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The black-footed ferret (Mustela nigripes) went extinct in the wild when the last 18 known ferrets were captured

for a captive-breeding program. Following the success of the captive-breeding program, 146 genetically

nonessential ferrets were released at the Conata Basin, South Dakota, from 1996 to 1999. We conducted a

genetic analysis of the Conata Basin black-footed ferret population from 2001 to 2003 to determine if genetic

variation had been lost since the cessation of reintroductions and if demographic- and genetic-based estimates of

effective population size (Ne) accurately predicted observed levels of heterozygosity. We used DNA from wild-

born kits (n 5 254) in the Conata Basin population (2001–2003) to calculate current genetic diversity levels.

Both allelic diversity (A 5 2, both subpopulations) and mean heterozygosity were low for both

subpopulations—0.39 6 0.12 SE in Agate-Sage Creek and 0.39 6 0.16 SE in Heck Table—but not

significantly different from estimates made in 1999. We found no significant difference between observed and

expected heterozygosity levels. Demographic-based estimates of Ne were an order of magnitude higher than

genetic-based estimates of Ne, but the 2 estimates provide a range of Ne values for the population. This study

shows that the Conata Basin ferret population is able to maintain its genetic diversity over time despite its

population history.
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Reintroductions and translocations of threatened, endan-

gered, and extirpated species are increasingly common as

more species experience declining populations. Reduced

population sizes most commonly result from the loss and

fragmentation of habitat (Bouzat et al. 1998), overharvesting

(Larson et al. 2002), disease (Trudeau et al. 2004),

introduction of exotic species (Kim 2005), or a combination

of these factors (Uphyrkina et al. 2002). These population

reductions often result in a significant loss of genetic variation

(Table 1) leading to the need for reintroductions, transloca-

tions, or altered management plans (Van Houtan et al. 2009).

Despite the continuation of many of the above threats,

reintroductions and translocations of species are often

successful (Bremner-Harrison et al. 2004; Richards and Short

2003; Van Houtan et al. 2009). One of the most important

factors of a successful reintroduction is the size of the

founding population; larger founding populations capture

more of the genetic diversity of the source population and

reduce the loss of genetic variation over time (Allendorf

1986). Genetic variation impacts long-term population persis-

tence by allowing populations to evolve with changing

environmental conditions. However, because reintroduced

populations are often small, they experience significant

genetic drift and inbreeding, which quickly reduces variation

(Saccheri et al. 1998; Taylor et al. 1999). The consequences of

the loss of genetic variation are manifested in a variety of

ways, including increased extinction risk (Frankham 1995b),

increased expression of deleterious genetic traits (Wang et al.

1999), decreased fecundity in females (Taylor et al. 1999) and

males (Roelke et al. 1993), and increased disease susceptibil-

ity (O’Brien and Evermann 1988). The effects of genetic drift

in wild populations are exacerbated further by environmental

stress, an especially important concern when reintroducing

captive individuals into the wild (Reed et al. 2002).

The amount of genetic drift a population experiences is

controlled by the effective population size (Ne—Wright 1969),
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which is often significantly smaller than the census population

size (Nc), making it a crucial parameter to estimate in

conservation (Frankham 1995a). Ne is the size of an ideal

population that experiences the same amount of genetic drift

as the focal population; an ideal population has a constant size,

an equal sex ratio, a Poisson distribution of reproductive

success, and nonoverlapping generations (Wright 1969). Ne

can be estimated indirectly using demographic methods

introduced by Wright (1931, 1969) and later adapted by

others (Caballero and Toro 2002; Harris and Allendorf 1989),

or by other novel methods (Chesser 1991; Tallmon et al.

2004). Demographic estimation of Ne might not always be

practical or feasible in natural populations because of the cost

involved (Frankham 1995a) and can produce inflated Ne

values (Harris and Allendorf 1989).

Alternatively, Ne can be estimated directly using genetic

methods (Leberg 2005). A variety of techniques have been

developed to estimate Ne from genetic information (Leberg

2005; Wang 2005), such as temporal variance in allelic

frequencies (Waples 1989), and are used commonly (Husband

and Barrett 1992; Jorde and Ryman 1996; Kaeuffer et al.

