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Abstract

Effective conservation management requires that genetically divergent populations potentially
harbouring important local adaptations be identified and maintained as separate manage-
ment units. In the case of the endangered Australian Leadbeater’s possum (Gymnobelideus
leadbeateri), an arboreal marsupial endemic to Victoria, uncertainty over the evolutionary
origin of a potentially important extant wild population recently discovered in atypical
habitat (lowland swamp) at Yellingbo is hampering such efforts. The population is
rumoured to be a recent introduction. Microsatellite allele frequencies at Yellingbo differed
substantially from those in sampled populations in montane ash forest (FST between 0.23
and 0.36), and Bayesian clustering analyses of genotypes strongly separated them (K = 2).
We conducted a suite of bottlenecking tests which all indicated that Yellingbo had under-
gone a recent reduction in size. The extent to which the distinctiveness of Yellingbo animals
might be expected solely through bottlenecking associated with a recent introduction, was
tested by simulating population–history scenarios seeded with genotypes from candidate
wild and captive sources. No bottleneck scenario reproduced anything approaching the
genetic distinction of the Yellingbo population, with all STRUCTURE analyses placing Yellingbo
in a separate cluster to simulated populations (K = 2, minimum FST = 0.13). These results
suggest that Yellingbo does not share recent ancestry with other extant populations and
instead may be a remnant of an otherwise extinct gene pool. Importantly, this may include
genes involved in adaptation to a lowland swamp environment, substantially adding to the
conservation importance of this population, and suggesting that separate management may
be prudent until evidence suggests otherwise.
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Introduction

The decline of native species is almost always attributable
to degradation and fragmentation of habitat, introduction
of exotic competitors and predators, and/or to disease. If a
threatened species suffers through loss of habitat or the
introduction of non-native competitors, information on
the evolutionary history of populations of that species may
be important in guiding management programmes. In the
case of some threatened Australian fauna introduced to
regions outside their native range, information on the
source of introduced animals is important for guiding

re-introduction programmes (Taylor & Cooper 1999; Eldridge
et al. 2001). With the refinement and application of popula-
tion genetic techniques to conservation, it is possible to
investigate these scenarios using molecular markers such as
microsatellites. Here, we apply this approach to Leadbeater’s
possum, a threatened Australian endemic, in order to
elucidate the ancestry of a population with a questionable
genetic and demographic history.

Leadbeater’s possum (Gymnobelideus leadbeateri) is most
notable for its status as Victoria’s faunal emblem, but this
status has not prevented a widespread decline in its range
since European colonization. It was first described in the
late 19th century from two specimens collected near Bass in
the Western Port region along Victoria’s coast (Brazenor
1962) (Fig. 1). Only four records from Western Port were
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ever made, and by the mid-20th century it was presumed
extinct. The species was subsequently re-discovered in 1961
in the montane habitats of Victoria’s Central Highlands
(Wilkinson 1961) (Fig. 1). Since that time, the species has
been found in a variety of locations throughout the high-
lands, although patchily distributed and at low densities.
The habitat at these locations is characterized by montane
ash forest with large, hollow-bearing trees and a complex
understory of Acacia (Lindenmayer et al. 1989, 1991;
Lindenmayer & Possingham 1995). The distribution of G.
leadbeateri in the central highlands is restricted by the avail-
ability of trees of suitable age and size for provision of
nesting hollows (Smith & Lindenmayer 1988). This is seen
as a major conservation issue, as suitable nesting trees are
either being felled for timber, succumbing to postlogging
fire operations or collapsing due to wildfire-induced decay
(Macfarlane & Seebeck 1991; Lindenmayer 2000).

In 1986, a small, geographically isolated population of
G. leadbeateri was discovered in lowland swamp near
Yellingbo, some 50 km east of Melbourne (Smales 1994),
16 km from the nearest known Central Highlands popula-
tion (Harley 2004) and approximately 70 km north of Bass
Valley in Western Port. The population is restricted to a
narrow, linear reserve located within an agricultural land-
scape. The high rate of occupancy of most available artificial
denning sites (85% in suitable habitat; Harley 2005)
suggests the population is near carrying capacity (annual
population estimates vary between 80 and 100 animals;
Harley 2005). The local rarity of suitable unoccupied habitat,
the absence of corridors for movement between Yellingbo
and the highlands (Harley 2005), and the low average dis-

persal distance of individuals — between 450 and 500 m at
this site, with the maximum being 1.5 km (Harley 2002) —
suggest it is highly unlikely that Yellingbo exchanges
migrants with highlands populations.

