1 year, regardless of whether they were
hybrids. Females generally survived longer than males, with 15
out of 24 (62.5%) surviving into the second year, and the mean
longevity for hybrids (2.78 years) was longer than for non-hybrids

(1.8 years). Four of the eight F1 hybrid females were still alive in
spring 2015, whereas none of the 16 F1 non-hybrid females were
known to be alive (Fisher’s exact test, P= 0.008).

Adults sampled for the first time in 2013 were again genotyped
and used to estimate fitness of resident (non-hybrid) vs. hybrid
individuals. This comparison is complicated by the fact that there
are now F2 hybrids and backcross individuals in the population
as well as surviving F1 hybrids. We estimated the expected
number of individuals with introduced alleles based on the total
number of hybrids/non-hybrids in the population in 2012
(Methods). A total of 47 new adults were captured in spring
2013, which resulted in a 66% increase in population size in the
Federation-Wombat bowl (Fig. 1). Of the 47 new adults, 29
carried introduced alleles with 6 identified as F2 hybrids and 23
identified as backcross individuals (no new F1 hybrids were
detected). This increase in hybrid individuals is marginally non-
significant (P= 0.09), but represents a hybrid fitness advantage of
1.65 relative to the resident (non-hybrid) adults (Table 2). As in
2012, individuals carrying hybrid alleles tended to be larger than
those that did not, particularly for the males (Fig. 2), likely
suggesting a relatively higher fitness.

Table 2 Number of new adult hybrids, non-hybrids and their relative fitness

Year Hybrids Non-hybrids Hybrid Relative Fitness (bootstrap CI) Significance

2012 13 (6.54) 21 (27.46) 2.60 (1.29–4.72) P= 0.005

2013 29 (23.23) 18 (23.77) 1.65 (0.94–2.98) P= 0.092

Observed (expected, see “Methods” section) first year adult hybrids and non-hybrids in the population in 2012 and 2013, hybrid relative fitness compared with non-hybrids, and the significance of the

difference based on a one-tailed Fisher’s exact test
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Fig. 2 Size differences between hybrid and non-hybrid females and males. Box plots of tail and body size for new adults in 2012 (a, b) and 2013 (c, d). The

rectangle spans the first to third quartile, the segment inside the rectangle represents the median, and the whiskers above and below show the maximum

and minimum value. Grey boxes are non-hybrids and light-blue boxes are hybrids. Significant differences, as assessed by ANOVA, between hybrids and

non-hybrids are indicated (*P< 0.05, **P< 0.01, ***P< 0.001)
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No evidence of outbreeding depression. On the basis of the
frequency of hybrids in 2012 (27.6% of females, 31.3% of males)
and assuming random mating, we expected 8.6% of the new
adults to represent F2s, and 41.6% of the population to represent
backcrosses. The incidence of F2s (12.8%) and backcrossed
individuals (48.9%) observed in the population were non-
significantly higher than those expected. Mating ability of F1s
and survival of the F2s, and backcrosses therefore appears to be
normal (under the assumption of random mating). Similarly,
there is no difference in the size of F2s and backcrossed females
(tail F1,16= 1.292, P= 0.275; body F1,16= 0.506, P= 0.489; head
F1,16= 0.018, P= 0.896), or when both are compared to the
surviving F1 hybrid females (tail F1,21= 1.025, P= 0.324; body
F1,21= 1.472, P= 0.240; head F1,21= 0.617, P= 0.442). While this
does not provide a direct test of outbreeding depression, it sug-
gests that under the assumption of random mating outbreeding
depression effects are likely to be relatively small or non-existent.