2004). Both demographic and genetic methods generate Ne

estimates that will provide better determination of the changes

in genetic variation of a population than Nc, but the accuracy

of Ne is important. This is particularly true for small or

declining populations such as the black-footed ferret (Mustela

nigripes).

The black-footed ferret was one of the initial species to be

listed by the United States government under the 1966

Endangered Species Preservation Act, the precursor to the

current Endangered Species Act (http://www.fws.gov/laws/

lawsdigest/esact.html, accessed 13 June 2010). Much of what

is known about black-footed ferrets prior to their extirpation

from the wild comes from studies done in South Dakota

between 1964 and 1974 (Forrest et al. 1988). In 1971, as

population numbers continued to decline, 9 ferrets were

removed to start the 1st captive-breeding program. Four of the

9 captured ferrets died after contracting canine distemper from

a live vaccine previously tested in Siberian polecats (Mustela

eversmanii), the closest relative to the black-footed ferret

(Carpenter 1985). The program struggled with reproductive

complications until the last captive ferret died in 1979, at

which time black-footed ferrets were thought to be extinct.

The discovery of a previously unknown population near

Meeteetse, Wyoming, in 1981 gave black-footed ferret

conservation efforts a 2nd chance and provided an opportunity

to collect additional natural history data (Biggins et al. 1985;

Campbell et al. 1985; Clark et al. 1984; Hammer and

Anderson 1985). The populations at Meeteetse, Wyoming,

increased between 1982 and 1984 when a plan was made to

trap 3 males and 3 females to establish a captive breeding

population in 1985 (Thorne and Belitsky 1989). Concurrent

with the planning, an outbreak of canine distemper and

sylvatic plague led to a rapid decline in the Meeteetse

population (Forrest et al. 1988; Lockhart et al. 2006). After the

first 6 ferrets trapped in 1985 succumbed to canine distemper

(Thorne and Williams 1988), a decision was made to capture

all remaining ferrets. Trapping efforts from 1985 to 1987

produced 18 ferrets, assumed to be the total population, and

acted as the founding population for the captive-breeding

program (Thorne and Belitsky 1989).

Although 18 individuals were captured and 15 were bred in

captivity, the genetic basis of the founding captive population

is considered to be 10 ferrets because of the degree of

relatedness between some ferrets and the death of others

before they reproduced (Russell et al. 1994). The extremely

small number of founders made rapid population growth the

1st goal of the captive-breeding program. Subsequent goals of

the program were establishing a self-sustaining captive

population, reintroduction of ferrets into the wild, and

maintenance of genetic diversity in captive and future wild

populations (Ballou and Oakleaf 1989; Lacy and Clark 1989).

TABLE 1.—Comparison of genetic diversity in bottlenecked species shown in increasing order of average allelic diversity (A). Loci 5 number

of loci used in the study; HO 5 average observed heterozygosity; Cause 5 reported reason for the small population size (1 5 hunting; 2 5

disease; 3 5 habitat disturbance, loss, or fragmentation; 4 5 island population; 5 5 reintroduction; 6 5 unknown); n 5 number of individuals

sampled for the genetic analysis.

Species Common name Loci A HO Cause n Source

Petrogale lateralis Black-footed rock wallaby 10 1.2 0.05 3, 4 28.1a Eldridge et al. (1999)

Panthera leo persica Asian lion 25 1.4 0.09 1, 3 10 Uphyrkina et al. (2002)

Puma concolor coryi Florida puma 25 1.9 0.24 1, 3 10 Uphyrkina et al. (2002)

Ursus arctos Brown bear 8 2.1 0.30 3, 4 34 Paetkau et al. (1998)

Capra ibex Alpine ibex 19 2.4 0.40 1, 5 20–36 Maudet et al. (2002)

Petrogale penicillata Brush-tailed rock-wallaby 11 2.5 0.45 6 10 Eldridge et al. (2004)

Panthera pardus orientalis Far Eastern leopard 25 2.6 0.37 1, 2, 3 22 Uphyrkina et al. (2002)

Glaucomys sabrinus Northern flying squirrel 6 3.1 0.31 3, 4 17–30 Bidlack and Cook (2002)

Hippotragus equinus Roan antelope 8 3.1 0.46 1, 2, 3 2.4–15.5a Alpers et al. (2004)