The unexpected discovery of a successfully breeding
population in lowland swamp changed the perspective on
the conservation priorities of this rare species. At any given
time, approximately 64% of the population is comprised of
adults, with the remainder being largely juveniles (less
than 12 months old; 26%) and some subadults (12–16 months;
10%) (Harley 2005). Maximum litter size in this species is
two, with breeding occurring all year round (Harley 2005).
Average juvenile survivorship is relatively high (55%), and
breeding vacancies are rare (Harley 2005). As a result,
approximately 65% of adults hold a breeding position
(Harley & Lill 2007), the sex ratio of these being at parity.
Habitat at Yellingbo is clearly deficient in large hollow-
bearing ash trees and the possum’s major food source in
ash-type forest, Acacia spp. (Smith 1984). Furthermore,
animals readily occupy nest boxes (Harley 2002, 2005),
which attests to the lack of natural denning sites upon
which they are so reliant in the highlands. These floristic
and vegetation structure differences between Yellingbo and
montane ash habitats have led to speculation that the pop-
ulation was not a natural remnant but had been introduced
in Yellingbo. Such speculation was fuelled by rumours that
some animals from a private captive population, most of
which were ultimately housed at Melbourne Zoo, had been
released at Yellingbo (Harley 2006).

The captive population was originally sourced from
multiple locations within the highlands, including around

Fig. 1 Map of Australia showing Victoria in
detail. The core range (shaded region) of
Gymnobelideus leadbeateri and the locations
of extinct populations (represented by squares)
are shown. Black dots represent extant
populations. Source of Australia map outline:
www.ga.gov.au. Map modified from Harley
(2005) (with permission).

www.ga.gov.au
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Cambarville and Marysville in the north, Powelltown and
Noojee in the south and Toolangi in the west. A breeding
program was initiated at Melbourne Zoo in 1970, and
animals were subsequently transferred to establish breed-
ing colonies at other zoos/sanctuaries. Captive popula-
tions have since declined and have not been replenished.
The future outlook for G. leadbeateri in the wild is grim, with
a 90% extinction probability predicted by 2025 (Smith et al.
1985). Thus, the re-establishment of captive populations
and a translocation program are high priority short-term
conservation priorities. The population at Yellingbo is a
potential source of animals for both conservation options
due to its successful breeding and apparent saturation of
the available habitat. However, if the population at
Yellingbo is a long-term and locally adapted isolate from
those in the highlands, then it may be inappropriate to mix
them. Such a course of action may result in loss of local
adaptation (Frankham 2005) and/or outbreeding depres-
sion (by mixing of genomes adapted to different environ-
ments; Marshall & Spalton 2000).

Here, we use microsatellite genetic variation to address
the hypothesis that the Yellingbo population is the result of
a recent introduction rather than being a natural remnant.
Whether the population is introduced or remnant, it may
harbour reduced genetic diversity because of a recent founder
effect or long-term isolation and small size, respectively. Thus,
genetic diversity per se will not allow us to distinguish
between these two scenarios. However, analysis of experi-
mentally bottlenecked populations of Drosophila melanogaster
(England 1998; England et al. 2003) showed that intense
(small number of animals for brief periods) and diffuse
(larger numbers for longer periods) bottlenecks produced
measurable differences in a variety of alternative genetic
signatures. We here apply these tests to microsatellite data
from Yellingbo, to assess whether they indicate an intense
or diffuse bottleneck, which would mimic introduction
and remnant scenarios, respectively. In addition, we utilize
computer simulations to produce artificial gene pools
resulting from a variety of bottleneck scenarios applied
to potential source populations (wild Central Highlands
populations or captive colonies). We then assess whether
simulated bottlenecks produce populations with genetic
characteristics (genotypic structure and allele frequencies)
resembling those observed at Yellingbo by using statistics
that describe differences in allelic frequencies.

Materials and methods

Sample collection and microsatellite genotyping

Leadbeater’s possum blood and ear-biopsy samples were
collected from animals captured during previous studies at
five locations within Victoria’s Central Highlands: Cambarville
(n = 7), Lake Mountain (n = 3), Mount (Mt) Margaret (n = 3),

Powelltown (n = 4) and Toolangi (n = 2), and at a sixth
location, Yellingbo (n = 11) (Lindenmayer & Meggs 1996;
D. Lindenmayer, personal communication). In addition to
these samples collected in earlier studies, ear-clip samples
were also taken from adults and immature animals
residing in nest boxes at Lake Mountain (n = 159). Ear-clip
samples were taken from all animals representing multiple
cohorts of adults and offspring captured at Yellingbo
(n = 187) as part of an intensive ecological study between
1996 and 2001 (Harley 2005). Blood samples were also
collected from captive animals held at Melbourne Zoo
(n = 17), Taronga Zoo (Sydney) (n = 7) and Healesville
Sanctuary (Victoria) (n = 16) (D. Lindenmayer, personal
communication). The original colonies were established in
Melbourne and subsequent transfers of descendant indi-
viduals gave rise to new colonies at other locations.
Therefore, for the purpose of genetic analyses, all sampled
captive animals were treated as having come from a single
captive population.