Discussion
Although it is difficult to separate the effects of genetic rescue
from the effects of environmental improvements, the data suggest
that genetic rescue has probably contributed directly to the
increase in population size of B. parvus within the Federation-
Wombat bowl area at Mount Buller. While environmental
improvements likely led to a small initial increase in population
size at Mount Buller, the further rapid increase in size is likely to
have occurred because of genetic improvements. This is based on
the direct fitness estimates that we have made in the population,
and is also supported by the fact that similar environmental
improvement programs for B. parvus in the central region have
not resulted in population increases as seen at Mount Buller
(Supplementary Fig. 4). Although it is hard to tease apart the
direct contributions of environmental and genetic factors to
population improvement, our results suggest that genetic rescue
further increased population size after threatening processes had
been mitigated.

The translocation of six males in 2014 from the Timms Spur
population to the Mount Buller population further elevated
genetic diversity by 15–20% (Table 1), and had the aim of genetic
restoration13 and increasing population resilience1, 6. However,
the Mount Buller population still remains relatively small and
population growth needs to continue to reduce extinction risk14.
Further linking of habitat areas on Mount Buller to the
Federation-Wombat bowl (Supplementary Fig. 2, regions B and
C) and/or intra-site translocations are likely to be critical for
population expansion and ensuring the long-term persistence of
the Mount Buller population.

Our data show that, despite isolation of 20,000 years or more11

of the populations used in this genetic rescue, there appear to be
clear benefits associated with the introduction of genetic material
from the central region into the Mount Buller population. Despite
the long period of isolation between the Mount Buller and Mount
Higginbotham populations, the alpine environments in these
locations are similar in consisting of alpine herbfield, sedgeland
and grassland interspersed by areas of heathland, and intersected
by basalt-granite boulderfields. Fixed chromosomal differences
are unlikely between the two populations as all pygmy possums
share the same ancestral karyotype15. Genetic differences between
populations are likely to be largely due to drift7, and therefore we
did not expect to see any evidence for outbreeding depression
based on the decision tree in Frankham et al.10.

A large number of other species could potentially benefit from
genetic rescue because many threatened species exist as small
isolated populations lacking genetic variation alongside larger
populations with higher levels of genetic variation7. Genetic

rescue can also be beneficial when only inbred populations are
available as sources3, 16, 17, although the benefits are likely to be
less than from crosses with an outbred population3 and there is a
risk of an increasing genetic (drift) load. Subsequent population
expansion is crucial for the lasting impacts of genetic rescue to be
realised; otherwise deleterious alleles might only be masked for a
generation and then potentially accumulate14. Ecological
restoration programs to increase population size are therefore
essential to the long-term success of any attempts to use genetic
rescue14. An increase in adaptive responses is likely as a con-
sequence of increased genetic variation6, 7, 18–20. We also
emphasise that ongoing monitoring of the focal population is
needed to adequately quantify the fitness benefits associated with
the genetic changes. Future efforts at Mount Buller could be
focused on genomic analyses of hybrid gene pools, which will
provide insight into whether fitness effects of genetic rescue are
associated with particular genomic regions and the long-term
persistence of introduced vs. resident genes.

Methods
Sites. The Mount Buller Alpine Resort (−37.146229° N, 146.441285° E) is located
~150 km north-east of Melbourne (Australia) and extends over ~850 ha between
1400 and 1800 m elevation (Supplementary Fig. 1). The entire habitat of B. parvus
is contained within the resort boundaries (known as the southern region of the B.
parvus distribution11), with the Federation-Wombat bowl the most significant area
of B. parvus breeding habitat comprised of deep peri-glacial boulderfields and
dense heath of mountain plum pine (Podocarpus lawrenceii) (Supplementary
Fig. 2). Mount Higginbotham (−36.986461° N, 147.144569° E) is found within the
Mount Hotham Alpine Resort, approximately 65 km north-east of Mount Buller, in
the central region of the B. parvus distribution11. Timms Spur (−36.794306° N,
147.275346° E) is within the Alpine National Park, ~25 km north-east of Mt
Higginbotham, and is the most northern site where B. parvus are known to occur
within the central region.

