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Abstract

Wolverines (Gulo gulo) are found in low densities throughout their circumpolar distribution.
They are also potentially susceptible to human-caused population fragmentation (develop-
ment, recreation and fur harvesting). The combination of these factors has contributed to
this species being listed as having either vulnerable or endangered status across much of
its current range. The effects of inherently low densities and anthropogenic pressures on
the genetic structure and variation of wolverine populations are, as yet, unknown. In this
study, 461 individuals were typed at 12 microsatellite loci to investigate the population
genetic structure of wolverines from north-western Alaska to eastern Manitoba. Levels of
gene flow and population differentiation among the sampled regions were estimated via a
genotype assignment test, pairwise Fgp, and two genetic distance measures. Our results
suggest that wolverine populations from southernmost regions, in which anthropogenic
factors are strongest, revealed more genetic structuring than did northern populations.
Furthermore, these results suggest that reductions in this species’ range may have led to
population fragmentation in the extreme reaches of its southern distribution. The continued
reduction of suitable habitat for this species may lead to more populations becoming
isolated remnants of a larger distribution of northern wolverines, as documented in other
North American carnivore species.

Keywords: forest carnivore, Gulo gulo, microsatellite, Mustelidae, population structure, wolverine

Received 14 June 2000; revision received 29 September 2000; accepted 29 September 2000

Introduction

Wolverines (Gulo gulo) are the largest terrestrial member
of the family Mustelidae (the weasel family). This species
has a circumpolar distribution and is found in tundra,
taiga and forest zones of North America and Eurasia
(Wilson 1982). In North America, prior to human settlement,
wolverines were distributed across Canada and Alaska
with projections southward into the conterminous US
through montane regions as far as New Mexico and
Arizona (Hash 1987). Currently, wolverines in Canada
west of Hudson’s Bay are found in the northern regions
of the prairie provinces, in Alberta’s western national
parks, and throughout most of British Columbia and
the Canadian Territories (Banci 1994). East of Hudson’s
Bay, wolverines are exceedingly rare and are listed as
endangered by COSEWIC (1998). In the conterminous US
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the range of wolverines has steadily retracted since the
1840s, with animals persisting in isolated regions of Montana,
Idaho, Wyoming, Colorado, Oregon and California
(Hash 1987). The contracting range of wolverines in North
America is the result of habitat loss, overharvest and other
anthropogenic factors, which together have led to a decline
in the numbers of these animals (Wilson 1982; Banci 1994).

Wolverines are found at low density across their Holarctic
distribution with estimates of one animal per 40—800 km?
(see review by Banci 1994). This species also establishes
large home-ranges (100—900 km?2) which seem to be main-
tained between years (Magoun 1985; Banci 1987) and
which vary in size in relation to food abundance (Banci
1994). Males typically maintain larger home-ranges than
females and may overlap the home-ranges of several
females (Banci 1994).

Wolverines are reproductive from 2 years of age onwards,
although the fecundity of females is thought to decrease
after the age of 6 (Banci & Harestad 1988). Not all females
become pregnant in a given year (53-92% in the Yukon;
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Banci & Harestad 1988) depending on food availability.
Even when females do give birth, kit mortality is thought
to be high with estimates of =36%. These figures are
considered to underestimate the true mortality rate
(Banci 1994).

Most juvenile females exhibit natal area fidelity and
establish home-ranges adjacent to their mothers (Magoun
1985), although some females have been observed to
disperse far beyond their natal range. Subadult males
typically disperse 30—-100 km from their natal home-range
(Gardner 1985; Magoun 1985), although several movements
further than this have been reported. Gardner et al. (1986)
reported a 378-km straight-line movement of a 2-year-old
from southcentral Alaska to the Yukon Territory in a 7-
month period. A yearling female was reported by Magoun
(1985) to have dispersed 300 km in a 5-month period. It
should be noted, however, that some rare long-distance
movements in this species do not seem to be linked to
dispersal, but are simply temporary forays from their home-
range (Banci 1994). It is believed that half to one-third of all
dispersing individuals die, either by starvation, harvest or
predation (Krott 1982).

The movement of wolverines does not seem to be influ-
enced by the presence of lakes, rivers, mountain ranges or
other topographical features (Hornocker & Hash 1981;
Banci 1987). Only human development and major access
routes are thought to function as barriers to dispersal for
this species. Furthermore, human activity may influence
kit survival, thereby limiting the expansion of wolverine
populations (Banci 1994).

With increasing concern about the status of this forest
carnivore and how it might be managed effectively, it
is necessary to determine the genetic distinctiveness of
wolverine populations and the levels of gene flow between
geographical areas. Population genetic data may also be
used to determine whether harvested populations are
replaced solely from within or if replacement from other
populations plays an important role in maintaining a
population’s numbers.

Wolverines, where they persist north of the 38th parallel
in North America, are currently considered to be a con-
tinuous breeding group, however, the extent of movement
between the larger Canadian populations and remnant
conterminous US populations is unknown (Banci 1994).
Recent work by Edelman & Copeland (1999) suggests that
movement between Idaho and Oregon populations may be
restricted due to a lack of suitable habitat between them.
These findings may be reflected in the population genetic
structure of wolverine populations in this area. Another
recent study by Wilson ef al. (2000) evaluated the genetic
variability of wolverines in the Northwest Territories,
Canada using both mitochondrial DNA (mtDNA) and
allozyme markers. A high degree of population structure
was found using mtDNA (¢, = 0.536), although much less

structure was observed among the sampled regions using
nuclear allozyme markers (Fgp = 0.076). These results are
not surprising given this species” high potential for dispersal,
chiefly male-mitigated dispersal, and female fidelity to
natal areas. These findings, however, were based on small
sample sizes (n = 3,3, 3, 12 and 20 for each of the five studied
‘populations’, respectively) and limited genetic variation
which the authors admit pose considerable constraints on
the conclusions which can be drawn from the study.

The first goal of this study was to elucidate the popu-
lation genetic structure of wolverines across much of
their North American distribution, which to date is largely
unknown. The second goal was to determine what under-
lying factors influence the population genetic structure of
this species. We hypothesize that the genetic structuring of
wolverine populations will be higher in the southern
regions of this species’ range, where anthropogenic factors
potentially act as barriers to dispersal, than those popula-
tions found in undisturbed northern habitats.

To detect genetic differentiation among wolverine
populations, high resolution (fast evolving) neutral genetic
markers are preferred. Previous studies have found little or
no genetic variation in wolverines using other markers
(haemoglobin, Seal 1969; lactate dehydrogenase, LeDoux
& Kenyon 1973; 337 bp of mtDNA sequence and five
allozyme markers, Wilson et al. 2000). For this reason, we
have chosen to use hypervariable microsatellite loci. These
polymorphic, tandem repeats of DNA have proven useful
in other studies of mammalian species with high vagility,
such as the polar bear (Ursus maritimus; Paetkau et al. 1995,
1999) and the North American brown bear (Ursus arctos;
Paetkau ef al. 1998). Microsatellites identified clear genetic
differentiation between populations of these animals
despite the long-range movements known to occur in these
species, and the fact that little variation was detected using
other methods.

Materials and methods

Sample collection

Twelve polymorphic loci were used to examine the popu-
lation genetic structure of wolverines from 12 geographical
regions. Bone samples were acquired from six Alaskan
regions (all samples were provided by the University of
Alaska, Fairbanks Museum and are sorted according to
their quadrat system): Anchorage (n = 36); Arctic region,
including samples from Arctic, Fort Yukon and Black
River (n = 47); Nabesna (n = 38); Russian Mission region,
including samples from Russian Mission and Holy Cross
(n = 34); Noatak region, including samples from Noatak,
Point Hope, Point Lay, Meade River, Survey Pass and
Howard Pass (1 =38); and the Nome region, including
samples from Solomon and Nome (1 = 38). All samples
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from Alaska date from the late 1950s through to the mid-
1960s. Tissue samples were obtained from two Nunavut
territory regions (then part of the Northwest Territories):
Kugluktuk (1 = 67) and Bay Chimo (1 = 40). Ear plug and
hair samples were obtained from the Revelstoke (1 = 47)
and Williston Lake (n = 37) regions in British Columbia,
eastern Manitoba (1 = 28) and central Idaho (n = 14) (Fig. 1).
All samples, other than those collected from Alaska, are of
recent origin (early 1990s).

Laboratory methods

DNA was extracted using a QIAamp® Tissue Extraction Kit
(QIAGEN). The primers used to amplify the microsatellites
were developed by: Davis & Strobeck (1998) in badgers
(BA-1 and BA-4), martens (MA-3) and wolverines (GG-3,
GG-4, GG-7, GG-14); by Dulffy et al. (1998) in wolverines
(Ggu 101, Ggu 216 and Ggu 234); by Flemming ef al. (1999) in
mink (Mvis-75); and by Dallas & Piertney (1998) in Eurasian
otters (L-604). Amplification of DNA was performed as in
Davis & Strobeck (1998). The DNA fragments were visualized
using an ABI Prism™ 377 DNA sequencer. Analysis of
DNA fragments was done using the programs GENESCAN™
ANALYSIS 2.02 and GENOTYPER® 2.0.

Data analysis

A G-test for heterogeneity (Sokal & Rohlf 1995) was
performed for each of the sampled areas by making
pairwise comparisons of allele distributions. Departures
from Hardy—Weinburg equilibrium (HWE) were tested for
each of the 12 loci as assessed by GENEPOP version 3.1d
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(Raymond & Rousset 1995) which uses a Markov chain
method following the algorithm of Guo & Thompson
(1992). This software was also used to evaluate genotypic
disequilibrium among the loci used.

The relative genetic variation in each population was
first assessed using allele frequency data from which the
mean number of alleles, unbiased expected heterozygosity,
Hy (formula as per Nei & Roychoudhury 1974), and
unbiased overall probability of identity, P, (Paetkau ef al.
1998) were determined. The genetic distances between the
populations were estimated using two measurements:
Nei’s standard genetic distance, Dg (Nei 1972) which is
calculated from genotype frequencies, and the genotype
likelihood ratio distance, D ; (Paetkau et al. 1997) which is
calculated from genotype probabilities. These measures
were both identified by Paetkau et al. (1997) to perform
better than other measures of genetic distance that rely
on the stepwise mutation model. Both sets of genetic
distance values were calculated by programs from the web-
site, http://www.biology.ualberta.ca/jbrzusto/Doh/html,
designed by John Brzustowski.

An unrooted neighbour-joining tree of the Dg values was
created using PHYLIP 3.572 (Felsenstein 1995). The geograph-
ical and genetic distance values were also entered into a
two-way Mantel test (Mantel 1967) within the set of programs
called the ‘R’ Package for mulitvariate analysis designed
by Alain Vaudor (software package can be found on
Pierre Legendre’s website: http: //www.fas.umontreal.ca/
BIOL/legendre/) to determine the correlation between
genetic distance and geographical proximity. This software
package was also used to run a three-way Mantel test (as
per Smouse et al. 1986). We used this method to determine
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whether the curves on the scatter plot of genetic distance
against geographical distance had significantly different
intercepts. Populations which had significantly different
curves from the expectation of isolation by distance
were taken to have some barrier to gene flow other than
geographical distance present. Each population was tested
by creating a matrix of ones and zeros for the presence or
absence of a barrier, while controlling for the geographical
distance. All geographical distances were calculated
using the DISTGEO program, also found within the ‘R’
package, from approximate latitudes and longitudes for
each region.

Pairwise Fq; estimates were obtained from the software
package GENEPOP 3.1d (Raymond & Rousset 1995; as per
Weir & Cockerham 1984).

The assignment test (Paetkau ef al. 1995), also found on
the aforementioned web site, was run for all populations.
This program determines both the probability of a geno-
type occurring in the region from which it was sampled
and the probability of it occurring in the regions with
which it is being compared. It then assigns each individual
to the population in which that individual’s genotype
has the highest probability of occurring (see Waser &
Strobeck 1998). Unlike other pairwise population statistics,
the assignment test uses the information from each indi-
vidual’s genotype to determine how similar are the gene
pools of the two populations. The test was always run with
the option of replacing allele frequencies of 0 with 0.01.

The significance of the assignment test results was
obtained using two types of randomization tests. In the
first randomization test, for each replicate, the same
number of individual genotypes as found in a population
is drawn using the allele frequencies at each locus in the
combined gene pool (all populations) assuming HWE.
This randomization notes the proportion of replicates in
which the number of individuals in population A assigned
to population Bis less than or equal to the observed number
of individuals assigned from population A to population B.
When the proportion is < 0.05, there is evidence that signi-
ficant heterogeneity exists between the genotype frequencies
in populations A and B.

In the second randomization test, for each replicate, the
same number of individual genotypes as found in a popu-
lation is drawn using the allele frequencies at each locus
found in that population, assuming HWE. This randomiza-
tion notes the proportion of replicates in which the number
of individuals in population A assigned to population B is
less than or equal to the observed number of individuals in
population A assigned to population B. When this propor-
tion is > 0.95 then there is a significant number of cross-
assignments from A to B. This implies that some of the
individuals in A must be in genotypic disequilibrium with
population A and are therefore presumably immigrants
into A from a population with allele frequencies different

for those found in A. Ten thousand replicates were used to
obtain the significance values for both randomization tests.

Results

Tests of disequilibrium

All 12 loci used in this study were tested for departures
from HWE. After accounting for sample-wise error (as
per the Dunn-Sidak method; Sokal & Rohlf 1995), four
departures from HWE were found: locus GG-3 in the
Williston Lake British Columbia (BC) region, locus BA-4 in
the Manitoba region, and locus Ggu 234 in the Anchorage
and Nabesna regions. All departures from HWE were
found to be heterozygote deficits which may imply the
presence of null alleles in these populations. Low copy
number may also be responsible for the heterozygote
deficit in the two Alaskan populations as the DNA was
extracted from bone samples. As deviations from HWE
were not found in other populations for these loci, they
were retained for analyses. Genotypic disequilibrium was
suggested for the following pairs of loci: GG-7 with GG-14
in the Manitoba population, GG-3 with BA-4 in the Bay
Chimo region, and GG-4 with GG-14 in the Revelstoke
region. As these genotypic disequilibria were not found in
more than one population it is unlikely that any loci are
physically linked. Hence, all loci were retained for analyses.
It is possible that these disequilibria are the result of
linkage disequilibrium in the founding population that has
not yet dissipated or that a recent admixture of populations
with differing gametic frequencies has occurred (Hartl &
Clark 1989).

Heterogeneity of sampled regions

Twelve geographical areas were sampled in this study
(Fig. 1). All sampled regions were found to have significantly
(P <0.05) different allele frequencies by a G-test for
heterogeneity. The comparison of the allele frequencies in
the Russian Mission and Arctic regions and the comparison
of the Russian Mission and Nabesna regions were both
significant at the 5% level. These differences, however,
were found not to be significant when the experiment-wise
error rate was applied (as per the Dunn-Sidak method;
Sokal & Rohlf 1995). Despite these findings we treated
these three regions as populations because of their geo-
graphical separation from one another (= 1000 km).

Genetic variation

The population with the highest mean number of alleles
was in Arctic, Alaska (AK) with a value of 5.83, whereas
Idaho had the lowest value of 2.83 (Table 1). Hy values
ranged from 68% in Nabesna, AK to 42% in Idaho (Table 1).

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 337-347
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Table 1 Genetic variation estimates from

Abbreviation n A H, (%) P sampled regions including the mean number
of alleles (A), the mean unbiased expected
Anchorage, AK Anch 36 517 65.45 6450 000 000 heterozygousity (Hp), and the unbiased
Arctic, AK Arct 47 5.83 66.90 10 190 000 000 probability of identity (P;;,)
Nabesna, AK Nabe 38 5.25 68.48 36 100 000 000
Russian Mission, AK Russ 34 5.00 63.53 1 647 000 000
Noatak, AK Noat 38 5.00 65.31 5090 000 000
Nome, AK Nome 35 4.67 62.31 1 004 000 000
Bay Chimo, NU BayC 40 4.83 63.61 1278 000 000
Kugluktuk, NU Kugl 67 5.00 64.68 2 540 000 000
Revelstoke, BC Reve 47 5.17 60.98 377 000 000
Williston Lake, BC Will 37 4.92 61.18 1231 000 000
Idaho Idah 14 2.83 42.09 452 000
Manitoba Mani 28 4.50 66.99 1 865 000 000

Table 2 Population assignments from the genotype assignment test

N Anch Arcti Nabe Russ Noat Nom Bay Kugl Reve Willi Idah Mani
Anch 36 8 7% 1 7 2 2 0 5* 1 1 0 1
Arct 47 4 10 4 4 9* 3 6* 1 1 4 0 1
Nabe 38 5 4 1 2 Fhld 2 1 3 0 1 0 0
Russ 34 3 7% 3 6 4 6** 2 1 0 0 0
Noat 38 2 5 3 7* 13 2 1 2 1 2 0 0
Nome 35 2 3 2 2 1 21 2 2 0 0 0 0
BayC 40 0 2 1 7 2 0 19 7 0 0 0 2
Kugl 67 2 1 2 3 3 3 20%* 23 0 5 0 5*
Reve 47 1 2* 0 1 0 0 2 1 35 4 0 1
Will 37 3 0 2 3 3 3 1 1 5 15 1* 0
Idah 14 0 0 0 0 0 0 0 0 0 0 14 0
Mani 28 0 0 0 0 1 1 0 3* 0 0 0 23

*Significant at the 5% level for randomizations within each gene pool.**Significant at the 1% level for randomizations within each gene pool.

P, values ranged from 1/36 000 000 000 in Nabesna, AK to
1/452 000 in Idaho (Table 1). The Revelstoke population
also had a low P value (1/377 000 000) relative to the
other populations. The low estimates of the mean number
of alleles in Idaho may be explained, in part, by the low
sample size (n=14) relative to the other populations
(n>30), although measures of heterozygosity are less
affected by sample size.

Assignment test

The results from the genotype assignment test revealed
little genotypic distinctiveness between the Alaskan regions
sampled, as evidenced by the relatively low number of
correctly assigned individuals (1/4 to 1/6). The one exception
was Nome, in which 21/35 individuals were assigned to
the region from which they were sampled (Table 2). Most
cross-assignments in Alaskan regions went to other Alaskan
regions. A relatively high number of cross-assignments
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also went to the Nunavut regions in which 5/36 Anchorage
individuals were assigned to Kugluktuk and 6/47 Arctic
individuals were assigned to Bay Chimo.

Slightly more structure was observed in the Nunavut
populations, with 19/40 and 23/67 individuals assigned
correctly to Bay Chimo and Kugluktuk, respectively. The
majority of the cross-assignments in Kugluktuk went to Bay
Chimo (20/67). In Bay Chimo, 7/40 individuals were cross-
assigned to both Kugluktuk and Russian Mission, AK.

Of the two British Columbian populations, Revelstoke
demonstrated more population genetic structure than did
Williston Lake. In Revelstoke, 35/47 individuals were
assigned correctly, whereas the Williston Lake population
had only 15/37 individuals assigned correctly to itself. In
both British Columbian populations the cross-assignments
were most likely to go to the other British Columbian
region with 5/37 Williston Lake individuals assigned
to Revelstoke and 4/47 individuals from Revelstoke
assigned to Williston Lake.
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Table 3 Upper diagonal represents pairwise Fg; values (Weir & Cockerham 1984); lower diagonal as calculated by the Generor 3.1d
software package. Lower diagonal is the approximate geographical distances (km) between populations as calculated by the program

DISTGEO using approximate latitudes and longitudes of from the centre of each sampled region

Anch Arct Nabe Rus Noat Nom Bay Kug Reve Will Idah Mani
Anch .0088 .0102 .0017 .0092 0178 .0346 .0201 .0720 .0344 2087 .0897
Arcti 730 0117 .0066 .0044 .0251 .0255 .0182 0611 .0301 1961 .0820
Nabe 390 560 .0134 .0093 .0232 .0432 .0290 .0680 .0301 1787 .0816
RusM 590 980 940 .0088 .0165 .0267 .0135 0626 .0278 2157 .0915
Noat 950 865 1140 575 .0247 .0293 0166 .0651 0213 .1948 0943
Nome 875 970 1135 390 230 .0408 0242 0692 0412 2079 .1016
BayC 2235 1665 1870 2640 2470 2615 .0070 .0597 .0469 2067 .0915
Kugl 1760 1205 1395 2170 2035 2170 480 .0534 .0272 1916 .0963
Revel 2245 2285 1940 2840 3070 3075 1920 1780 .0359 .1686 1205
Will 1605 1670 1295 2200 2430 2430 1700 1415 645 1670 1109
Idaho 2885 2980 2610 3475 3745 3735 2515 2445 700 1320 .1838
Manit 3210 2860 2820 3735 3720 3820 1435 1730 1595 1900 1800

Both Idaho and Manitoba were found to be highly Idaho

structured populations with 14/14 individuals correctly
assigned to Idaho and 23 /28 individuals correctly assigned
to Manitoba.

Pairwise Fop, and genetic distance measures

Pairwise Fg; values ranged from 0.0017 to 0.2157 (Table 3).
The smallest Fg; values were found within Alaska (0.0017-
0.0251) and Nunavut (0.0070). There was also little structure
between the Alaskan and Nunavut regions (pairwise Fq
ranged from 0.0135 to 0.0432). The highest pairwise Fg;
estimates were found for the Revelstoke (0.0359-0.0720),
Manitoba (0.0816-0.1205) and Idaho (0.1670-0.2157)
populations.

Estimates of the likelihood ratio (D) and Nei’s stand-
ard (Dg) genetic distances paralleled the results from both
the assignment test and pairwise Fg; estimates. D,  values
ranged from 0.24 to 8.87 and Dg values ranged from 0.03
to 0.36. The Alaskan populations were all found to be
genetically similar using these measures with values of
D, g ranging from 0.24 to 0.68 and Dg values ranging from
0.03 to 0.05 with the exception of Nome. Nome was more
genetically distinct from other Alaskan populations, with
larger genetic distances relative to between the other
regions. The two Nunavut populations were also genetic-
ally similar (D; = 0.25; Dg = 0.03). Pairwise comparisons
of the Alaskan populations to the Nunavut populations
yielded D, ; values ranging from 0.65 to 1.39 and Dg values
ranging from 0.05 to 0.10, again suggesting little distinction
between these regions. Similar to the findings of the assign-
ment test and pairwise Fg values, these genetic distance
measures identified Idaho, Revelstoke and Manitoba as
the most genetically distinct regions relative to all other
regions sampled.

Kugluktuk, NWT
Revelstoke, B.C.

Russian Mission, AK V
Nome, AK X

Anchorage, AK@q—

Northern B.C.

Noatak, AK4~ Y

Nabesna, AK

Manitoba
Bay Chimo, NWT

Arctic, AK

Fig. 2 Unrooted neighbour-joining trees of the Dg genetic distance
values (Nei’s standard). The length of the tree branches is relative
to the genetic distances.

An unrooted neighbour-joining tree of the Dg values is
illustrated in Fig.2 which reveals the relationships of
genetic distances to all populations. The length of the tree
branches is relative to the genetic distances. The tree shows
that the Alaskan populations cluster, the Nunavut popu-
lations cluster, the British Columbia populations do not
cluster, but were closely associated, and the Manitoba and
Idaho populations are each on their own branches.

The results from both genetic distance measures were
entered into a two-way Mantel test with geographical
distance. The results from these two tests suggest that both
genetic distance measures are correlated to geographical
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distance (D, vs. geographical distance r = 0.63 P = 0.00004;
Dg vs. geographical distance r = 0.63 P = 0.00003). D,  and
Dg were also found to be highly correlated to one another
(r=0.99 P =0.00009). The D, values were also entered
into a three-way Mantel test to test for the presence or
absence of a barrier to gene flow while controlling for
geographical distance. The results revealed that the Idaho
population is highly correlated to a barrier to gene flow
other than distance (r =0.90 P =0.0002). The Revelstoke
population was not as highly associated with a barrier
to gene flow other than distance, yet the result was still
significant (r = 0.46 P = 0.01) (Fig. 3).

Discussion

This study has elucidated the population genetic structure
of wolverine populations across a large part of their North
American distribution. Our results suggest that there is
little genetic structuring of populations in the northern
regions of this species’ range, as reflected by an assign-
ment test, pairwise Fg estimates, and two genetic distance
measures, Dg and D, . Furthermore, we found the more
southerly populations, in which anthropogenic factors
are most pronounced, to be more genetically structured
than those found in the north. These results reflect similar
findings to another recent study of wolverines using
allozymes (Wilson ef al. 2000) which revealed little genetic
structure between regions in the Northwest Territories
using nuclear markers (Fgp = 0.076). A study by Paetkau
et al. (1998) of North American brown bears (Ursus arctos)
also reflects findings similar to those presented here. This
is significant as both brown bears and wolverines have a
similar distribution, density and potential for dispersal. In
both these species, populations in the southern reaches of
their range are more genetically distinct, and have less
within-population variation, than those found in less
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disturbed northern habitats. Our results are also consistent
with those found for another mustelid species, the North
American pine marten (Martes americana). Marten popu-
lations sampled from the Yukon and Northwest Territories
revealed little population genetic structure and much gene
flow was evident across the entire northern sampling
range (Kyle et al., 2000). We suggest that the level of genetic
structuring in the southern reaches of this species’ dis-
tribution is the result of low effective population sizes,
restricted gene flow and potentially population fragment-
ation, whereas the low level of structure in the northern
regions is consistent with high levels of gene flow and few
barriers to dispersal.

Sampling in time and space

It is important to mention, as noted in Materials and
methods, that all Alaskan samples collected in the late
1950s to mid-1960s were treated as a contemporary to
samples collected in the 1990s. We made the assumption
that 30-40 years difference (= 6—8 generations) between
the collection times of the samples has had little effect on
the genotype frequencies in these regions. There is little
evidence to suggest that large demographic changes have
taken place during the time separating the collection of
these samples. We are unaware of any drastic population
bottlenecks or large range expansions that may have greatly
affected the genotype frequencies in these Alaskan regions
during this time. We have also presented results suggesting
that extensive gene flow exists among northern regions.
With an extensive mixing of populations genotype frequencies
would be less likely to change significantly over a period of
six to eight generations. Despite our assumptions, we have no
direct evidence that genotype frequencies have not changed
in this time, therefore our findings may not reflect current
levels of genetic variation and gene flow in these regions.
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Table 4 Genetic distances: likelihood ratio genetic distance (D, , Paetkau et al. 1997) in the lower diagonal and Nei’s standard genetic

distance (Dg, Nei 1972) in the upper diagonal

Anch Arcti Nabe Russ Noat Nom Bay Kugl Reve Willi Idah Mani

Anch 0.04 0.05 0.03 0.04 0.06 0.09 0.06 0.16 0.08 0.36 0.15
Arct 0.42 0.04 0.04 0.03 0.07 0.07 0.05 0.14 0.08 0.32 0.12
Nabe 0.43 0.47 0.05 0.04 0.06 0.10 0.07 0.14 0.06 0.27 0.14
Russ 0.25 0.24 0.55 0.04 0.06 0.07 0.05 0.14 0.07 0.35 0.13
Noat 0.68 0.47 0.44 0.61 0.07 0.08 0.05 0.14 0.06 0.30 0.15
Nome 0.8 1.11 0.99 0.7 1.18 0.10 0.07 0.15 0.09 0.33 0.16
BayC 1.39 0.92 1.63 0.93 1.22 1.76 0.03 0.13 0.11 0.33 0.12
Kugl 0.83 0.85 1.05 0.65 0.94 12 0.25 0.12 0.07 0.31 0.13
Reve 32 2.83 2.98 2.6 2.99 33 2.59 2.14 0.08 0.21 0.18
Will 1.12 1.22 1.08 1.09 1.14 1.71 1.59 1.02 1.35 0.20 0.15
Idah 8.53 8.04 7.01 8.44 7.51 8.87 8.42 7.78 5.71 5.05 0.35
Mani 2.33 2.22 2.75 2.34 2.9 2.98 1.98 1.92 3.15 2.59 8.14

Lack of genetic structure in northern regions

Little structure was observed among the northern regions
sampled in Alaska and Nunavut. Measures of Fgp, Dg and
D, among the Alaskan regions revealed the smallest
pairwise differences, supporting the conclusions from the
assignment test that little structure exists between these
regions despite large geographical distances separating
them. To put these values into some perspective, although
they are not directly comparable as different microsatellite
markers were used, the smallest Dg value reported in
brown bears by Paetkau ef al. (1998) was between two
adjacent Northwest Territory populations with a value of
0.053. The range of Dg genetic distances among wolverine
populations in Alaska and Nunavut vary between 0.03 and
0.07 (Table 4).

The one Alaskan exception, which did reveal a slightly
higher level of genetic structure relative to the other
Alaskan regions, was Nome. This population had almost
2/3 of the animals sampled assigned to itself compared to
only 1/6 to 1/4 of the individuals being correctly assigned
in the other Alaskan regions (Table 2). It is unclear why this
region would be more structured than other Alaskan regions,
although the fact that Nome is found on a peninsular pro-
jection of Alaska may have somehow isolated this region.

The two Nunavut regions, Bay Chimo and Kugluktuk,
are separated from each other by 400-500 km and reveal
a similar pattern to that found in Alaska. There seems
to be little genetic structuring between these northern
regions, as reflected by the relatively high number of cross-
assignments shared between these two regions and the
estimates of Fgp, D| ; and Dg (Tables 3 and 4).

There also seems to be little genetic structure between
the Alaska and Nunavut populations. Of the two popu-
lations sampled in Nunavut many of the cross-assigned
individuals went to Alaskan populations (Table 2). The

genetic distance measures (Table 3) between Nunavut and
Alaska are also relatively low, with Kugluktuk having
slightly smaller pairwise estimates of genetic distance to
the Alaskan populations than Bay Chimo, as follows from
their geographical proximity to these regions (Fig. 1).

The lack of genetic structuring in the northern reaches of
this species’ range is most likely the result of extensive
gene flow among these regions. This conclusion is sup-
ported by several wolverine life history characteristics:
topographical features such as rivers, lakes and mountain
ranges do not limit dispersal (Hornocker & Hash 1981;
Banci 1987), subadult males are known to disperse large
distances from their natal range to establish their own
home ranges (Magoun 1985; Copeland, personal com-
munication), and wolverines are capable of moving long dis-
tances with relative ease as documented by Gardner (1985),
Gardner ef al. (1986), and Magoun (1985). The combination
of these life history characteristics has most likely had the
effect of genetically homogenizing wolverine populations
in undisturbed habitats in which few barriers to dispersal
exist. Only a few migrants per generation are capable of gen-
etically homogenizing populations over time (Slatkin 1985).

An alternative to the aforementioned hypothesis is that
the lack of structure observed in the northern reaches of
this species’ range may not represent extensive gene flow,
but rather a relatively recent postglacial colonization of the
north. However, wolverines were thought to exist in several
refugia during the Wisconsin glaciation, both south of the
ice sheets and in Beringia as revealed by fossil evidence
(Bryant 1987). The current pattern of genetic structure
therefore has most likely not been influenced by a rapid
radiation of wolverines northward from a southern glacial
refugium.

Without samples from the Yukon or Northwest Territories
it is unclear whether the lack of genetic differentiation
observed between northern regions in this study is true of
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all northern regions. Given that no large barriers to dis-
persal are present in these areas, and the life history traits
of wolverines, we would expect a similar pattern of genetic
structure to persist across all of these northern regions east
of Hudson’s Bay.

Despite the lack of genetic differentiation in the northern
reaches of this species distribution we cannot say that all
the animals are similar in adaptive traits. Adaptive traits
can occur between populations showing little genetic
structure at neutral genetic loci (Karhu et al. 1996).

Genetic structuring of western Canadian populations

Only two regions were sampled from western Canada,
both from British Columbia. These regions, however,
revealed very different levels of genetic structure. The
Williston Lake population had a relatively high level of
cross-assignments to all regions (only 15/37 individuals
correctly assigned) and pairwise measures of Fg, Dg and
D, r were comparable with those found for the Bay Chimo
region in Nunavut (Tables 3 and 4). This central British
Columbia region also seemed to be more closely associated
with populations sampled in Nunavut and Alaska than the
southern British Columbia population of Revelstoke with
respect to these estimates (Tables 3 and 4).

The Revelstoke population was found to be relatively
distinct from all other regions sampled, with 35/47 indi-
viduals correctly assigned to itself (Table 2). A plot of geo-
graphical vs. genetic distance (Fig. 3) also revealed that the
D,z measures in Revelstoke were higher than expected
from the values in the northern regions. This difference
was found to be significantly correlated to some barrier to
gene flow by a three-way Mantel test (r = 0.46 P = 0.01).

The difference in genetic structuring between these
two regions may potentially be attributed to differences
in anthropogenic pressures. Both regions are intensely
forested, yet the Revelstoke region also has major trans-
portation corridors present (Canadian Pacific Railway and
the Trans Canada Highway) which are known to account for
a high percentage of the mortality of wolverines in this area
(J. Krebs, personal communication). The Revelstoke region
also has more human inhabitation around it than the
Williston Lake region. These and other anthropogenic
factors may contribute to decreased gene flow to and from
the more southerly population. Our results may also reflect
that the Revelstoke population simply has a smaller effect-
ive population size that more northern populations.

Potential isolation of the Idaho population

The decreased level of Hy and the increased levels of
genetic structure based on the assignment test, Fop, Dg and
D, ; in Idaho are consistent with other studies which have
identified insular populations. In a study of black bears
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(Ursus americanus) Paetkau & Strobeck (1994) found H to
be = 80% in all regions with one exception. Bears found in
Terra Nova National Park, which are isolated on the island
of Newfoundland, were found to have an Hy of 49%. A
study of brown bears by Peatkau et al. (1998) found Hy to
range from = 60 to 80% with the exception of two insular
populations, Kodiak Island, AK and Yellowstone National
Park which had Hp, values of 26.5 and 55.4%, respectively.
The decreased genetic variability of the Yellowstone brown
bears was attributed to population fragmentation in the
early 1900s from the larger continuous population in the
north. Here, the lack of genetic variation in the Idaho popu-
lation, relative to the homogenous levels of variation in most
other regions sampled suggests that this population may
have become fragmented from the larger distribution of
wolverines in the north (Table 1). An alternative to this sug-
gestion would be that a historical bottleneck is responsible for
the lack of genetic variation found in this population. Although
wolverine numbers are thought to have been declining in
the southern reaches of their distribution since the 1840s
(Hash 1987), there is no evidence that a historical population
bottleneck has caused this decrease in genetic variation.

The results from the assignment test (Table 2) also
support our suggestion that the Idaho population has
restricted gene flow and may be fragmented from the other
sampled regions. The Idaho population is only 700 km
from the Revelstoke population, yet it reveals no cross-
assignments to Revelstoke, or any other regions. This
would suggest that there is a potential barrier to gene flow
between these two areas other than isolation by distance.

The genetic measures of Fgp, Dgand D,  (Tables 3 and 4)
all revealed that the Idaho population was the most genet-
ically distinct region sampled. The genetic distance esti-
mates from Idaho to all other regions are not proportional
to the geographical proximity of this population to others
(Fig. 3). When values of D, ; were entered into a three-way
Mantel test, controlling for distance, it was found that these
values were strongly and significantly associated with a
barrier to gene flow (r = 0.932 P = 0.0012).

In the conterminous US wolverines are only thought to
persist in isolated regions of Montana, Idaho, Wyoming,
Colorado, Oregon and California from a once continuous
population ranging as far south as Arizona and New
Mexico (Hash 1987), supporting the suggestion that this
population may be fragmented. The Idaho population also
presents a similar example to that of insular Yellowstone
brown bears (Paetkau et al. 1998). A recent study by Edelman
& Copeland (1999) also suggests that the central Idaho popu-
lation may be isolated from other north-west US wolverine
populations. As wolverine dispersal is not thought to be
limited by topographical features (Banci 1994), the frag-
mentation of southern populations may be attributed
to habitat loss, overharvest and other anthropogenic
factors as suggested by Banci (1994) and Wilson (1982).



346 C.J. KYLE and C. STROBECK

In the American north-west, more populations will be
needed to determine if these regions all represent genet-
ically insular groups or if gene flow does occur among them
and the more northern populations. It is not clear whether
other remaining north-western US populations are pres-
ently self-sustaining populations or if they are dependent
on emigration from Canadian populations (Montana,
Newby & McDougal 1964; Idaho, Groves 1988; Oregon,
Johnson 1977). It would appear that the surveyed Idaho
population is not maintained by Canadian immigrants, as
they are genetically distinct from all other sampled popu-
lations. It should be noted, however, that the most likely
dispersal corridors for wolverines in the American north-
west run north/south in the mountain ranges, as most
valleys are developed with transportation corridors and
human habitation, potentially restricting wolverine move-
ments. The north/south corridor from Idaho to Canada
would run into Glacier National Park in southern Alberta.
Samples were not available from this region and so we
were unable to determine whether animals from central
Idaho are genetically connected to them.

The conclusions from the analyses of the Idaho popula-
tions must be tempered, however, due to the fact that only
14 individuals were sampled. A small sample size may
potentially skew results by providing genotype frequen-
cies that do not reflect those actually present in the popu-
lation and making the population appear more distinct
than it is. A further bias may also have been introduced
into our results by including two known relationships in
this sample. A potential father was also identified for these
relationships. Despite the inclusion of these relationships
we still believe that the Idaho population is genetically
depauperate as all other potential fathers for the identified
mother/offspring relationships matched at 1315 of 16 loci
(data not shown), reflecting the level of genetic relatedness
in this region. Furthermore, running the data with and
without the known relationships had little effect our
presented results (data not shown).

Eastern populations

In the east only one population from Manitoba was sampled.
This population was found to be genetically distinct from
all other regions in this study. The two-way Mantel tests
suggests that the genetic distances observed for this
population are consistent with isolation by distance. However,
with no immediately adjacent populations sampled in the
east we are unable to say that Manitoba is not genetically
isolated from other wolverine populations.

Conclusions

Although this study elucidated the levels of genetic
structure between wolverine populations, we are unable to

fully describe the likely complicated local social structure
of wolverines. Local wolverine groups, which may exist
with juvenile females establishing home ranges adjacent to
their mothers, will not be revealed by sampling over a
broad scale, as in this study.

This study has shown that populations of wolverines
that are exposed to fewer anthropogenic factors potentially
have much gene flow among them. In direct contrast, the
southern populations of Idaho and to a certain degree
Revelstoke, which are exposed to greater pressure from
humans (settlement, road systems, recreation in remote
areas, and so on), seem to be more genetically isolated. The
viability of these populations seems to be dependent, to
a great extent, on large areas of undisturbed habitat and
corridors among them.
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