Whole genomic DNA was extracted from tissue samples
using the salting-out protocol in Sunnucks & Hales (1996),
and from blood samples using a DNeasyTM Tissue Kit
(Qiagen) according to the manufacturer’s protocol.

All samples were genotyped using 14 polymorphic mic-
rosatellite markers developed for Gymnobelideus leadbeateri
(GL4, GL5A, GL6, GL7, GL13, GL19B, GL24, GL28, GL33,
GL35, GL38, GL39, GL42, GL44; Hansen et al. 2005) and
one from another petaurid, the striped possum, Dactylop-
sila trivirgata (DT1; Hansen et al. 2003). Primer sequences
and polymerase chain reaction (PCR) conditions for ampli-
fication of microsatellite markers are described in Hansen
et al. (2005) except for DT1, which was amplified using
touchdown cycling from 62 to 55 °C.

Statistical analysis of genetic diversity and structure

Standard measures of genetic diversity were obtained for
the four largest population samples (Cambarville, Lake
Mountain, Yellingbo and the captive colony). Conformance
to Hardy–Weinberg expectations was tested using exact
probability tests with 10 000 permutations in genepop
version 3.4 (Raymond & Rousset 1995). Linkage dis-
equilibrium between every pair of loci in every population
was tested in arlequin 3.11 (Excoffier et al. 2005) at α/c
(0.05/no.loci*pops) (Quinn & Keough 2002). Pairwise
population differentiation FST were calculated in arlequin
and tested against a null distribution obtained by 10 000
permutations of genotypes between populations. Expected
heterozygosity and allelic diversity were compared statist-
ically using a Wilcoxon test for matched pairs.

Genotypes were analysed in structure 2.0 (Pritchard
et al. 2003), a model-based Bayesian clustering method that
identifies genetic groups and probabilistically assigns
individuals to them. The simulation was run with an initial
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burn-in and thinning interval of 200 000 followed by
500 000 iterations, for five replicates of each K from 1–10.

To determine if our wild (excluding Yellingbo) plus
captive samples adequately represent the total potential
genetic diversity across the unsampled range of Lead-
beater’s possum, the cumulative number of alleles (for all
alleles having a frequency of 0.05 or greater) was plotted as
each individual was added. Five percent was chosen to
represent the threshold for rare alleles (Sjögren & Wyöni
1993; Taylor & Cooper 1999). This was done twice; (i) by
predefining rare alleles (which in this case was 89 out of a
total of 200 sampled from the highlands) and plotting them
as they appeared in the sample; and (ii) using alleles
present at greater than 5% after the addition of each indi-
vidual. All individuals were plotted in order of population,
starting with those from Lake Mountain and finishing with
those from the captive colony.

Analysis of bottlenecking patterns

A variety of genetic diversity measures was examined
from the largest wild populations (n > 25 samples) of Lake
Mountain and Yellingbo to reveal the presence (if any) of
genetic bottleneck signatures in those populations. Three
methods were used to test for bottleneck signatures in
microsatellite data. The first was the M ratio of number of
alleles k divided by the allelic size range r, averaged across
all loci in each sample (Garza & Williamson 2001). This ratio
is intended to quantify gaps in the allele size frequency
distribution resulting from loss of alleles through bottle-
necking. The critical value Mc for a bottlenecked population
was computed separately for Lake Mountain and Yellingbo
using the program critical_m (Garza & Williamson 2001).
Starting values of theta, ps (proportion of one-step mutations)
and Δg (average size of non one-step mutations) for Lake
Mountain were theta = 2 and 10, ps = 0.8 and Δg = 3.3, and
for Yellingbo were theta = 1.5 and 4, ps = 0.4 and Δg = 4.4.
Values lower than Mc tend to represent populations that
have experienced a recent reduction in size. Loci with alleles
that do not represent multiples of a recognized repeat unit
violate the mutation models upon which this method
hinges (Garza & Williamson 2001) and were not included
in the simulation modelling process. On that basis, GL38
and GL44 were removed from calculations of the M ratio.