Trapping. Live trapping of B. parvus was undertaken annually in spring at Mount
Buller from 1996, with the exception of spring 2001, where no trapping was
undertaken. Live trapping occurred at approximately the same time each year
(between last week of October and first two weeks of November), with the variation
in dates dependent on spring snow melt and approximate timing of mating.
Trapping was confined to this period to capture females when they are carrying
pouch young. Exceptions to this were years 1996–1998, where trapping occurred
between October and December. Standard trapping methods21 were followed and
undertaken with Elliott type-A live-capture traps (Elliott Scientific, Upwey, Vic-
toria, Australia). Traps were baited with walnuts, wood wool was placed in traps for
bedding material, and plastic bags wrapped around the outside for insulation from
inclement weather.

Each annual trapping event at Mount Buller consisted of setting Elliott traps at
the same sites in the same grid pattern in regions A (Federation-Wombat bowl), B
(Fanny’s Finish / Summit South) and C (Grimus) (Supplementary Fig. 2). Region D
(Summit North) was left as a reference site and has only been trapped twice, in
spring 2004 and 2013. A total of 2010 trap nights were undertaken each annual
trapping event, with 1275 undertaken in the Federation-Wombat bowl (region A).
First time B. parvus captures were ear tagged (National Band & Tag Company,
Newport, Kentucky, USA) with a unique number, measured for several
morphometric / meristic traits (weight, tail/head/body length, number of pouch
young (female), testes size (males), reproductive condition (females and males)),
and had a hair or tissue (2 mm ear biopsy) sample taken (stored in> 95% ethanol).
For recaptures, ear tag number was recorded and weight, number of pouch young,
testes size and reproductive condition were remeasured.

Translocations. A translocation of six male B. parvus from Mount Higginbotham
(central region) to Mount Buller was attempted in spring 2010, but due to delayed
permission by government authorities, the translocation occurred too late in the
breeding season (mid-October) for success, with males removed in November. The
translocation was repeated in mid-September 2011 during the onset of snow melt;
six B. parvus adult males were trapped (using Elliott traps as above) at Mt Hig-
ginbotham over a single night, translocated to Mount Buller the next day, and
released in the Federation boulderfield (region A; Supplementary Fig. 2). Males
were chosen for translocation for several reasons: (i) males were likely to be lim-
iting in the Mount Buller population, (ii) males have the opportunity to mate with
multiple females, and therefore a greater chance to produce multiple hybrid litters,
(iii) males only live for one season on average, and (iv) the use of males maintained
the maternal lineage on Mount Buller, which was a State Government of Victoria
requirement. All released males were radio-tracked for three weeks after release to
determine survival during this period. One male was not detected soon after release
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(day 3 post release) and was an assumed mortality. The other five translocated
males were detected throughout the 3 weeks, and all five were trapped during
spring monitoring in early November confirming their survival throughout the
breeding period. Only one male was known to survive through to the next breeding
season (spring 2012).

Six females and seven males from a failed captive breeding programme at
Healesville Sanctuary (Healesville, Victoria) were translocated in spring-summer
2013. This release was government approved, but independent of the in situ genetic
rescue and on ground environmental works. These individuals had either a Mount
Buller genetic background (two males) or were derived from a single cross between
a female from Mount Buller and a male from Mount Higginbotham. Females were
translocated in mid-October, while males were translocated in late November (to
avoid competition with other males during breeding). Monitoring in January and
February indicated that the translocated males were still sexually active (large
testicles), while all other males in the population were not sexually active
(contracted testicles). The translocated males were then removed in early March,
due to fears that they could cause late litters, placing females at risk prior to
hibernation. Only one of the translocated females was known to survive through to
the next breeding season (captured during annual trapping in early November
2014).

