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Abstract
Hybridization and genetic introgression following the introduction of exotic species can

pose a significant threat to the survival of geographically restricted species. A remnant pop-

ulation of the critically endangered freshwater crayfish Cherax tenuimanus in the upper

reaches of the Margaret River in southwestern Australia is under threat following the intro-

duction and spread of its congener Cherax cainii. Here, we examine the extent of hybridiza-

tion and introgression between the two species using twelve polymorphic microsatellite loci.

Our study reveals there are three times more C. cainii than C. tenuimanus at our study site
in the upper reaches of the Margaret River. There is also evidence of hybridization and intro-

gression between C. tenuimanus and C. cainii at this site, with F1, F2 and backcrossed indi-

viduals identified. While interbreeding was confirmed in this study, our simulations suggest

that the levels of introgression are much lower than would be expected under random mat-

ing, indicating partial reproductive barriers exist. Nevertheless, it is apparent that hybridiza-

tion and introgression with C. cainii pose a serious threat to C. tenuimanus and their survival

in the wild will require active adaptive management and continued genetic monitoring to

evaluate management effectiveness.

Introduction
The survival of a species can be detrimentally affected by invasive species, especially if accom-
panied by hybridization and introgression [1–3]. The threat of introgression is particularly ap-
parent when rare species come into contact with more abundant relatives, as they are
vulnerable to genetic swamping [1,4–7]. When introgression spreads throughout a species’
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range, the species effectively becomes extinct and subsequent recovery is not possible. It there-
fore poses a significant threat to geographically restricted species [8].

The hairy marron Cherax tenuimanus (Decapoda: Parastacidae) [9], is a freshwater crayfish
endemic to the southwest of Western Australia. It has been listed as critically endangered
under the Western Australian Wildlife Conservation Act 1950 and the IUCN Red List of
Threatened Species. Cherax tenuimanus currently persists within the upper reaches of Marga-
ret River only, a 60 km riverine system in Western Australia (Fig. 1). Reduction of their range
within this river system has been attributed to the introduction of the smooth marron Cherax
cainii (Decapoda: Parastacidae) in the 1980s [10]. The introduction of C. cainii to the lower
reaches of Margaret River resulted in complete displacement of C. tenuimanus from the lower
reaches within 13 years [10,11]. Cherax cainii has since spread up river, where it is now found
in sympatry with all remaining C. tenuimanus populations [10,12].

Historically, marron was considered a single species, C. tenuimanus, following description
of the species by Smith [9]. However, following the detection of significant genetic differences
at four allozyme loci, as well as distinct morphological differences, two species were formally
recognized as separate taxa, with the Margaret River marron retaining the original taxonomic
name C. tenuimanus and the widespread smooth marron named C. cainii [11]. Cherax tenui-
manus have setae on the cephalothorax that are completely absent in C. cainii, hence the com-
mon name of hairy marron. They are also characterized by a median carina that extends evenly
and continuously to the cervical groove. In C. cainii, the median carina is more pronounced
and either does not reach the cervical groove, or if it does, it is not continuous [11].

Evidence of hybridization between C. tenuimanus and C. cainii has been reported in several
studies. An allozyme study by Austin and Ryan [11] found evidence of three distinct groups in
the lower reaches of the Margaret River. The first group was morphologically typical of Marga-
ret River (C. tenuimanus) marron. The second group was morphologically typical of marron
from outside the Margaret River (C. cainii). Individuals in the third group, designated as hy-
brids, were morphologically intermediate and were heterozygous at three peptidase loci, which

Fig 1. A map displaying the Margaret River system divided into its lower, middle and upper reaches. Boomerang Pool (marked) is the site where
marron were collected for this study.

doi:10.1371/journal.pone.0121075.g001
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were fixed for alternate alleles in the other two groups. Austin and Ryan [11] further argued
that a deficiency in heterozygosity at the peptidase loci indicated there were reproductive barri-
ers between the two sympatric populations, suggesting they were good biological species. Sub-
sequent studies using allozymes and morphology [13] and microsatellites [14] have also found
evidence of interbreeding between two distinct morphotypes in the Margaret River. Finally,
crossbreeding experiments conducted at the Department of Fisheries Pemberton Freshwater
Research Centre have produced fertile female hybrids following matings between female
C. tenuimanus and male C. cainii [15].