The second method compares gene diversity excess
relative to that expected if a population were at mutation–
drift equilibrium. That is, recently bottlenecked populations
lose relatively more allelic diversity than heterozygosity,
which results in a testable signal when more than 10
microsatellite loci are screened (using the software bottle-
neck, Cornuet & Luikart 1996). The third method uses a
Wilcoxon signed-rank test to evaluate estimators of
bottleneck-induced distortion under a two-phase mutation
model (TPM). TPM settings were 90% one-step changes

(stepwise mutation model) and 10% multistep changes
(after the infinite allele model), with estimates based on
10 000 replications. bottleneck also performs a qualitative
graphical assessment (‘mode-shift indicator’) describing
bottleneck-induced changes in allele frequency distribu-
tions (Luikart et al. 1998). We concluded that a bottleneck
had occurred if all three methods were in agreement.

Bottleneck simulations

Thirty-four (out of a total of 53) microsatellite alleles present
at frequencies of greater than 10% in the pooled highlands
sample were absent from the large sample taken from
Yellingbo, giving a first indication that sampled highlands
populations were unlikely to have been the source of a recent
Yellingbo introduction. To investigate this more quantitatively,
two simulated populations established with the allele
frequencies observed in the pooled Central Highlands
sample (all five highlands populations) and the captive colony,
respectively, were bottlenecked under various scenarios.

Bottleneck simulations were performed using modelling
software, geneloss (England & Osler 2001), which randomly
re-samples alleles in each of a given number of generations
from replicate simulated populations created from starting
allele frequencies. geneloss reports, per locus, the propor-
tion of (in this case 1000) replicate bottlenecks in which a given
allele is retained, as well as mean observed heterozygosity
and the mean number of alleles per locus retained (allelic
diversity).

Two levels of bottleneck intensity were simulated for
each of the two source populations: intense (two breeding
pairs, that is, eight randomly chosen alleles — each genera-
tion) and diffuse (50 breeding pairs each generation) (after
England 1998). One generation was defined as two years,
which is equivalent to the age at first breeding in this species
(Lindenmayer & Lacy 1995; Harley 2005). Duration of
simulated bottlenecks were 1, 5, 10 and 50 generations. One
generation was intended to represent a single founder
event (introduction) of brief duration. Five generations
(10 years) was intended to represent the maximum bottle-
neck duration (1986 was chosen as a starting point –15 years
after the first wild animal was acquired for captive breed-
ing) that could still enable post-bottleneck reproduction to
produce 12 breeding pairs (assuming that all offspring go
on to breed). This number approximated the average annual
number of breeding adults present in the population
during the sampling period (Harley 2005). A bottleneck of
10 generations was chosen arbitrarily as an intermediate
figure to the other simulations, and 50 generations was
intended to represent the approximate amount of time that
had elapsed between first European discovery of the
species and the sampling period.

Allelic retention rates were used to determine the prob-
ability that source-population alleles could be absent in the
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Yellingbo sample given a particular bottleneck scenario by
multiplying rates across all retained alleles matching those
in the Yellingbo sample (as in Taylor & Cooper 1999).
Retention rates were also used to calculate allele frequen-
cies representative of each bottleneck scenario, and the
similarity of these to the observed Yellingbo gene pool was
examined by calculation of pairwise FST. Although FST may
not be strictly valid in this situation (where there is no
obvious ancestral population) it nevertheless gives an
indication of population genetic similarity between samples.
Real and simulated population pairwise FST values were
calculated from allele frequencies using modified Wright’s
F-statistics according to the following equation

after Peakall & Smouse (2006). For consistency, FST values
for the real population pairs were re-computed from
genotypes using the same method (in genalex 6; Peakall &
Smouse 2006). Pairwise FST values were plotted in a neighbour-
joining tree using mega version 2.1 (Kumar et al. 2001) for
convenient visualization of allele frequency similarities
and dissimilarities (Supporting Information, Fig. S1).

Simulated allele frequencies were used to construct
100 genotypes (this figure represents the average annual
population census size at Yellingbo; Harley 2005) in gemini
(Valière et al. 2002). These genotypes were included in
structure analyses to determine if bottlenecking of any
intensity could produce a population as strongly differen-
tiated from other populations as Yellingbo.

Results

Genetic diversity and structure of real populations

Yellingbo exhibited significantly lower expected hetero-
zygosity (all P < 0.05) than any other sampled population,
and significantly lower allelic richness (all P < 0.05) than all

except Powelltown (0.05 < P < 0.1). By contrast, the captive
colony showed negligible reduction in diversity compared
to Lake Mountain and Cambarville (Table 1). Initially,
genotypes were obtained from a single PCR, with unique
alleles being verified in replicate PCRs. Genotype frequencies
at both Lake Mountain (GL35 and GL44) and Yellingbo
(GL4 and GL19B) deviated significantly from Hardy–
Weinberg expectations (heterozygote deficit) (Table 1).
Heterozygote deficits at one or a small number of loci may
indicate the presence of null alleles. However, the trend for
heterozygous deficits across most loci, the fact that the loci
involved were not the same in the two populations, and the
lack of evidence for null alleles in parentage analyses
(Hansen & Taylor, unpublished) all suggest that null alleles
were not the cause here. Rather, a Wahlund effect due to
strong demic structure is a more likely explanation, given
that our sampling included all animals encountered in nest
boxes, which typically consist of family groups (Harley
2005). Furthermore, significant linkage disequilibria were
detected for 57% and 27% of locus pairs (after Bonferroni
correction) at Yellingbo and Lake Mountain, respectively.
Disequilibria were not consistently caused by the same
locus pairs in each population so are unlikely to be reflecting
physical linkage. Strong linkage disequilibrium is also
consistent with the presence of demic substructure in our
sample. Such effects have been previously observed when
families of related species showing similar social organiza-
tion are sampled from nest-boxes (for example, sugar
gliders Petaurus breviceps; Kendal 2008). This possibility
will be further explored in future research.

Genetic differentiation for all sample pairs was highly
significant (all FST values had P ≤ 0.00001: Table 2), with the
exception of that for Lake Mountain and Cambarville
(P ≤ 0.01), consistent with their close geographical proxim-
ity (Fig. 1). Yellingbo was most differentiated from all other
populations, with all pairwise FST values being greater
than 0.23 (Table 2) and highly significant. The lowest pair-
wise FST values for the captive colony were with the Lake
Mountain and Cambarville populations, in agreement
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Table 1 Sample size (n), observed (HO) and expected (HE) heterozygosity, allelic diversity (A), percent unique alleles and loci deviating from
Hardy–Weinberg expectations (HW disquilibrium) at 15 microsatellite loci for the five largest sampled populations of Gymnobelideus
leadbeateri samples. NA means test not performed

Population n HE HO A % unique Loci with unique alleles HW disequilibrium

Toolangi 2 0.72 0.77 2.4 2.8 GL4 NA
Mt Margaret 3 0.73 0.76 3.3 4.0 GL38 GL7 NA
Powelltown 4 0.65 0.83 2.9 4.5 GL38 GL5A —
Cambarville 7 0.71 0.71 4.9 0 — —
Lake Mountain 162 0.79 0.74 11.2 23.2 all except GL4 & GL5A GL35

GL44
Yellingbo 198 0.55 0.53 3.4 5.9 GL38 GL35 GL33 GL4

GL19B
Captive colony 42 0.74 0.69 6.8 1.0 GL24 —
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with the fact that many of these animals are descendents of
individuals sourced from sites local to these populations.

Two methods were used to infer number of genetic
clusters from structure results for the combined wild and
captive sample. The first is based on the recommendations
of Pritchard et al. (2003) and involves computing the post-
erior probability of K (P(K |X)) from multiple replicates of
each different value of K. The estimated number of clusters
was seven (Table 3). The second method of interpretation
after the method of Evanno et al. (2005), who use the
second-order rate of change of the ln P(X |K) given by the
value ΔK. ΔK is computed from the mean and standard
deviation of the ln P(X |K); the maximum value provides
the best estimate of the number of clusters, which for this
data set was two (Table 3). Either way, meta-population
subdivision was most strongly defined by the exclusion of
Yellingbo from all other populations.

The accummulation of allelic diversity asymptates at
approximately 20 individuals, all from a Lake Mountain
(Fig. 2). The subsequent addition of more individuals from
the remainder of the highlands sample (and with it, the
addition of new rare alleles) does not increase the accumu-
lation of common allelic diversity. The first plot effectively
represents the mean of the second plot (Fig. 2). The second
plot fluctuates with the addition of every 10 individuals,
the greatest fluctuation occurring between 107 alleles at
n = 10 individuals to 64 alleles at n = 11 individuals. These

fluctuations occur because (i) the addition of more alleles
changes the total sample allele frequency distribution with
each new individual; and (ii) common alleles become
diluted by the accumulation of new alleles as individuals
are added. The plateau in accumulation of allelic diversity
indicates that our sampling has likely detected all except
rare alleles and that the pooled sample captures the major-
ity of meta-population genetic diversity within the central
highlands.

Yellingbo alleles were extremely skewed in their relative
size and frequency. In per-locus allelic size frequency plots,
there was a bimodal distribution of allele size classes in at
least seven loci (GL35, GL4, GL13, GL39, GL33, GL28 and
DT1), with the pooled and captive source populations
tending to contribute to one mode and Yellingbo to the
other (see Appendix I). This further suggests that alleles at
Yellingbo are not simply a subsample of those in potential
source populations, as might be expected if Yellingbo were
a bottlenecked founding population from the latter.

Bottlenecking patterns

The M ratio for the Lake Mountain sample was 0.729 and
for Yellingbo was 0.606, confirming that numerous alleles

Table 2 Genetic differentiation (pairwise
FST) computed in arlequin, between the five
largest sampled populations of G. leadbeateri

Cambarville Lake Mountain Powelltown Yellingbo

FST
Lake Mountain 0.084**
Powelltown 0.203*** 0.136***
Yellingbo 0.302*** 0.235*** 0.358***
Captive colony 0.131*** 0.085*** 0.172*** 0.309***

Significance codes ***P < 0.00001, **P < 0.01.

Table 3 Results of the structure analysis of all real populations.
Bold indicates the best number of clusters K using the method of
Pritchard et al. (2003) (K = 7) and Evanno et al. (2005) (K = 2)

K ln P(X | K) Var ln P(X | K) ΔK

1 –10713.1 82.4 —
2 –8562.5 149.3 908.9
3 –8634.9 273.8 1.3
4 –8160.4 343.3 1.5
5 –8108.7 464.7 0.1
6 –8063.6 571.9 10.6
7 –7866.5 650.5 1.5
8 –8007.5 799.8 0.7
9 –7899.7 830.7 0.1
10 –7869.9 952.2 —

Fig. 2 Cumulative number of alleles (with frequency > 5% in
pooled highlands and captive samples) plotted for each individual
sample from all populations of G. leadbeateri, excluding Yellingbo.
The solid line indicates the accumulation of new alleles present at
5% or higher in the total sample, and the dashed line indicates the
accumulation of alleles at 5% or higher each time an individual
is added.
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are absent from the Yellingbo sample relative to the total
number we would expect to be present under the TPM. The
critical value of M (Mc) generated for the Lake Mountain
data set was 0.712 at theta = 2, and 0.713 at theta = 10, and
for Yellingbo was 0.462 at theta = 1.5 and 0.504 at theta = 4.
In the latter case, 88.4% of 10 000 simulated replicates would
be below M for a population with Ne = 750 (theta = 1.5)
at equilibrium, indicating that there has probably been a
reduction in population size (as inferred by the other
methods; see below) but it may not be recent.

The Wilcoxon test (in bottleneck) revealed significantly
higher gene diversity than expected for the observed allelic
diversity at Yellingbo (P = 0.0007, indicative of a recent bot-
tleneck) but not Lake Mountain (P = 0.7727). Analyses of
bottleneck-induced distortion of allele frequencies indi-
cated an allele frequency distribution mode-shift (Fig. 3a)
at Yellingbo, but a normal L-shaped mode for Lake Mountain,
as expected for non-bottlenecked population at mutation-
drift equilibrium (Fig. 3b). The strength of bottleneck
patterns at Yellingbo confirms that this population has
undergone a recent reduction in size; conversely, the absence
of these patterns at Lake Mountain suggests otherwise.

Bottleneck simulations

Simulated bottlenecks were highly sensitive to starting
allele frequency. This is not surprising as virtually all
bottleneck detection methods acknowledge that changes in
relative allele frequencies are a signal of a genetic bottleneck
(Nei et al. 1975; Frankham et al. 2004). As expected, all
bottleneck simulations resulted in a loss of allelic diversity
and heterozygosity relative to the original source (Table 4).
Initially, allele frequencies from 10 randomly chosen

Fig. 3 Microsatellite allele frequency distributions for (a)
Yellingbo (b) Lake Mountain and (c) one representative simulated
bottlenecked population (CH int-1).

Table 4 Comparisons of genetic diversity between real and
simulated G. leadbeateri populations. A refers to allelic diversity for
real populations and its equivalent, average allelic retention, for
simulations. H is expected heterozygosity for real populations and
observed heterozygosity for simulated populations (output from
geneloss). The probability (P) that common alleles in the source
population could be absent from Yellingbo following each
bottleneck scenario is given

Population H A P

Non-bottlenecked
Lake Mountain 0.74 11.2 —
Captive colony 0.74 6.8 —
Bottlenecked
Yellingbo 0.53 3.4 —
Simulated introduction
CH int-1 0.68 4.6 1.6 × 10–17

CH int-5 0.41 2.3 2.1 × 10–32

CC int-1 0.60 3.7 0.0
CC int-5 0.35 2.1 2.8 × 10–14

Simulated remnant
CH dif-10 0.62 4.3 5.5 × 10–19

CH dif-50 0.22 1.7 3.9 × 10–30

CC dif-10 0.64 5.7 0.0
CC dif-50 0.52 3.6 0.0

Source populations are CH (Central Highlands), and CC (captive 
colony).
Bottleneck severity is represented by: int (intense = two breeding 
pairs) and dif (diffuse = 50 breeding pairs) (adapted from England 
1998).
Number of generations in bottleneck is shown as the suffix.
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replicate bottlenecks (per scenario) were examined and
compared using the probability of allelic retention and FST
comparisons to the Yellingbo sample. The average allelic
retention rate was subsequently used to summarize the
bottlenecking patterns (probability of retention and FST)
per scenario. In no single replicate, nor in the average, were
alleles retained at frequencies similar to those observed in
the Yellingbo sample. This was also true when bottlenecking
the captive colony source population. Allele frequencies in
all simulated populations regardless of source or bottleneck
type (intense or diffuse) were substantially more similar to
those at Lake Mountain (FST = 0.006–0.053) and the captive
colony (FST = 0.001–0.061) than to Yellingbo (FST = 0.133–
0.191) (Supporting Information, Figs S1 and S2).

The probability that a founding population could
have lost the alleles that are found to be absent from the
Yellingbo sample was effectively zero, depending on the
bottleneck scenario (Table 4). In particular, the probability
that alleles could have been lost from a population
founded with captive colony animals in such a short
time was effectively zero. The allele frequency distribution
of one representative simulated bottleneck replicate,
which clearly demonstrates the mode-shift, is shown in
Fig. 3(c).

Consistent with the allele frequency patterns produced
by artificial bottlenecking, replicate simulated bottle-
necked populations did not cluster with the Yellingbo
population in any structure analysis. Population sub-
division in all bottleneck scenarios was best described by
K = 2. This pattern was strong and consistent over different
bottleneck intensities and durations. Each replicate simula-
tion produced very similar results in structure, so only
the most conservative outcome, that is, a randomly chosen
replicate from the simulation scenario with average allele
frequencies most closely resembling those at Yellingbo
(measured by FST), is presented (Fig. 4). It is clear that,
using either candidate source population, be it the sampled
highlands populations or the captive colony, the Yellingbo
bottleneck could not be replicated.

Discussion

Yellingbo is the only known Gymnobelideus leadbeateri
population surviving in the lowland swamp habitat type
from which the species was first described (Smales 1994;
Macfarlane et al. 1998, 2003; Harley 2004; Harley et al.
2004). Individuals residing there are geographically and
demographically separated from conspecifics in the
mountain ash forest of the Central Highlands of Victoria
(Smales 1994; Harley 2005). Genetic analyses support the
hypothesis that Yellingbo is an isolated population losing
genetic diversity as a function of its small size and
isolation. Its allele frequency patterns are consistent with
bottleneck-induced distortion resulting from a loss of rare
alleles, and there is low allelic diversity and heterozygosity,
as commonly seen in other bottlenecked populations (see
for example Taylor et al. 1994; Garza & Williamson 2001;
Hellborg et al. 2002; England et al. 2003; Eldridge et al. 2004;
Kraaijeveld-Smit et al. 2005).

Although a standard suite of tests identified Yellingbo as
a bottlenecked population they could not indicate whether
this was due to it being a recent introduction or a remnant
from a more widespread distribution. Simulations were
employed to distinguish these two scenarios. All simulated
bottlenecked populations clustered closely with the real
populations from the Central Highlands, to the exclusion
of Yellingbo. Over a range of scenarios, simulated bottle-
necks for the known potential source populations did not
approximate genetic patterns at Yellingbo. This effect was
consistently strong, indicating that this population is not
recently descended from one like Lake Mountain or any other
in its immediate vicinity and unlikely to be descended from
any other sampled extant Central Highlands population.
Moreover, it certainly did not arise from an introduction
event in the last 100 years (50 generations). Thus, we con-
clude that the Yellingbo population has as its source an
ancestral gene pool either too poorly represented in high-
lands populations to have been sampled, or from a location
separate from the highlands (and its derivative captive colony).