We implemented another translocation of central male B. parvus to Mount
Buller in spring 2014 to further increase genetic diversity and undertake genetic
restoration6, 13. Six males were captured overnight (as above) on Timms Spur
(Supplementary Fig. 1) in late September 2014 and released at Mount Buller on the
same day in the evening within the Federation-Wombat bowl region. These males
were not radio-tracked; however, five were trapped during annual spring
monitoring in 2014, confirming their presence during the main breeding period.
All translocations and trapping events were authorised and in accordance with
ethical standards of relevant authorities in Victoria, Australia.

Population size estimates. All adult spring trapping data from the Federation-
Wombat bowl sites (region A; Supplementary Fig. 2) undertaken since 1996 was
used to construct individual capture histories; that is, an individual’s capture (1) or
non-capture (0). No translocated individuals were included in the analyses
(removed from individual capture histories). There were 19 primary capture
occasions (spanning the 20 years) with the number of secondary capture occasions
varying from 5 to 20 (that is, the number of trapping nights within each primary
occasion). We assume births and deaths, as well as emigration and immigration,
and therefore analysed the data using open population capture–recapture models.
Specifically, we used the robust design model22, which assumes an open population
across the primary occasions (that is, across each year) and a closed population
(that is, constant births and deaths, emigration and immigration) across the sec-
ondary occasions within each primary occasion.

Various robust design models were fitted depending on how capture and
survival probabilities were parametrised. To account for temporal effects, both
capture and survival probabilities can be either time dependent or constant across
capture occasions. Heterogeneity amongst individuals is modelled using a gender
covariate, that is, we model both capture and survival probabilities as functions of a
sex covariate. Any unexplained heterogeneity in capture probabilities is modelled
through latent variables via a finite mixture-Huggins model23. For these mixture
models, any individual that is part of the population is assumed to belong to a class
j with probabilityπj . In our analysis, we use the default setting of j ¼ 2 mixture
classes, with mixture probabilities set to π1 and π2 . Finally, to account for possible
temporary emigration in the population, we consider several temporary emigration
structures, these can be either random or Markovian types22 (see also
Supplementary Table 1 for further details). The robust design model likelihood is
reparametrised according to the specified temporary emigration type22. We also fit
models that excluded temporary emigration altogether.

We used the R-package RMark (an R language version of program MARK24) to
fit models via maximum likelihood and the Bayesian information criterion to select
the final model among a set of candidate models (see Supplementary Table 1 for a
description of all fitted models). The smallest Bayesian information criterion was
reported for Model 8 (see Supplementary Table 1). This final selected model is
described as follows: survival probabilities are constant across primary occasions
and dependent on gender; capture probabilities vary across primary occasions and
are dependent on gender; mixture probabilities vary across primary occasions; and
temporary emigration is of Markovian type and constant across primary occasions.
Annual population size estimates (and standard errors) are then acquired from
Model 8 using RMark.

To calculate the expected number of hybrids in 2012 (see below), we first
obtained estimates of male population size for 2011. Due to the sparseness of the
male capture–recapture data, we encountered several boundary estimates when
fitting the robust design model on male-only data. To avoid computational
instability and enhance precision in parameter estimates, we used specific closed
population models. We fitted continuous-time capture–recapture models25 via the
software CARE-3. These models are more efficient than discrete-time
capture–recapture models when the number of capture occasions are small26.
Maximum likelihood was once again used for estimation, and male population size
estimates (and standard errors) were obtained from CARE-3.