Bison bison Bison 54 3.8 0.53 1, 3 30–100 Halbert et al. (2004)

Ursus arctos Brown bear 8 4.4 0.55 3 57 Paetkau et al. (1998)

Macropus rufogriseus

rufogriseus Bennett’s wallaby 5 4.6 0.57 5 44.2a Le Page et al. (2000)

Lynx lynx European lynx 11 5.1 0.58 1 32–196 Hellborg et al. (2002)

Acinonyx jubatus raineyi African cheetah 25 5.2 0.57 1, 7 20 Uphyrkina et al. (2002)

a Mean number of samples per locus.
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The maintenance of genetic diversity was fostered by

constructing breeding pairs of individuals with the lowest

mean kinship values, the average degree of relatedness

between an individual and all ferrets in the population (Ballou

and Oakleaf 1989; Foose 1989).

By 1991 the population had grown to 180 ferrets, achieving

the 1st goal of the captive-breeding program. The 2nd goal

was accomplished with the release of 49 ferrets in Shirley

Basin, Wyoming, in 1991 (Biggins et al. 1998). Since 1991

ferrets have been released at 19 sites ranging from southern

Canada to northern Mexico. Initially, all populations experi-

enced high mortality, requiring continual additions of ferrets

each year. Mortality was reduced significantly following the

development of prerelease conditioning methods that expose

the ferrets to habitat and prey prior to release (Biggins et al.

1998, 1999).

Prerelease conditioning ferrets to prey and habitat was

crucial, because black-footed ferrets are extreme specialists,

subsisting almost entirely on prairie dogs (Cynomys); this

dependency is key to 2 factors limiting the success of

reintroduced populations. First, black-footed ferrets use prairie

dogs as their main food source and subsequently usurp the

prairie dog burrows as their dens. However, both species have

suffered a significant loss of habitat with only about 2% of the

original prairie dog habitat remaining (Miller et al. 1996).

Second, outbreaks of sylvatic plague (Yersinia pestis) in

prairie dog towns drastically reduced prey base for black-

footed ferrets and directly killed ferrets in many of the

reintroduction locations (Cully and Williams 2001; Daley

1992; Lockhart et al. 2006; Trudeau et al. 2004).

Sylvatic plague has prevented many reintroduced popula-

tions from becoming self-sustaining; however, black-footed

ferret populations in the Conata Basin (Fig. 1) have been self-

sustaining since 1999. Conata Basin has more than 8,100 ha of

prairie dog habitat, and approximately 7,100 ha of these are

occupied by ferrets (Livieri 2006). Between 1996 and 1999

Conata Basin received 146 genetically surplus ferrets from the

captive-breeding facility for release. The population at the

Heck Table site was established in 1999 with 18 ferrets from

the captive breeding population and 18 animals translocated

from the population at the Agate site (Livieri 2006).

Additional translocations within Conata Basin occurred from

2000 to 2003, with 16 ferrets being moved from the Heck

Table site to the Agate and Sage Creek sites and 1 ferret being

translocated from the Sage Creek site to Heck Table (Livieri

2006). Since the original reintroductions the Conata Basin

population has continued to grow and now acts as a source of

ferrets to augment other reintroduction sites; 68 ferrets were

removed from Conata Basin for other reintroduction sites from

2000 to 2005 (Livieri 2006).

Despite the success of the Conata Basin ferret population,

the reintroduction effort faced several obstacles. First, high

levels of inbreeding existed in the ferrets used to initiate the

captive-breeding program. Second, to retain the maximum

amount of genetic diversity in the captive population only

ferrets with the highest mean kinship values were removed

from the captive-breeding facility and used for reintroduction

(Lacy and Clark 1989; Russell et al. 1994; Wisely et al. 2003),

resulting in closely related ferrets being released into the same

population. Finally, a potential existed for loss of genetic

diversity at the founding event because as few as 30 ferrets

initially were released at some sites and initial mortality rates

were �80% (Livieri 2006).

Challenges associated with the black-footed ferret captive-

breeding program also led to a major strength of the program.