Identifying the population structure and the extent of introgression in Margaret River mar-
ron populations is critical for designing future conservation efforts to preserve the critically en-
dangered C. tenuimanus. The present study uses recently developed microsatellite markers
[16] to assess population structure and the extent of genetic mixing in a marron population
from the upper reaches of the Margaret River. It was hypothesized that there would be two ge-
netically distinct populations within the Margaret River, one representing C. tenuimanus and
the other C. cainii, as well as a proportion of hybrid and backcrossed individuals. An investiga-
tion of the genetic variation within a captive breeding population of C. tenuimanus (initiated
by the Western Australian Department of Fisheries) was also undertaken to validate the identi-
ty of the breeding individuals, in the anticipation that all individuals would be C. tenuimanus.
Finally, we conducted simulations to test whether the observed levels of hybridization and
backcrossing in the admixed Margaret River population were consistent with randommating
between the two species.

Methods

Sample collection
One hundred and fifteen marron were captured from Boomerang Pool (33.87739°S,
115.29473°E) in the upper reaches of Margaret River in September 2012, using black box traps
baited with chicken pellets, set 20 m apart along a transect. The traps were left overnight and
checked in the morning for marron. A single leg was removed from each animal using forceps
through atomizing (whereby the animal naturally drops their leg). Tissue samples were imme-
diately stored in 100% ethanol. In addition to samples from the Margaret River, tissue samples
were collected from 20 individuals from both Shannon River (34.76345°S, 116.37501°E) and
Warren River (34.50561°S, 115.93629°E). Both the Shannon andWarren Rivers contain C. cai-
nii populations only [11,17] and are at least 150 km from the Margaret River catchment
boundary. Population samples from the Shannon and Warren Rivers were collected in 2012.

To provide reference material for C. tenuimanus, tissue samples from eight C. tenuimanus
individuals (hereafter referred to as the C. tenuimanus control population) previously collected
fromMargaret River [16] as well as 42 individuals from a C. tenuimanus captive breeding pop-
ulation were included in the study. These marron were originally collected from the upper
reaches of the Margaret River and were selected on the basis of their morphological traits.

All samples collected for our study were made by staff from the Western Australian Depart-
ment of Fisheries. The collections were authorized by the Western Australian Department of
Fisheries who have legislative responsibility for aquatic organisms. No specific permissions
were required.

DNA extraction, PCR and microsatellite genotyping
Genomic DNA was extracted from tissue samples using either a QIAGEN DNeasy Blood and
Tissue Kit (www.qiagen.com) or a Xytogen animal DNA quick extraction kit (www.xytogen.
com), following the manufacturer’s instructions. Genotypes at 13 microsatellite loci (Cher01,
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05–08, 10, 14–15, 19–21, 24, 26) were determined for each individual using primers and poly-
merase chain reaction (PCR) conditions as described in Kennington et al. [16]. PCR products
were analyzed on an ABI3700 sequencer using a GeneScan-500 LIZ internal size standard. Ge-
notypes were scored using GENEMARKER version 1.9 (SoftGenetics, State College, PA, USA)
software. The microsatellite data collected in this study has been deposited on the DRYAD
website (data identifier: doi:10.5061/dryad.h00mt).

Data analysis
The presence of null alleles was tested for each locus using the MICROCHECKER software
package [18]. Levels of genetic variation in each population sample were quantified by calculat-
ing allelic richness (a measure of the number of alleles independent of sample size) and gene di-
versity. Tests for a deficit or excess in heterozygotes were carried out for each locus within each
population using randomization tests, and the results were characterized using the FIS statistic
[19]. FIS values that were significantly positive indicate a deficit of heterozygotes relative to ran-
dom mating, and negative values indicate an excess of heterozygotes. Genotypic disequilibrium
(GD) between each pair of loci was assessed by testing the significance of association between
genotypes. Genetic differentiation between samples was assessed by calculating Weir and
Cockerham’s [20] estimator of FST. Estimates of FIS, FST, tests for deficits in heterozygotes and
genotypic disequilibrium were calculated using the FSTAT software package [21]. Differences
in estimates of genetic variation and FIS values among samples were tested using Wilcoxon’s
signed-rank tests or Friedman’s ANOVAs (Analysis of Variance) with samples paired by locus.
These analyses were performed using the statistical software package R (version 2.15.3).