Genetic and phenotypic analyses. All B. parvus samples (hair and tissue) col-
lected from the Mount Buller population from 2010–2015 and all translocated
individuals were genotyped at 24 microsatellite loci. We genotyped samples with
eight previously isolated microsatellite markers11 and generated another 16 new
markers using an established approach27. Briefly, the 454 sequencing platform was
used to characterise microsatellite markers from 10 µg of genomic DNA extracted
(using a Qiagen DNA Easy Kit, Qiagen) from ear tissue from a single B. parvus
adult female collected from Mount Buller in 2010. The DNA was nebulised, ligated
with 454 sequencing primers and subjected to high throughput DNA sequencing
using the Roche GS FLX (454) system at the Australian Genome Research Facility
(AGRF, Brisbane, Australia). The software QDD28 and PRIMER 329 were used to
select unique sequence contigs and design primer sets. Forty potential micro-
satellite loci were screened for polymorphism using eight template DNAs, repre-
senting samples from Mount Buller (four individuals) and Mount Higginbotham
(four individuals). Loci were pooled into ten groups of four, labelled with unique
fluorophores (FAM, NED, VIC, PET) and coamplified by multiplex PCR using a
Qiagen multiplex kit (Qiagen) and an Eppendorf Mastercycler S gradient PCR
machine30. Genotyping was subsequently performed using an Applied Biosystems
3730 capillary analyser (AGRF, Melbourne, Australia) and product lengths were
scored manually and assessed for polymorphism using GeneMapper version 4.0
(Applied Biosystems). Sixteen microsatellite markers were selected (Genbank
Accession numbers MF568684-MF568699), with some of these new markers
chosen because they showed fixed differences or non-overlapping alleles between
the Mount Buller and central region populations, and therefore were useful for
tracking hybrid individuals. No randomisation or blinding was used for groups,
although all phenotypic measures were recorded prior to genetic analyses revealed
an individual to be a hybrid / non-hybrid.

Yearly population estimates of genetic diversity were calculated using GenAlEx
version 6.531 (Na, HO, HE) and FSTAT32 (Ar, FIS). Unique alleles across the 24
microsatellites were used to identify hybrid individuals that were derived from the
2011 translocated males in the spring 2012 (F1 hybrids) and 2013 populations.
STRUCTURE33 was also used to assess the genetic background of individuals
(including the translocated males from 2011 and 2014). In the STRUCTURE
analysis, we set K= 2 (representing the central and southern backgrounds) and
took the average membership coefficient of 10 independent simulations (admixture
model, allele frequencies independent, burn-in= 100,000, data iterations=
1,000,000; the admixture model was chosen to identify hybrids and the
independent allele frequencies model was chosen because of the two very different
genetic backgrounds11, 33). The effective population size between 1996 and 2010
was estimated from the change in expected heterozygosity34 for the 8 microsatellite
loci genotyped in12 using the formula Ht ¼ H0 1� 1

2Ne

� �t
, assuming a generation

time of 1.54 years (based on survival probability estimated from the
capture–recapture data between 1996 and 2010 and the average number of pouch
young for different age classes of females35). Confidence intervals were calculated
from the raw data.

We focused our analyses on the 2011–2013 spring data sets due to the
confounding effects of the captive-bred individuals released in spring 2013 affecting
the results in 2014 and 2015. The 2013 data set was not affected by released
captive-bred males because they were released after breeding/spring trapping. In
spring 2012, there were 8 female and 5 male F1 hybrids derived from four of the
translocated Mount Higginbotham males compared with 21 females and 11 males
with no central alleles (13 females and 8 males were new adults in 2012). In spring
2013, we captured 22 female/13 male hybrids (with central alleles), with 17 females
and 12 males as new hybrid adults; these adult hybrids could have been F1’s,
progeny of F1 x F1’s or F1 backcrosses. We also captured 25 females/8 males with
no central alleles, with 12 females and 6 males that were new adults in spring 2013.
Using male population size estimates for 2011 (see above), and the number of
translocated males that survived greater than three days (n= 5), we calculated the
expected number of F1 hybrids in spring 2012. Similarly, using the observed
number of F1 hybrid adults and individuals that did not carry central alleles in
2012, we calculated the expected number of new hybrid adults (e.g., carrying
central alleles) in spring 2013. We used a χ2 test to determine differences between
the observed and expected number of hybrid individuals in both years. We
bootstrapped the assigned number of genotypes to hybrids or non-hybrids and
then computed the relative fitness of the bootstrapped values relative to
expectations 1000 times to get the confidence intervals. A Fisher’s exact test was
used to determine differences between the number of hybrid and non-hybrid
females that carried a full complement (4) of pouch young in spring 2012 (hybrids
females with/without four pouch young= 8/0, non-hybrid females with/without
four pouch young= 13/8). We also compared weight, head, body and tail length
(dependent variables) for hybrid and non-hybrid (genetic background;
independent variable) new adult females/males in spring 2012 (hybrid females/
males n= 8/5, non-hybrid females/males n= 12/8) and weight, head, body and tail
length for hybrid/non-hybrid new adults in 2013 (hybrid females/males n= 16/12,
non-hybrid females/males n= 11/5) using ANOVAs (SPSS ver 22, IBM, St
Leonards, NSW, Australia; all data were tested for normality/equal variances). We
examined survival for 2012 new adults including trapping results up until spring
2015. A Fisher’s exact test was used to test for a difference in the number of F1
hybrids/non-hybrids still alive in spring 2015 compared with that expected from
initial numbers detected in spring 2012.
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Code availability. R scripts for the mark-recapture analyses are available in the
Supplementary Information file as Supplementary Methods.