Individuals and populations have been closely managed and

monitored, and the genetic impact of decisions has been

considered since the start (Ballou and Oakleaf 1989;

Conservation Breeding Specialist Group 2004). Since their

reintroduction at Conata Basin the black-footed ferret

population has been censused yearly through an intensive

tagging and recapture program that tags all individuals in the

population. This provided us with an opportunity to examine

closely a reintroduced population that experienced a severe

bottleneck, inbreeding in captivity, and the release of closely

related individuals (high mean kinship values). Specifically,

monitoring provided the necessary demographic and genetic

data to determine whether the change in genetic diversity over

time was different than that expected based on Ne theory of

demographic parameters and to evaluate accuracy of genetic

and demographic estimates of Ne. Our study evaluated the

specific hypothesis of no difference between the expected

levels of genetic variation within our populations, based on the

demographic parameters of the population, and the observed

levels. We also compare our results to the 1999 data of Wisely

et al. (2003) to extend the period of our comparisons. Finally,

we determined whether a difference existed in the estimates of

Ne based on genetic and demographic methods and, if so,

which estimate was closer to the observed value. Understand-

ing how genetic variation is lost at Conata Basin will provide

insights for future black-footed ferret reintroductions and aid

in the planning, execution, and monitoring of reintroductions

for other species.

FIG. 1.—Location of the 3 reintroduced subpopulations of black-

footed ferrets (Mustela nigripes) in Conata Basin, southwestern South

Dakota. The numerous prairie dog (Cynomys ludovicianus) towns are

shown in dark gray. Squares indicate the 3 study sites—Heck Table,

Sage Creek, and Agate. Buffalo Gap National Grassland, which

contains the Conata Basin, is shown in light gray.
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MATERIALS AND METHODS

Our study was done in 2001–2003 on black-footed ferrets in

the Conata Basin, a portion of the Buffalo Gap National

Grasslands in southwestern South Dakota (Livieri 2006). The

Conata Basin is composed of 3 large prairie dog subcom-

plexes, each with black-footed ferrets (Biggins et al. 1993), the

Agate, Sage Creek, and Heck Table sites (Fig. 1). The Agate

site is separated from the Sage Creek site by a gravel road on

the western side, and the Heck Table site is 10 km west of the

Sage Creek site with drainages, sharply eroded buttes, and

open prairie terrain separating them.

Spotlighting surveys have been used to monitor and locate

black-footed ferrets since the initial reintroduction in 1996

(Biggins et al. 2006; Clark et al. 1984). Spotlighting began

annually in August when ferret young were old enough and

sufficiently active above ground to be captured for marking

and identification (Biggins et al. 2006). All captive-bred

ferrets were implanted with passive integrated transponders

(PIT tags; AVID, Norco, California—Fagerstone and Johns

1987) in their hip and neck scruff prior to release for future

identification. Tagged ferrets were identified using a PIT tag

reader (AVID, Norco, California) that fit over the entrance to

the burrow (Biggins et al. 2006; Stoneberg 1996). Any

untagged ferrets we captured were anesthetized using the

inhalant isoflurane (Halocarbon; River Edge, New Jersey), and

implanted with PIT tags (Biggins et al. 2006; Kreeger et al.

1998) prior to release. We used 3 min of 4% isoflurane for

induction and then maintained the ferrets on 2–3% isoflurane

for the duration of the procedure. For our genetic analysis 3

tufts of hair (approximately 30 total hairs) were removed from

each ferret born from 2001 to 2003 and stored in desiccators at

room temperature in a small envelope; additionally, a buccal

swab was taken using a nylon swab and stored in 70–80%

ethanol at 4uC. After recovery from anesthesia ferrets were

released at the capture location. Handling of all animals

followed guidelines approved by the American Society of

Mammalogists that were published later (Gannon et al. 2007).

The DNA was extracted from 264 buccal swabs and 8 hair

samples using QIAGEN QIAamp DNA mini kits following

published protocols (QIAGEN, Valencia, California). The work-

space was a cubicle enclosed in acrylic sheets that was thoroughly

cleaned, along with all utensils, using a with a 10% bleach

solution followed by a water rinse and finally a wash with 95%

ethanol between samples to reduce contamination.

We were able to obtain complete genotypes from a total of

254 ferrets from the 274 samples using 5 microsatellite loci:

Mvis002 and Mvis072 (Fleming et al. 1999), and Mvis9700,

Mer049, and Mer095 (Wisely et al. 2002), all of which were

found to be polymorphic in the black-footed ferret population

of the Conata Basin in 1999 (Wisely et al. 2003). Additionally,

13 primers were screened for polymorphism: Mvis022,

Mvis020, and Mer082 (Fleming et al. 1999), and Ma-2, Ma-

9, Ma-10, Ma-14, Ma-15, Gg-3, Gg-9, Gg-14, Tt-1, and Tt-4

(Davis and Strobeck 1998). All primers were monomorphic

and had no amplification, or nonspecific amplification, except

Mvis022 and Gg-14, which were included in the analysis.

Amplification of microsatellite DNA was performed in a

20-ml polymerase chain reaction using an Eppendorf Master-

gradient thermocycler (Brinkman Instruments, Inc., Westbury,

New York). Each reaction contained 45–100 ng of DNA,

250 mM of deoxynucleoside triphosphates, 0.16 mM of

forward and reverse primers, 1x Eppendorf HotMaster Taq

buffer containing 2.5 mM MgCl2 (Brinkman Instruments Inc.),

and 1.25 units of Eppendorf HotMaster Taq polymerase

(Brinkman Instruments, Inc.). Fluorescent markers (FAM,

HEX, and TET; Eurofins MWG Operon, Huntsville, Alabama)

were attached to the 59 end of the reverse primer for all primer

pairs.

All polymerase chain reactions had an initial denaturation

of 2 min at 95uC, followed by 39 cycles of 95uC for 10 s,

primer-specific annealing temperatures of 53uC (Mvis022),

56uC (Gg-14), or 54uC (all other primers) for 40 s, and a 30-s

extension period at 72uC. A final extension time of 5 min at

70uC ended the reaction. Polymerase chain reaction products

from all samples were analyzed on an ABI 310 Genetic

Analyzer using GeneScan Analysis 3.1.2, and individual

genotypes were determined using Genotyper 2.0 software (all

from Applied Biosystems, Foster City, California). To control

for potential allelic dropout or variation between amplification

methods 10% of our samples went through 3 rounds of

polymerase chain reaction and analysis to evaluate their initial

allelic assignment.

We assumed that any untagged ferrets classified as adults

were alive prior to the year of their capture, and we included

them with individuals from the previous year for analysis. We

lumped ferrets from the Agate and Sage Creek sites into a

single population (Agate–Sage Creek) based on the number of

ferrets recorded as moving between these sites (Livieri 2006)

and their geographic proximity (Fig. 1). The more isolated

Heck Table site was considered disjunct and analyzed as a

separate population. We used the population genetics software

package Genepop (Raymond and Rousset 1995; http://

genepop.curtin.edu.au, accessed April 2009) to test for

deviations from Hardy–Weinberg equilibrium and also for

genotypic linkage (Bonferroni corrections applied for multiple

tests in both cases) and genic differentiation. We calculated

the degree of population structure using RhoST, which assumes

a stepwise mutation model (Rousset 1996), and FST, which

assumes an infinite allele model of mutation (Wright 1969),

following the method of Michalakis and Excoffier (1996) and

Weir and Cockerham (1984), respectively.

We used the computer software package GENECLASS2

(Piry et al. 2004) to estimate the amount of dispersal between

subpopulations (Paetkau et al. 1995). Thirty-eight ferrets were

translocated between the sites by Bureau of Land Management

personnel from 1999 to 2003. To determine if any bias would

arise in our results from including these ferrets, which did not

represent natural dispersal, we performed the GENECLASS2

analysis with and without these animals included. The

inclusion of these animals did not qualitatively change our

results, because the same individuals were identified as

dispersers regardless of the inclusion of the translocated
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animals. We used a resampling algorithm with 1,000 as the

minimum number of simulated individuals with a type I error

value of a 5 0.01. To determine any disproportionate impacts

on our results we reanalyzed our data in GENECLASS2 after

sequentially removing each locus in turn.

In our comparison to the 1999 heterozygosity value (H 5

0.43) reported by Wisely et al. (2003) for this population, we

followed those authors in treating all of the Conata Basin as a

single population. Similarly, we recalculated heterozygosity

using only the 5 loci (Mer049, Mer095, Mvis002, Mvis072,

and Mvis9700) used by Wisely et al. (2003) in their analysis of

the 1999 data for this population. A Mann–Whitney U-test

was performed to test for significant differences in heterozy-

gosity between the time periods.

We measured the observed heterozygosity (HO) for

all ferrets in the 2003 population (nAgate–Sage Creek 5 207;

nHeck Table 5 47). Next, Ne was calculated using sex ratio data

and population counts of adults from 2001 (nAgate–Sage Creek 5

68; nHeck Table 5 18), 2002 (nAgate–Sage Creek 5 76; nHeck Table

5 13), and 2003 (nAgate–Sage Creek 5 121; nHeck Table 5 21)

using the equation of Barrowclough and Coats (1985):

1

Ne
~

1

t

Xt

i~1

1

4NmNf

NmzNf

� �
2
664

3
775, ð1Þ

where Nm is the number of males, Nf is the number of females

in a generation, and t is the number of generations. We use t 5

2 because the generation time at Conata Basin is 1.67 years

(McDonald et al. 2006). Equation 1 is a multiplicative

combination of equations from Wright (1969) that corrects

for sex ratio, Ne 5 (4NmNf)/(NmNf), and fluctuating population

size, 1=Ne~ 1=tð Þ
Pt

i~1 1=Nið Þ
� �

.

We used the Ne estimate calculated from the demographic

data (Ne-dem) to determine an expected heterozygosity estimate

(Hdem) using the following equation from Wright (1931): Ht+1

5 Ht{1 2 [1/(2Ne)]}, where Ht is the heterozygosity in the 1st

generation, Ht+1 is the heterozygosity in the next generation,

and Ne is the effective population size. The heterozygosity

value measured in 1999 by Wisely et al. (2003) was used as

the initial heterozygosity (Ht). We then compared the Hdem

estimate to the observed heterozygosity (HO) we measured in

2003, using a Mann–Whitney U-test.

Additionally, demographic Ne values were compared to Ne

calculated from temporal changes in allele frequencies (Ne-gen)

between ferrets from 1999 data (Wisely et al. 2003) and our

2003 data using the following formula from Waples (1989) for

plan 1 (after reproduction):

Ne~
t

2 Fk{
1

2S0

{
1

2St
z

1

N

� � , ð2Þ

where t is the number of generations between sampling periods,

S0 and St are sample sizes from the 1st (0) and 2nd (t) sampling

periods, and N is the harmonic mean of the population sizes for

time 0 and t. The standardized variance in change of allele

frequency over time (Fk), averaged across all loci, was

calculated as in Pollak (1983): Fk~ 1= A{1ð Þ½ �
PA

i

xi{yið Þ2
.

xizyið Þ=2½ �
n o

, where A is the number of alleles at

the locus and xi and yi are the allelic frequencies of the ith allele

at time t and 0, respectively. We then calculated Ne using a

correction to equation 2, which reduces Ne bias in nonselfing

species: N̂e 5 {1/[2(1 2 ea)]} 2 0.5, where a 5 {ln[1 2 Fk 2 1/

(2S0) 2 1/(2Si) 2 1/N]}/t (Luikart et al. 1999).

RESULTS

Based on analysis of recapture data, dispersal between

subpopulations was male biased (69% of all dispersers were

male) and directionally biased. Nine ferrets dispersed from the

Agate site to the Sage Creek site, and 3 ferrets dispersed in the

opposite direction, supporting the lumping of the 2 sites as a

single population. Only 1 ferret dispersed from the Heck Table

site to the Sage Creek site, so Heck Table was assessed as a

separate population. The average male : female sex ratio for

adults in 2000–2003 was 1:1.2 for the Agate–Sage Creek

population and 1:1.9 in the Heck Table population.