Fig. 4 structure plot of genotypic patterns in all real populations and a representative simulated bottlenecked population CH int-1.
Shaded bars indicate the proportion of an individual’s membership to a given genetic cluster K (where K = 2). The abbreviation CAPTIVE
refers to the captive colony.
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The sample used in this study encompasses populations
from the southern (Powelltown) and northern (Lake
Mountain/Cambarville) parts of the core range, and pre-
sumably a significant proportion of the genetic diversity as
well. This was demonstrated in the allele frequency accu-
mulation curve where, at a sample size of 20 individuals
(from a single population), virtually all alleles occurring at
a frequency of 5% or higher had been detected. Thus, we
are confident that the addition of more sampling sites to
the highlands source gene pool would not alter the sample
allele frequency distribution, such that a bottleneck of that
source could replicate the Yellingbo scenario. Therefore,
we consider it implausible that Yellingbo was founded by
any un-sampled extant highlands population(s).

Our evidence indicates that Yellingbo has not recently
descended from populations like Lake Mountain or
Cambarville, and that it is therefore unlikely to be a recent
remnant from the Central Highlands. Instead, we propose
that the Yellingbo gene pool is a recent remnant from a
broader, now extinct lowland/swamp population. This
assertion is buoyed by speculation in the literature that
Yellingbo may be a surviving representative of now extinct
coastal populations of the Western Port region (Smales
1994; see also Harley 2004 for an overview). This specula-
tion is largely based upon habitat similarities between the
two locations. Part of the Western Port region was lowland
swamp, drained to make way for agriculture in the early
20th century (Brazenor 1946). Anecdotal historical evidence
suggests that prior to its reclamation, this swamp may have
been Melaleuca and Eucalyptus ovata dominated, similar to
that occurring at Yellingbo (Smales 1994). Swamp habitat
of this type is largely absent from the Central Highlands.

If Yellingbo is indeed a remnant from an extinct popula-
tion or meta-population, its degree and nature of genetic
distinctiveness may indicate long-term separation of
G. leadbeateri populations according to habitat type. This
postulation has significant conservation implications, because
it suggests that G. leadbeateri populations from the two
habitat types not only constitute separate management
units but may also fit the criteria of Evolutionary Signi-
ficant Units (Moritz 1995). Mitochondrial genetic data are
necessary to assess this proposition in more detail. Never-
theless, geographical isolation and habitat specialization of
the kind proposed here may be sufficient evidence to
justify this separation (Moritz 1995; Frankham et al. 2004).
We would therefore advise caution in mixing animals
sourced from different habitat types for breeding or trans-
location programmes, until it can be ascertained whether
they represent entities that differ in important adaptive
characteristics. Our mitochondrial DNA sequence analyses
in progress, including samples from the recently extinct
Western Port populations, may help pinpoint the timing
and nature of the Yellingbo population divergence. Exper-
iments on ecological exchangeability of the form suggested

by Rader et al. (2005) would be warranted if they can be
conducted without deleterious impacts on populations.

Conclusion

We have shown that simulating various population genetic
scenarios using high resolution genetic data is a powerful
approach to inferring population ancestry. Standard genetic
and genotypic differentiation analyses are insufficient for
distinguishing between alternative historical scenarios in
the absence of precise information on both separation
times and population sizes. By contrast, simulations as
employed here allow exploration of the possible genetic
outcomes of scenarios incorporating a range of possible
values for these parameters. Such a rigorous, quantitative
approach has left little doubt that the Yellingbo population
of Gymnobelideus leadbeateri is an important remnant of a
previously more widespread, genetically divergent lowland
swamp form of the species whose persistence and separate
management may be important for maintaining historical
genetic diversity and adaptation, particularly in the face
of ongoing loss of habitat. There are clear management
implications associated with this finding, and these are
currently being incorporated into the updated Leadbeater’s
Possum Action Statement (Macfarlane et al. 2003). Our
work demonstrates a useful approach for analysis of other
threatened species with restricted ranges and uncertain
divergence history, and also those that have been translocated
outside their native range, given the often poor historical
records associated with such programmes.
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Appendix I

Frequency of allele sizes (in bp) of 15 microsatellite loci for Gymnobelideus leadbeateri. Grey bars are the pooled central highlands sample,
black bars are the captive colony and white bars are Yellingbo. The allele frequency is given on the Y axis and allele sizes for each locus are
given on the X axis.
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