Data availability. New microsatellite loci sequences are available in GenBank
(accession numbers MF568684-MF568699). The genotypic data that support the
findings of this study are available from the Dryad Digital Repository (http://dx.
doi.org/10.5061/dryad.7g988)36. All the other data that support the findings of this
study are included in the manuscript and supplementary files or are available from
the corresponding author (A.R.W.) upon reasonable request.

Received: 21 December 2016 Accepted: 23 August 2017

References
1. Whiteley, A. R., Fitzpatrick, S. W., Funk, W. C. & Tallmon, D. A. Genetic

rescue to the rescue. Trends. Ecol. Evol. 30, 42–49 (2015).
2. Aitken, S. N. & Whitlock, M. C. Assisted gene flow to facilitate local adaptation

to climate change. Annu. Rev. Ecol. Evol. Syst. 44, 367–388 (2013).
3. Frankham, R. Genetic rescue of small inbred populations: a meta-analysis

reveals large and consistent benefits of gene flow. Mol. Ecol. 24, 2610–2618
(2015).

4. Hoffmann, A. et al. A framework for incorporating evolutionary genomics into
biodiversity conservation and management. Clim. Chang. Resp. 2, 1 (2015).

5. Hufbauer, R. A. et al. Three types of rescue can avert extinction in a changing
environment. P. Natl Acad. Sci. USA 112, 10557–10562 (2015).

6. Weeks, A. R. et al. Assessing the benefits and risks of translocations in changing
environments: a genetic perspective. Evol. Appl 4, 709–725 (2011).

7. Weeks, A. R., Stoklosa, J. & Hoffmann, A. A. Conservation of genetic
uniqueness of populations may increase extinction likelihood of endangered
species: the case of Australian mammals. Front. Zool. 13, 31 (2016).

8. Edmands, C. Between a rock and a hard place: evaluating the relative risks of
inbreeding and outbreeding depression for conservation and management.Mol.
Ecol. 16, 463–475 (2007).

9. Tallmon, D. A., Luikart, G. & Waples, R. S. The alluring simplicity and complex
reality of genetic rescue. Trends. Ecol. Evol. 19, 489–496 (2004).

10. Frankham, R. et al. Predicting the probability of outbreeding depression.
Conserv. Biol. 25, 465–475 (2011).

11. Mitrovski, P., Heinze, D. A., Broome, L., Hoffmann, A. A. & Weeks, A. R. High
levels of variation despite genetic fragmentation in populations of the
endangered mountain pygmy-possum, Burramys parvus, in alpine Australia.
Mol. Ecol. 16, 75–87 (2007).

12. Mitrovski, P., Hoffmann, A. A., Heinze, D. A. & Weeks, A. R. Rapid loss of
genetic variation in an endangered possum. Biol. Lett. 4, 134–138 (2008).