We found no discrepancies in our reanalysis of the 10% (n 5

154) of our total genotypes and failed to find any evidence of

linkage disequilibrium at any of the loci in any of the populations

after Bonferroni correction (a 5 0.0016). We did find that locus

Mer049 was out of Hardy–Weinberg equilibrium (P 5 0.0004)

in the Agate–Sage Creek population following Bonferroni

correction (a 5 0.0042). However, we included Mer049 in all

analyses because the deviation from Hardy–Weinberg equilib-

rium was neither consistent across populations (Kyle et al. 2000;

Wilson and Strobeck 1999) nor consistent with previous studies

(Wisely et al. 2003). Each locus we examined had only 2 alleles

in each population, and the 2 alleles were identical in each

population. The highest-frequency allele at each locus was the

same for both subpopulations except for Mvis002.

Genic distributions were significantly different between the

2 subpopulations (P , 0.0001), and FST and RhoST values

were 0.084 and 0.087, respectively. GENECLASS 2 estimated

that 5.5% of the ferrets moved between the 2 populations (all

P , 0.05) between 2001 and 2003. Specifically, 6% of the

Agate–Sage Creek population was assigned to the Heck Table

population and 4% of the Heck Table ferrets were assigned to

the Agate–Sage Creek population.

Observed heterozygosity (HO) values for loci were similar

in each population and ranged from 0.15 to 0.53 in Agate–

Sage Creek and 0.11 to 0.51 in Heck Table. Heterozygosity

calculated across all loci for the 2 subpopulations was not

significantly different from the expected heterozygosities

based on demographic measures (Hdem; Agate–Sage Creek,

U7,7 5 28.0, P 5 0.71; Heck Table, U7,7 5 31.5, P 5 0.38;

Table 2). Using the same 5 loci as Wisely et al. (2003), we

found no significant difference (U5,5 5 6.0, P 5 0.22)

between the heterozygosity we calculated across the 2

subpopulations for 2003 (HO 5 0.44 6 0.04 SE) compared

to the estimate for 1999 (HO 5 0.43) of Wisely et al. (2003).
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The Ne estimates calculated using demographic data in

equation 1 were close to the census size (Nc) of the Conata

Basin population (Table 2). Estimates of Ne based on the

demographic parameters (Ne-dem) fell outside of (above) the

95% confidence interval of Ne estimates based on temporal

change in allelic frequencies (Ne-gen; Table 2).

DISCUSSION

The bottleneck experienced by the black-footed ferret has

reduced dramatically the amount of genetic variation found in

the species (Wisely et al. 2008), even compared to other

species with small populations (Table 1). During our study

period the allele frequencies within each population continued

to change as evidenced by the low genetic-based estimates of

Ne. However, with traditional estimates of genetic variation

such as average heterozygosity and allelic diversity, we failed

to find any significant change in either population from 1999

(Wisely et al. 2003) to 2003 (our data). This indicates that the

allelic frequencies at each site are changing, but all of the

genetic variation found in the captive-breeding program has

been retained at the Conata Basin reintroduction site. Our

results show that in the short term the goal of the recovery plan

of maintaining genetic variation in a wild populations of

ferrets is possible and has been met.

The retention of genetic variation we found could be due to

multiple factors. Wisely et al. (2003) suggested that black-

footed ferrets exhibit inbreeding avoidance (Fisher 2005;

Kamler et al. 2004; Pillay 2002; Stow and Sunnucks 2004).

The amount of dispersal we observed between the Agate and

Sage Creek sites supports the hypothesis of inbreeding

avoidance. The male-biased dispersal we found also supports

inbreeding avoidance, because male-biased dispersal has long

been considered a mechanism of inbreeding avoidance

(Greenwood 1980). However, it appears that ferrets were less

likely to disperse between ferret populations separated by

areas lacking ferret populations, with only 1 ferret moving

between the Agate–Sage Creek and Heck Table sites

compared to the 12 animals dispersing between the essentially

contiguous Agate and Sage Creek sites.

The rapid population growth seen in some reintroduced

ferret populations (Grenier et al. 2007) also would minimize

the loss of genetic variation. Additionally, the management

strategy of repeated reintroductions and occasional transloca-

tions, in addition to natural dispersal, could allow the

populations to mix without homogenizing their genetics

(Swanson et al. 2006). The interpopulation dispersal rate of

5.5% equates to an exchange of 13 ferrets between the 2

populations at the 2003 population sizes. This amount of

dispersal prevents genetic drift from removing alleles from

either population. However, the low estimates of Ne show that

genetic drift was a stronger evolutionary force than dispersal,

allowing the allelic frequencies to change rapidly between the

2 populations and resulting in the moderately high FST values

we found (Wright 1969). Further, dispersal appears to be

biased, with more ferrets moving from the smaller Heck Table

population into the relatively large Agate–Sage Creek

population than in the reverse direction. The impact of these

few individuals on the gene pool of the Agate–Sage Creek

population will be reduced given the relatively larger size of

the Agate–Sage Creek population. During the early stages of

this reintroduction the addition of new ferrets from the

captive-breeding facility likely played a similar role in

retarding genetic drift and increasing the allelic frequencies

if they started to drift toward 0. Regardless of the mechanism,

examination of our data suggests that reintroduction of black-

footed ferrets at Conata Basin has been genetically successful.

This study also allowed us to compare demographic and

genetic estimates of Ne in a natural population, and we found

the demographic Ne estimates to be significantly higher than

the genetic-based estimates of Ne. However, the underground

mating system of the ferrets and the low number of alleles per

locus prevented us from incorporating the variation in

reproductive success into our estimates of Ne. We suspect

that the mating system is polygynous, as in other mustelids

(Powell 1979), so our inability to account for this factor

inflated our demographic-based estimates of Ne (Ardren and

Kapuscinski 2003; Nunney 1996; Storz et al. 2001; but see

Frankham 1995a).

Our genetic-based estimates of Ne could be biased because

of our small sample size in 2001 and the number of

generations (t 5 2) separating our sampling periods (Waples

1989). Although sample sizes were small in 2001, sampling

was much more complete in 2003, and despite the small

sample sizes in 2001, we sampled a relatively high percentage

of the populations in each year of the study (14–100% for

TABLE 2.—Summary table of genetic diversity measures for black-footed ferrets (Mustela nigripes), by subpopulation, sampled from 2001 to

2003 in Conata Basin, South Dakota. Abbreviations: HO 5 observed level of heterozygosity; Hdem 5 expected heterozygosity based on the

effective population size estimated from demographic data; A 5 allelic diversity; Nc 5 population census size calculated by taking harmonic

mean of adult census sizes from 2001 to 2003; Ne-dem 5 effective population size based on demographic data; Ne-gen 5 effective population size

based on the change in allelic frequencies over time.

n HO (6 SD) Hdem A Nc Ne-dem Ne-gen (95% CIa)

Agate–Sage Creek 207 0.39 6 0.12 0.43 2.0 81 75 10.6 (2.2–18.9)

Heck Table 47 0.39 6 0.16 0.41 2.0 17 14 2.0 (0.0–3.6)

Combined population, 5 locib 254 0.44 6 0.04 0.43 2.0

a Confidence intervals calculated using equation 16 of Waples (1989).
b Agate–Sage Creek and Heck Table were combined into 1 population and analyzed to match analysis conditions of 1999 estimates (Wisely et al. 2003) of the founding population for

the Conata Basin site.
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Heck Table and 25–79% for Agate-Sage Creek). This should

reduce the impact of sample size on our estimates. The impact

of the number of generations separating our samples is

unlikely to be a concern, however, given the low Ne estimates

we found. The major concern regarding the number of

generations between samples is when insufficient time

prevents allelic frequencies from diverging and biasing the

Ne estimate upward. In contrast, however, we found low

estimates of Ne showing that the allelic frequencies change

quickly in this system.

Although the demographic and genetic Ne estimates are

significantly different, they are within an order of magnitude;

therefore, the difference, at these values, might not be

biologically significant. Only a 2% difference in heterozy-

gosity estimates is realized when Ne is 10 compared to when it

is 100 over the short term. Thus, our genetic and demographic

methods, together, provide a range of Ne estimates that can be

used for management of the black-footed ferret. When direct

genetic estimation of Ne is unfeasible, our results suggest that

the use of demographic data to estimate heterozygosity can be

used to measure the rate of loss of genetic variation.

Additionally, we suggest that natural and anthropogenic

movement of ferrets between populations was a major factor

in maintaining the level of genetic variation in the black-

footed ferret populations at Conata Basin as found in the

captive program, and this strategy is likely to facilitate the

preservation of genetic variation in other populations and

species as well.
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