In addition to pairwise FST values, population structure was assessed using the Bayesian
clustering method of Pritchard et al. [22] and Falush et al. [23] implemented with the program
STRUCTURE 2.1. This method identifies genetically distinct clusters (K) based on allele fre-
quencies across loci. All analyses were based on an ancestry model that assumed admixture
and correlated allele frequencies. No prior information about the origin of the samples was
used. Ten independent runs were performed for each value of K (1–10) with a burn-in of
10,000 followed by 100,000 Markov Chain Monte Carlo (MCMC) iterations. The most likely
number of clusters was assessed by comparing the likelihood of the data for different values of
K and using the ΔKmethod of Evanno et al. [24]. We also used the program NEWHYBRIDS
[25] to determine the ancestry of all individuals from the Margaret River population. This pro-
gram also uses a MCMC procedure to assign individuals to different generational classes: pure
species 1 or 2, F1 or F2 hybrids and F1 backcrosses to each parent. Analyses were run using Jef-
freys priors with 500,000 sweeps and a 50,000 burn-in value. No prior allele frequency informa-
tion was used in the analysis. We used a posterior probability value of 0.50 as a threshold value
for assignment of an individual to a generational class.

Genetic introgression and the decay of genotypic disequilibrium and
population structure under randommating
To determine whether the observed levels of hybridization and backcrossing in the admixed
Margaret River population are consistent with random mating and whether there has been suf-
ficient time for random mating to breakdown GD and genetic differentiation between subpop-
ulations, simulated data sets were created using a modified version of EASYPOP 2.0.1 [26].
The simulations were based on a simple model consisting of two diploid subpopulations with
complete mixing (random mating) between them. The total number of individuals (i.e. both
subpopulations combined) was set at 10,000 with an equal sex ratio. However, the number of
individuals in each subpopulation varied to reflect the different proportions of C. cainii and
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C. tenuimanus in the upper reaches of the Margaret River since 2002 [0.7 and 0.3 respectively,
10], when the last genetic assessment of the population was made. The mutation rate was set at
0.001 [27,28]. Both single step and two-phased models of mutation were used. However, be-
cause both mutation models gave qualitatively similar results, only the results with the single
step mutation model are presented.

The simulations ran for three generations (the estimated number of generations since 2002
assuming a generation time of three years [29]) and were based on 12 loci with free recombina-
tion and a maximum of seven alleles per locus (the average number of alleles per locus in the
Margaret River population samples). Simulations were started with either maximum or inter-
mediate (FST ~ 0.5) allele frequency differences between subpopulations. In models with maxi-
mum genetic divergence, subpopulations were fixed for different alleles at each locus.
Subpopulations with intermediate genetic divergences were set up by randomly selecting alleles
from all possible allelic states for one subpopulation and randomly selecting alleles from a sub-
set of possible allelic states for the other subpopulation. This also resulted in a difference in alle-
lic richness between subpopulations, which is what we observed in the C. tenuimanus samples.

At each generation 40 individuals were randomly selected from each subpopulation (80 in-
dividuals in total) and used to test for population structure and ancestry using STRUCTURE
and NEWHYBRIDS, as undertaken with the original data. Ten simulated data sets were gener-
ated and tested for genetic differentiation for each model. Simulated data sets from each gener-
ation were also analyzed with FSTAT to assess levels of GD between pairs of loci. The
significance of differences between the observed and simulated results was tested using one
sample t-tests.

Results

Genetic variation
One locus (Cher08) was identified as having null alleles in the control Shannon River popula-
tion using MICROCHECKER, and was therefore removed from further analyses for
all populations.

Genetic diversity statistics for the remaining 12 loci were typically higher in the Margaret
River population sample than the Cherax cainii populations from Shannon and Warren River
and the C. tenuimanus control and captive breeding populations (Table 1). Friedman’s
ANOVA indicated significant differences in allelic richness and gene diversity across

Table 1. Genetic variation and genotypic disequilibrium (GD) within each population sample.

Site N AR H FIS GD

C. cainii

Shannon River (SR) 20.0 (0.0) 2.0 (0.3) 0.26 (0.09) 0.11 0

Warren River (WR) 20.0 (0.0) 2.7 (0.5) 0.35 (0.09) -0.03 0

C. tenuimanus

Controls (CON) 8.0 (0.0) 1.6 (0.2) 0.10 (0.04) -0.10 0

Captive breeding (CB) 42.0 (0.0) 2.4 (0.3) 0.21 (0.06) 0.19* 14

CB—hybrids removed 38.0 (0.0) 1.8 (0.3) 0.14 (0.06) 0.11 0

Admixed

Margaret River (MR) 114.3 (0.4) 4.3 (0.5) 0.67 (0.04) 0.32* 66

N is the mean sample size per locus, AR is allelic richness, H is gene diversity and FIS is the inbreeding coefficient. Standard errors are in parentheses. FIS
estimates significantly greater than zero after correction for multiple comparisons are denoted with an asterisk.

doi:10.1371/journal.pone.0121075.t001
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population samples (P< 0.001 in all cases). Further pairwise testing using Wilcoxon’s signed-
rank tests revealed significantly higher allelic richness and gene diversity within the population
sample from Margaret River compared to all other population samples (P� 0.001 in all cases).
There was also a significant difference in gene diversity between the C. tenuimanus control and
C. cainiiWarren River population samples (P = 0.045), with higher gene diversity in the C. cai-
nii sample. All other pairwise tests were non-significant.

Population samples from Margaret River and the C. tenuimanus captive breeding popula-
tion had significantly positive multilocus FIS values indicating a higher than expected propor-
tion of homozygotes (Table 1). There was also genotypic disequilibrium (GD) in these
population samples. GD was highest in the Margaret River population samples with 66 pairs of
loci in significant GD. The C. tenuimanus captive breeding population had 14 pairs of loci in
GD when hybrids were included in the analysis. However, the removal of hybrid individuals re-
sulted in no pairs of loci being in GD and the FIS value became non-significantly different to
zero (Table 1).

Population structure and genetic introgression
Significant differences in allele frequencies were evident between all population samples except
between the C. tenuimanus control and captive breeding populations (Table 2). Pairwise FST
values indicate that the largest differences in allele frequency were between the C. tenuimanus
and the C. cainii population samples. Allele frequencies in the Margaret River population sam-
ple were most similar to the Shannon and Warren River C. cainii populations. Pairwise FST val-
ues between the Margaret River and C. cainii population samples ranged from 0.20 to 0.26
compared to 0.31 to 0.35 between the Margaret River and C. tenuimanus population samples.

Bayesian clustering analysis indicated K = 2 as the most likely number of clusters according
to plots of L(K) and ΔK across different values of K. These clusters were representative of
C. cainii and C. tenuimanus, as determined by the assignment of all individuals from the
C. tenuimanus control population sample to one cluster and all individuals from the C. cainii
Warren and Shannon River populations to the other genetic cluster (Fig. 2). Individuals from
the C. tenuimanus captive breeding population sample were predominantly assigned to the
cluster representing C. tenuimanus, though a few individuals were a mixture of both clusters
and appeared to be hybrids or backcrosses with C. cainii.

Individuals in the Margaret River population samples were assigned to one genetic cluster
or were a mixture of both. Using a threshold value of�90% membership to a single cluster to
be considered a pure C. tenuimanus or C. cainii, the Margaret River population sample was cal-
culated to consist of 58.3% C. cainii, 18.3% C. tenuimanus and 23.5% hybrids. The NEWHY-
BRIDS analysis of this population sample indicated that most hybrids were F1 or F2
generations with lower frequencies of backcrosses to each parental species. The analysis

Table 2. Pairwise FST estimates between population samples.

SR WR CON CB MR

C. cainii (SR) –

C. cainii (WR) 0.46* –

C. tenuimanus (Con) 0.77* 0.73* –

C. tenuimanus (CB) 0.75* 0.73* 0.00 –

Margaret River (MR) 0.26* 0.20* 0.34* 0.35* –

FST estimates significantly greater than zero after correction for multiple comparisons are denoted with an asterisk.

doi:10.1371/journal.pone.0121075.t002
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identified 60.5% C. cainii, 18.4% C. tenuimanus, 5.3% F1, 10.5% F2 and 5.3% backcross to
C. cainii. There were no individuals identified as being a backcross to C. tenuimanus.

Genetic introgression and the decay of genotypic disequilibrium and
population structure under randommating
Our simulations suggest that genetic introgression should occur rapidly under random mating.
When simulations were started with maximum genetic divergence (i.e. subpopulations were
fixed for different alleles at each locus) the percentage of individuals that were assigned to the
parental subpopulations (i.e. not admixed) after three generations of random mating was
much lower than observed, while the percentage of individuals that were F2 or backcrossed was
much higher than observed (Table 3). Similar patterns were observed when simulations were
started with intermediate allele frequency differences between subpopulations (FST ~ 0.5),
though the differences between observed and simulated results were greater (Table 3).

Stronger agreement between the simulated and observed data sets was found when assessing
population structure. As found in the actual data, Bayesian clustering analysis of the simulated
data sets using STRUCTURE predominantly indicated K = 2 as the most likely number of

Fig 2. Summary of the clustering results assuming two admixed populations (K = 2). Each individual is
represented by a bar showing the individual’s estimated membership to a particular cluster (represented by
different colours). Black lines separate samples from different populations. Abbreviated population names
are defined in Table 1.

doi:10.1371/journal.pone.0121075.g002

Table 3. Summary of the simulation results.

Intermediate genetic divergence Maximum genetic divergence

Analysis Observed Mean t P Mean t P

NEWHYBRIDS

Parental (%) 78.9 4.6 (0.8) –95.4 <0.001 23.7 (1.5) –36.9 <0.001

F1 (%) 5.3 2.7 (1.3) –2.0 0.074 9.6 (0.7) 6.4 <0.001

F2 (%) 10.5 28.5 (3.2) 5.6 <0.001 14.7 (1.6) 2.7 0.023

Backcross (%) 5.3 64.2 (4.2) 23.5 <0.001 51.9 (5.0) 20.5 <0.001

FSTAT

Number of loci in GD 66.0 1.0 (0.4) –145.3 <0.001 39.9 (4.2) –6.2 <0.001

STRUCTURE

Number of genetic clusters (K) 2.0 2.3 (0.2) 0.0 1.000 2.0 (0.0) 0.0 1.000

Parameter values are means from the analysis of 10 simulated data sets generated using a model with three generations of random mating between

subpopulations that had intermediate (FST ~ 0.5) or maximum allele frequency differences between them. Standard errors are in parentheses.The

significance of differences between the observed and simulated results were tested using a one sample t-test.

doi:10.1371/journal.pone.0121075.t003
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clusters, irrespective of whether the simulations were started with maximum and intermediate
genetic divergence between subpopulations. The simulations also indicated that high levels of
genotypic disequilibrium (GD) are not unexpected after three generations of random mating
under some scenarios. However, the observed levels of GD were significantly higher than ex-
pected under random mating (Table 3).

Discussion
The Margaret River population of marron is admixed, containing individuals that are pure
C. tenuimanus, pure C. cainii, as well as hybrids and backcrossed individuals. There are ap-
proximately three times more C. cainii present at Boomerang Pool than C. tenuimanus or hy-
brids, which are present in approximately equal proportions. De Graaf et al. [10] reported that
since 2002 the proportion of pure C. tenuimanus in the upper reaches of the Margaret River
was approximately 30% (a decline from 100% in 1995), and had remained stable until their
study in 2009. Microsatellite analysis indicates that the proportion of C. tenuimanus in the site
sampled is less than 20% of the total marron population. It is unclear whether this difference
reflects a temporal change in the composition of the population in the upper reaches of the
Margaret River or is due to the microsatellites being better able to detect hybrid individuals,
thereby reducing the reported proportion of pure C. tenuimanus. This study also used a differ-
ent sampling site to previous studies (precise sampling locations in previous studies were not
given), which may also explain the different estimates.

The identification of an admixed Margaret River population validates the results of previous
allozyme [11], allozyme and morphological [13], and microsatellite [14] studies detecting inter-
breeding between C. tenuimanus and C. cainii. Previous estimates of the level of hybridization
in the upper reaches of the Margaret River range from 7.5% in 1981 to 12.5% in 1992 [11]. The
NEWHYBRIDS analysis in this study indicates that 21.1% of the population sampled had hy-
brid or backcrossed origin. This represents a 1.9-fold increase in the proportion of hybrids to
previous estimates, and in conjunction with the apparent decline of pure C. tenuimanus, it ap-
pears that hybridization and introgression still pose a serious threat to the viability of the cur-
rent C. tenuimanus population.

The introduction of non-indigenous crayfish species is regarded one of the greatest threats
to freshwater crayfish biodiversity [6]. For example, populations of Orconectes propinquus and
O. virilis in North America have been completely replaced by their congener O. rusticus [6,30].
While ecological mechanisms seem to be the only factors driving the extirpation of O. virilis by
O. rusticus, hybridization and introgression appear to play an important role in the extirpation
of O. propinquus [6]. Indeed, it has been estimated that genetic introgression increased the
spread of O. rusticus genes by 36% above ecological replacement mechanisms alone [30]. This
process also appears to be occurring for C. tenuimanus populations, with their complete re-
placement by C. cainii in the lower and middle reaches of Margaret River within 13 years of its
introduction to this river system [10,11]. This study shows that in addition to ecological dis-
placement, there is considerable introgression between the two species, placing further pressure
on the declining C. tenuimanus populations.

It is not known why C. cainii are displacing C. tenuimanus from their home range. The rate
of displacement of C. tenuimanus in the lower and middle reaches suggests competitive mecha-
nisms are in place [11]. There is some suggestion of a difference in the timing of reproduction
for each species based on females capture rates [12], however, this requires more research to be
conclusive. Should it prove to be the case, earlier breeding times in C. cainiimay give rise to
larger C. cainiimales, which may prevent C. tenuimanusmales getting access to mates, contrib-
uting to the decline of the pure C. tenuimanus population. Another hypothesis is that earlier
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breeding times give C. cainii offspring a competitive size advantage over C. tenuimanus off-
spring, making them less susceptible to predation or better able to secure limited resources (e.g.
suitable habitats). Sympatric juvenile coho salmon (Oncorhynchus kisutch) and steelhead trout
(O.mykiss) experience strong asymmetric competition, whereby coho salmon are naturally
larger than steelhead trout resulting in poorer habitat selection by the smaller trout [31]. Pseu-
docompetition may also be occurring indirectly due to the general decline of the C. tenuimanus
population, resulting in fewer conspecific encounters and matings between C. tenuimanus indi-
viduals. Investigating these processes in an experimental setting would provide valuable in-
sights into the factors causing the decline of C. tenuimanus populations and increasing
proportion of C. cainii and hybrids in Margaret River.

The Margaret River admixed population exhibits significantly higher levels of gene diversity
and allelic richness when compared to populations of pure C. tenuimanus and C. cainii. Such
patterns are not unexpected in recently admixed populations [32,33]. The Margaret River pop-
ulation sample also had a significantly positive inbreeding coefficient, a sign of higher than ex-
pected homozygosity. Positive inbreeding coefficients may reflect non-random mating
between the two species or selection against hybrid individuals. Alternatively, it may be that
migration of C. cainii from the lower reaches of the Margaret River is preventing the popula-
tion in the upper reaches reaching equilibrium, though the relatively stable proportions of
C. cainii in the upper reaches over the last 11 years suggests that migration rates are low.

The pairwise FST values revealed there were significant differences in allelic frequencies be-
tween the Margaret River population sample and all others. Further analyses using only indi-
viduals identified as pure C. cainii based on the STRUCTURE results may shed light on the
origins of C. cainii introduced to the Margaret River. However, it would first be necessary to
sample widely throughout the C. cainii range to confidently address this question. The signifi-
cant differences in allelic frequencies between the C. cainii Shannon River and Warren River
population samples suggest that the population divergences required for such a study are pres-
ent. This result is also in agreement with the only previous microsatellite study [14], which
identified significant genetic divergences among populations of marron sampled from different
river systems.

Taxonomic and management implications
The taxonomic status of C. tenuimanus and C. cainii as independent species has been ques-
tioned due to reports of widespread hybridization in natural and artificial environments [10].
While interbreeding between the two species was confirmed in this study, our simulations sug-
gest that the levels of introgression are much lower than would be expected under randommat-
ing. This suggests there are partial reproductive barriers between C. tenuimanus and C. cainii.
Further, the analyses clearly identified the presence of two distinct genetic populations, corre-
sponding to each of the current species. Therefore, regardless of interbreeding, C. tenuimanus
and C. cainii should continue to be considered as separate evolutionary significant units [8]
and distinct species on the basis that they form separate genotypic and phenotypic clusters
[34].

Although lower than expected under random mating, hybridization and introgression with
C. cainii should be regarded as serious threats to C. tenuimanus. Without intervention, demo-
graphic and genomic extinction of C. tenuimanus in the wild appears inevitable. More accurate
methods to rapidly identify C. cainii and hybrid individuals are being developed to assist with
projects aimed at removing them from the upper reaches of the Margaret River. In addition, in-
tensive sampling of the marron in the upper reaches is being used to determine the levels of ef-
fort required for physical removal to achieve significant benefits for the C. tenuimanus
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population. There is also an effective captive breeding program underway which, in light of
these results, remains a high priority. Although the C. tenuimanus control population had
lower gene diversity than the C. cainiiWarren River population, allelic richness and gene diver-
sity in the C. tenuimanus captive breeding population were comparable to levels in both the
Warren and Shannon River populations of C. cainii, which will be important for the long-term
viability of the species. Regular monitoring is needed to ensure that genetic diversity is main-
tained in the captive breeding population. Furthermore, to maintain the genetic integrity of the
captive population, all wild-caught individuals added to the captive breeding population should
be subjected to microsatellite genotyping to ensure that hybrid or backcrossed individuals are
not mistakenly introduced.
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