13. Hedrick, P. ‘Genetic restoration:’ a more comprehensive perspective than
‘genetic rescue’. Trends. Ecol. Evol. 20, 109 (2005).

14. Hedrick, P. W. & Garcia-Dorado, A. Understanding inbreeding depression,
purging, and genetic rescue. Trends. Ecol. Evol. 31, 940–952 (2016).

15. Westerman, M., Meredith, R. W. & Springer, M. S. Cytogenetics meets
phylogenetics: a review of karyotype evolution in Diprotodontian marsupials. J.
Hered. 101, 690–702 (2010).

16. Heber, S. et al. The genetic rescue of two bottlenecked South Island robin
populations using translocations of inbred donors. Proc. R. Soc. Lond. B 280,
20122228 (2013).

17. Fredrickson, R. J., Siminski, P., Woolf, M. & Hedrick, P. W. Genetic rescue and
inbreeding depression in Mexican wolves. Proc. R. Soc. Lond. B 274, 2365–2371
(2007).

18. Hedrick, P. W. & Fredrickson, R. Genetic rescue guidelines with examples from
Mexican wolves and Florida panthers. Conserv. Genet. 11, 615–626 (2010).

19. Lynch, M., Conery, J. & Bürger, R. Mutational meltdowns in sexual
populations. Evolution 49, 1067–1080 (1995).

20. Willi, Y., Griffin, P. & Van Buskirk, J. Drift load in populations of small size
and low density. Heredity. 110, 296–302 (2013).

21. Mansergh, I. in Possums and Gliders (eds Smith, A. P. & Hume, I. D.)
(Australian Mammal Society, Sydney, 1984).

22. Kendall, W. L. & Bjorkland, R. Using open robust design models to estimate
temporary emigration from capture-recapture data. Biometrics 57, 1113–1122
(2001).

23. Pledger, S. The performance of mixture models in heterogeneous closed
population capture-recapture. Biometrics 61, 868–876 (2005).

24. White, G. C. & Burnham, K. P. Program MARK: survival estimation from
populations of marked animals. Bird Study Suppl. 46, 120–138 (1999).

25. Hwang, W. H. & Chao, A. Continuous-time capture-recapture models with
covariates. Stat. Sinica 12, 1115–1131 (2002).

26. Xi, L., Yip, P. & Watson, R. A unified likelihood-based approach for estimating
population size in continuous-time capture-recapture experiments with frailty.
Biometrics 63, 228–236 (2007).

27. Weeks, A. R., Smith, M. J., van Rooyen, A., Maple, D. & Miller, A. D. A single
panmictic population of endemic red crabs, Gecarcoidea natalis, on Christmas
Island with high levels of genetic diversity. Conserv. Genet. 15, 909–919 (2014).

28. Meglécz, E. et al. QDD: a user-friendly program to select microsatellite markers
and design primers from large sequencing projects. Bioinformatics 26, 403–404
(2010).

29. Rozen, S. & Skaletsky, H. J. in: Bioinformatics Methods and Protocols: Methods
in Molecular Biology, 365-386 (Humana Press, New Jersey, 2000).

30. Blacket, M. J., Robin, C., Good, R. T., Lee, S. F. & Miller, A. D. Universal primers
for fluorescent labeling of PCR fragments—an efficient and cost-effective
approach to genotyping by fluorescence. Mol. Ecol. Res. 12, 456–463 (2012).

31. Peakall, R. & Smouse, P. E. GENALEX 6: genetic analysis in Excel. Population
genetic software for teaching and research. Mol. Ecol. Notes 6, 288–295 (2006).

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

33. Pritchard, J. K., Stephens, M. & Donnelly, P. Inference of population structure
using multilocus genotype data. Genetics 155, 945–959 (2000).

34. Culver, M., Hedrick, P. W., Murphy, K., O’Brien, S. & Hornocker, M. G.
Estimation of the bottleneck size in Florida panthers. Anim. Conserv. 11,
104–110 (2008).

35. Grant, P. R. & Grant, B. R. Demography and the genetically effective sizes of
two populations of Darwin’s finches. Ecology 73, 766–784 (1992).

36. Weeks, A. R. et al. Data from: Genetic rescue increases fitness and aids rapid
recovery of an endangered marsupial population. Dryad Digit. Reposit. https://
doi.org/10.5061/dryad.7g988 (2017).

Acknowledgements
We thank Rudi Pleschutschnig, Alison Kirkwood, Vinnie Antony, David McCoombe,

Anthony Bock, Josh Griffiths and Paul Mitrovski for help with field work, Rupert Baker

for veterinary support, Tom Pelly, Georgina Boardman and Jerry Alexander for logistical

support, and Carla Sgrò for comments on the manuscript. We also thank the Mt Buller

Mt Stirling Resort Management Board for ongoing support of this project. Financial

support was provided by the Mt Buller Mt Stirling Resort Management Board, FAME

Ltd, the Department of Sustainability and Environment (DSE) Victoria, and the

Department of Land, Water and Planning (DELWP) Victoria (Hume Region). A.R.W.

and A.A.H. also received financial support from the National Environment Science

Program Threatened Species Recovery Hub (Federal Department of Environment and

Energy) and the Australian Research Council Discovery grant scheme (DP160100661).

Field work permits were provided by responsible state agencies (Animal Ethics: DSE ARI

10/16, DPI WSI 25.12, DEPI ARI 14/10; Wildlife Research Permits: 10004130, 10005612,

10006441, 10007208).

Author contributions
A.R.W., D.H., L.P. and I.M.: Conceptualised the project. D.H.: Undertook most of the

fieldwork, with help from T.K., A.R.W., L.P., and I.M. Genotyping was undertaken by

A.v.R. and A.R.W, while mark-recapture analyses were undertaken by J.S. All genetic and

phenotypic analyses were undertaken by A.R.W. and A.A.H. The manuscript was written

by A.R.W. and A.A.H., with contributions from J.S., D.H., L.P. and I.M. All authors

reviewed the paper prior to submission.

Additional information
Supplementary Information accompanies this paper at 10.1038/s41467-017-01182-3.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/

reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory

regulation or exceeds the permitted use, you will need to obtain permission directly from

the copyright holder. To view a copy of this license, visit http://creativecommons.org/

licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01182-3

6 NATURE COMMUNICATIONS | 8:  1071 |DOI: 10.1038/s41467-017-01182-3 |www.nature.com/naturecommunications



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Weeks, AR;Heinze, D;Perrin, L;Stoklosa, J;Hoffmann, AA;van Rooyen, A;Kelly, T;Mansergh, I

Title:
Genetic rescue increases fitness and aids rapid recovery of an endangered marsupial
population

Date:
2017-10-20

Citation:
Weeks, A. R., Heinze, D., Perrin, L., Stoklosa, J., Hoffmann, A. A., van Rooyen, A., Kelly,
T. & Mansergh, I. (2017). Genetic rescue increases fitness and aids rapid recovery
of an endangered marsupial population. NATURE COMMUNICATIONS, 8 (1), https://
doi.org/10.1038/s41467-017-01182-3.

Persistent Link:
http://hdl.handle.net/11343/270549

License:
CC BY

http://hdl.handle.net/11343/270549
CC%20BY

	Genetic rescue increases fitness and aids rapid recovery of an endangered marsupial population
	Results
	Population size at Mount Buller
	Contribution of introduced males and genetic diversity
	Fitness of hybrids
	No evidence of outbreeding depression

	Discussion
	Methods
	Sites
	Trapping
	Translocations
	Population size estimates
	Genetic and phenotypic analyses
	Code availability
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS


