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Evolutionary processes can be strongly affected by landscape features. In vagile carnivores that disperse widely,
however, genetic structure has been found to be minimal. Using microsatellite DNA primers developed for other
mustelids, we found that populations of a vagile forest carnivore, the fisher (Martes pennanti), exhibit high
genetic structure (Fsr = 0.45, SE = 0.07) and limited gene flow (Nm < 1) within a >1,600-km narrow strip of
forested habitat; that genetic diversity decreases from core to periphery; and that populations do not show an
equilibrium pattern of isolation-by-distance. Genetic structure was greater at the periphery than at the core of the
distribution and our data fit a 1-dimensional model of stepping-stone range expansion. Multiple lines of
paleontological and genetic evidence suggest that the fisher recently (<5,000 years ago) expanded into the
mountain forests of the Pacific coast. The reduced dimensionality of the distribution of the fisher in western
coastal forests appears to have contributed to the high levels of structure and decreasing diversity from north to
south. These effects were likely exacerbated by human-caused changes to the environment. The low genetic
diversity and high genetic structure of populations in the southern Sierra Nevada suggest that populations in this
part of the geographic range are vulnerable to extinction.
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Rates and patterns of evolution at the population level are
affected by position in and shape of the geographic range
(Briggs 1996). Populations at the periphery of a distribution
tend to be more fragmented and have lower and more variable
population densities (Brown et al. 1995) with lower migration
rates and less gene flow (Hoffman and Blows 1994; Lawton
1993) than populations at the core of a species’ distribution.
These population dynamics result in reduced genetic diversity
and increased population structure (Li and Adams 1989;
Maharadatunkamsi et al. 2000). For boreal carnivores, this
core-periphery pattern of increasing population structure and
decreasing genetic diversity is particularly striking. Wolverines
(Gulo gulo—Kyle and Strobeck 2001), Canada lynx (Lynx
canadensis—Schwartz et al. 2003), and brown bears (Ursus
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arctos—Paetkau et al. 1998) all exhibit a correlation between
latitude and genetic diversity that has been attributed, in part, to
increased habitat fragmentation at the southern periphery of
boreal forest habitat.

In addition to the relative position of a population in a species’
distribution, local geography and dimensionality affect the
pattern of migration and isolation of a population. For terrestrial
mammals, biologists typically model genetic structure with
migration occurring in a 2-dimensional (2-D) pattern. However,
in certain circumstances, a 1-dimensional (1-D) model of
migration might be more appropriate. Kimura and Weiss
(1964) modeled the 1-D stepping-stone system and predicted
that reduced dimensionality increased population genetic struc-
ture, due to a reduced number of pathways for genetic exchange
in a linear (compared to a grid-like) arrangement of populations.
Data simulations confirm that patterns of isolation by distance are
more apparent in 1-D than in 2-D systems even when migration
rates are greater in the 1-D system (Slatkin 1993).

Here, we examine the cumulative effects of relative position
in and dimensionality of a species’ distribution on population
genetic structure and diversity in the fisher (Martes pennanti).
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F16. 1.—Sampling locations for the fisher in the Pacific states and
British Columbia included 6 nominal populations: southern British
Columbia (SBC, n = 15); southern Oregon Cascades (SOC, n = 21);
Klamath-Siskiyou region (KSR, n = 25); California Coast Range
(CCR, n = 18); Southern Sierra-north (SSN, n = 14); and southern
Sierra-south (SSS, n = 19). The map details the presumed pre-
settlement distribution, nominal populations (indicated by polygons),
and classification success in Bayesian assignment tests; high values
denote genetic distinctness of a population.

The core of the geographic range of the fisher spans the
boreal forests of Canada (Gibilisco 1994). Along the Pacific
coast of the contiguous United States and southern Canada, the
distribution of this species is confined to a >1,600-km long
peninsula of forest surrounded by habitat unsuitable to the
fisher. In several places this narrow strip of habitat is only a few
tens of km wide, yet it extends from southern British Columbia
to the Sierra Nevada of southern California (Fig. 1).
Paleontological evidence suggests that forests along the Pacific
coast were colonized recently by fishers during the Holocene
and that populations are <5,000 years old (Graham and
Graham 1994). Even more recently, parts of this distributional
peninsula have been rendered vacant during historical times,
presumably by human-caused factors. Fishers have apparently
been extirpated in the northern Sierra Nevada of California
(Zielinski et al. 1995), in most areas of Oregon (Aubry and
Lewis 2003), and throughout Washington (Lewis and Stinson
1998).
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Our objectives in this study were to use microsatellite
genotypes to (1) test for losses in genetic diversity and for
increases in genetic structure from the base to the tip of the
Pacific coast distributional peninsula as predicted by the core-
periphery hypothesis of genetic diversity; (2) compare the
magnitude of genetic structure of the 1-D stepping stone model
of geographic distribution of fishers on the Pacific coast to the
2-D geographic distribution that occurs in the core of the species
range; (3) determine if genetic data support the paleontological
hypothesis of recent range expansion by fishers down the
Pacific coast from British Columbia; and (4) investigate the geo-
graphic origin of a population of fishers in southwestern Oregon
believed to have been translocated from 2 genetically distinct
source populations (Drew et al. 2003). We use the resulting
data to assess the vulnerability of fisher populations along the
Pacific coast to extirpation.

MATERIALS AND METHODS

Sampling locations—We obtained tissue samples for molecular
analyses from multiple, independent ecological studies of the fisher in
the Pacific coast region. Most of the tissue samples used in our
analyses were collected from livetrapped animals; several were
collected from carcasses, and 2 were taken from frozen specimens at
the Museum of Vertebrate Zoology, Berkeley, California (MVZ
185230 and MVZ 196716). All tissues were collected between 1993
and 2001. We analyzed 112 samples from 6 nominal populations in
California, Oregon, and British Columbia (Fig. 1), after excluding
known full-sibling juveniles or the offspring of sampled females.
Population assignment of individuals a priori was based on geographic
proximity and ecological provinces. Of the 6 populations, all but
southern Oregon Cascades were native populations; the reintroduced
Oregon population comprises the descendents of translocations
primarily from British Columbia and secondarily from Minnesota
(Aubry and Lewis 2003; Drew et al. 2003).

Laboratory protocols—For each extraction, we used 15-30 hairs or
20-30 pg of ear tissue. DNA was extracted from hairs and ear tissue
using a standard phenol-chloroform extraction technique. We
amplified DNA by polymerase chain reaction (PCR), using 8 pairs
of microsatellite primers: Mer041, Mer095, Mvis002, Mvis020,
Mvis072 (Fleming et al. 1999), Mal, Mal9 (Davis and Strobeck
1998), and Mvi87 (O’Connell et al. 1996). All loci were dinucleotide
repeat segments with a minimum of 11 consecutive repeats in the
species for which they were developed. Amplifications were performed
in 10-pl volumes containing 1 pl of DNA, 2 nmol deoxynucleotides
(Sigma-Aldrich, St. Louis, Missouri), 1,000 ng/ul bovine serum
albumin (Sigma-Aldrich, St. Louis, Missouri), 0.5-1.4 pmol each
primer (Invitrogen, Carlsbad, California), 0.8—1.0 M betaine (Sigma-
Aldrich, St. Louis, Missouri), and 0.6 units of Taq polymerase (Sigma-
Aldrich, St. Louis, Missouri). Included in the PCR reaction was 0.5
pmol of a fluorescent 3rd primer (LiCor Inc., Lincoln, Nebraska)
complementary to a 19-base-pair extension on the 5’ end of the
forward primer. We amplified samples in a Peltier thermal cycler
(PTC-200, M. J. Research Inc., Watertown, Massachusetts), and
visualized samples electrophoretically using a 7% polyacrylamide gel
in a Li-Cor Gene Readir 4200 automated sequencer (Li-Cor Inc.,
Lincoln, Nebraska). Genotypes, characterized as base-pair length, were
resolved with GenelmagIR software, V. 3.0.

Evaluation of nominal populations—We evaluated genetic support
for the distinctness of our preliminary nominal populations using
a Bayesian assignment procedure (Cornuet et al. 1999) that classified
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each animal according to the nominal population its genotype most
closely resembled. We evaluated Hardy-Weinberg equilibrium for
each population using an exact probability test generated by a Markov
chain analysis in GENEPOP 3.3 software (Raymond and Rousset
1995). Linkage disequilibrium was tested by the genotypic equilib-
rium test in GENEPOP 3.3. All tests were adjusted for multiple
comparisons using a sequential Bonferroni correction (Rice 1989).

Characterization of genetic diversity and structure—We charac-
terized genetic diversity in each population using Nei’s (1978)
unbiased heterozygosity (Hg) calculated using Tools for Population
Genetic Analyses (TFPGA) 1.3 (Miller, M. P. 1997. TFPGA version
1.3: A Windows program for the analysis of allozyme and molecular
population genetic data. http://bioweb.usu.edu/mpmbio/, last updated
1 February 2000. Downloaded 1 October 2002.). We calculated allelic
richness (A, compensating for sample-size effects) using F-Stat
(Goudet 1995). We used the computer program Populations (O.
Langella, 2002. Populations, a free population genetic software. http://
www.pge.cnrs-gif.fr/bioinfo.populations, last updated 5 December
2002. Downloaded 15 May 2003.) to calculate chord distance (Dc—
Cavalli-Sforza and Edwards 1967) and build a neighbor-joining tree
that was bootstrapped 10,000 times. We examined phylogenetic tree
topology using TREEVIEW software (Page 1996). We examined
patterns of genetic diversity from the base of the distributional
peninsula (southern British Columbia) southward using 2 approaches.
Using only native populations (excluding southern Oregon Cascades),
we tested whether the southernmost populations (southern Sierra-north
and -south) differed in genetic diversity (based on A and Hg) from
fishers at the base of the peninsula using a paired, 1-sample #-test. We
then tested for continuous variation in genetic diversity along the
distributional peninsula using linear regression analysis and the 2
measures of genetic diversity.

We estimated population subdivision with pairwise Fgr calculated
with F-Stat (Weir and Cockerham 1984) for comparison with
previously published estimates of genetic differentiation in fisher
and with pgt using GENEPOP 3.3 (Rousset 1996) which assumes
a stepwise mutation model. We compared pairwise estimates of
population subdivision with a Mantel test (Mantel 1967; Sokal and
Rohlf 1995). We estimated gene flow as M = V4 [(1/pst) — 1] (Slatkin
1993) using our estimates of pst for the calculation. We estimated the
effective number of migrants (Nm) using 2 approaches. We initially
estimated the effective number of migrants per generation using the
multilocus, private allele method of Barton and Slatkin (1986) and
Slatkin (1985). We also used a coalescent model to estimate Nm and
0 = 4Np (Beerli and Felsenstein 2001) using the software program
MIGRATE (Beerli, P. 1997-2003. MIGRATE: documentation and
program of LAMARC. Version 1.6.9. Distributed over the Internet,
http://evolution.genetics.washington.edu/lamarc.html, last updated 10
April 2002. Downloaded: 16 June 2003.). In an initial run of the
program we used estimates of Fgr to calculate starting values of Nm
and 0. Resulting values from the initial run were used as starting
values for 3 subsequent runs. We used default search parameters for
every run; all runs (except for the initial one) gave similar results. For
maximum likelihood estimation we selected a full migration model to
estimate Nm and 6.

We modeled isolation by distance using both equilibrium and non-
equilibrium approaches. Because available evidence indicates that
fishers colonized the Pacific coast recently, it was unlikely that
populations were in drift-migration equilibrium. Initially we tested for
isolation by distance with psr using a Mantel test. We also analyzed
isolation by distance by computing regression coefficients for the log-
log regression of M on geographic distance; this analysis is more
sensitive to patterns of isolation by distance in systems that are not in
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equilibrium (Slatkin 1993). Finally, we used Good’s model of
stepwise range expansion (Slatkin 1993) to test the hypothesis that
fishers recently colonized the Pacific coast from north to south in
a stepwise fashion. This analytical method also assumes non-
equilibrium; a regression coefficient is calculated from the log-log
regression of M onto the geographic distance from the source
population of the expansion to each of the other populations. Pairwise
values of M are not independent (Slatkin 1993), so regression slopes
and correlation coefficients are provided for descriptive purposes only.

We included nonnative southern Oregon Cascades in the isolation
by distance analysis by adjusting the geographic distance and latitude
to reflect the primary source location (southern British Columbia) of
translocated animals. Analysis of mtDNA revealed that most (8 of 9)
haplotypes in southern Oregon Cascades were shared with southern
British Columbia, and neighbor-joining trees placed the 2 populations
near one another (Drew et al. 2003). For all other populations,
geographic distances were measured from the geometric center of the
minimum convex polygon formed by sampling locations for
individuals from each population using ARCVIEW 3.2 software
(ESRI, Redlands, California). Distances between population centers
were also calculated using ARCVIEW 3.2.

RESuLTS

Population assignment—The success rate of a priori assign-
ments of individuals into populations was >50% for all
populations and reached values as high as 100% (Fig. 1). Not
surprisingly, the lowest classification success (and highest cross-
classification) was for the 2 populations with the shortest
geographic distance between them (California Coast Range and
Klamath-Siskiyou region). We retained the initial population
designations for all subsequent analyses. Of the 48 locus-
population permutations, 37 had polymorphic genotype distri-
butions that allowed testing of Hardy-Weinberg equilibrium (the
other 11 permutations were untestable because some loci were
monomorphic within some populations). For 5 populations, all
loci were in equilibrium. Two loci exhibited significant
departures from equilibrium at southern British Columbia
(Mvis072 and Mal); both were heterozygote deficiencies. A
global test of Hardy-Weinberg equilibrium found significant
departures from equilibrium (P < 0.001). For all pairs of loci
(with populations disaggregated or aggregated), we found no
linkage disequilibrium. We therefore considered each locus-
specific genotype to be independent for statistical purposes.

Genetic diversity—Allelic richness (A) within populations
averaged 2.0, and was highest in southern British Columbia
and southern Oregon Cascades (A = 2.6) and lowest in
southern Sierra-north (A = 1.4; Table 1). Mean unbiased
heterozygosity (mean of population means) was 0.28, with the
highest value in southern Oregon Cascades (Hg = 0.42) and the
lowest in southern Sierra-north (Hg = 0.16). Allelic richness
was significantly greater at the northern end of the distribu-
tional peninsula (southern British Columbia) than at the
southern tip (southern Sierra-south, t = —24, df. =7, P =
0.02). Allelic richness was positively related to latitude in
a linear fashion (regression F = 19.7, d.f. = 4, P = 0.02; Fig.
2). Similarly, heterozygosity was lower in native southern
populations than in southern British Columbia (1-sample ¢ =
—7.0, n = 4, P = 0.006), and showed progressive decreases
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TaBLE 1.—Expected heterozygosity (Hg) and allelic richness (A) of
fisher populations in a distributional peninsula from British Columbia
to the southern end of the Sierra Nevada. Populations are arranged
from north to south. We present the total sample size summed for all
populations and mean Hg and A averaged for all populations.

Nominal populations Origin n Hg A
Southern British Columbia Native 15 0.37 2.6
Southern Oregon Cascades Reintroduced 21 0.42 2.6
Klamath-Siskiyou Region Native 25 0.26 1.8
California Coast Range Native 18 0.24 1.8
Southern Sierra—north Native 14 0.16 1.4
Southern Sierra—south Native 19 0.20 1.7
Total, X 112 0.28 2.0

with decreases in latitude (regression F = 37.1, df=4, P =
0.009; Fig. 2). Five unique alleles were found in southern
British Columbia, 2 unique alleles were found at southern
Oregon Cascades, and no unique alleles were found south of
Oregon.

Genetic structure—For the 6 nominal populations, overall
Fst = 0.42 (SE = 0.07), with the largest pairwise Fgt (0.60)
between California Coast Range and southern Sierra-south, and
the smallest (0.11) between California Coast Range and
Klamath-Siskiyou region (Table 2). Considering only native
populations, Fst = 0.45 (SE = 0.09), which was consistent
with a mean migration rate of 0.31 migrants/generation
between all population pairs. To compare our results with
those reported from fishers in the core of their range (Kyle et al.
2001), we recalculated Fgr using only the 5 loci that both
studies had in common. Global Fgr was 0.53 = 0.09;
bootstrapping over loci resulted in a 95% confidence interval
from 0.35 to 0.67. Pairwise estimates of pgr revealed a similar
pattern of genetic differentiation among Pacific coast popula-
tions (Table 2). Care must be taken when interpreting the
absolute value of these estimators of genetic structure,
however, as they assume that populations are in drift-migration
equilibrium, which is likely not the case with fishers along the
Pacific coast.

Confirming high levels of genetic differentiation and
population isolation was the low estimated effective number
of migrants between populations. Estimates of M calculated
from pgt ranged from 2.6 (between California Coast Range and
Klamath-Siskiyou region) to 0.2 (between California Coast
Range and southern Sierra-south) with a mean and SE of 0.75
* 0.18. Using the private allele method, we estimated Nm to be
0.95; using the maximum likelihood approach, all estimates of
Nm were <1 migrant per generation with the highest estimates
of migration occurring between southern British Columbia and
southern Oregon Cascades (1 migrant approximately every 2
generations; Table 3). Most estimates were substantially lower
than migration between the 2 northernmost populations: from
<1 migrant per 1,000 generations to 1 migrant every 3
generations. Estimates of migration were significantly different
from a stepping-stone model and migration rates were
asymmetric among populations that were only 1 step away
(likelihood ratio test = 421, d.f. = 30, P < 0.001). Assuming
constant mutation rates among populations, effective popula-
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Fig. 2.—Regression of two measures of genetic diversity (HEg,
expected heterozygosity and A, allelic richness) on latitude for 5 native
populations and 1 translocated population of the fisher within the
Pacific distributional peninsula. For the translocated population
(southern Oregon Cascades), we used geographic distance from the
presumed source population (southern British Columbia). Regressions
for both measures are significant at P = 0.01.

tion size was significantly different among populations;
populations in the north were larger than populations in the
south (Table 3). Population branches of the neighbor-joining
tree formed the following 3 groups: southern British Columbia
and southern Oregon Cascades, California Coast Range and
Klamath-Siskiyou region, and southern Sierras-north and south
with varying degrees of support (Fig. 3).

Isolation by distance—Using the parameter pg, which
assumes that populations are in drift-migration equilibrium, we
found no significant association with geographic distance
(Mantel test, P = 0.16). The regression coefficient (r2) for the
log-log regression of M and geographic distance was 0.27 *
0.26 (X = SE) with a slope of —0.19 = 0.08. Using Good’s
model of range expansion the log-log regression of M and the
distance from the source produced an 7> = 0.63 * 0.36 with
a slope of —0.12 = 0.05; excluding southern British Columbia
and southern Oregon Cascades and considering Klamath-
Siskiyou region the source for the 3 populations south of it, r*
= 0.99 = 0.09 with a slope of —1.3 = 0.07 (Fig. 4).

DiScussION

Genetic patterns from core to periphery—QOur measures
of genetic diversity were lower than those reported in the core
of the fisher’s range by Kyle et al. (2001); our estimates of
heterozygosity were less than half of those within the core. The
mean number of alleles/locus they reported for southern British
Columbia (A = 3.9) compares with our value of 3.0 (un-
corrected for sample size) for a nearby area using similar
microsatellite loci. Interestingly, the allelic diversity of fishers
in southern British Columbia was the lowest of the 13 sites
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TaBLE 2.—Two measures of genetic distance between nominal populations of the fisher in the Pacific states and provinces. Upper diagonal
values are Fgr with significant (P < 0.005) pairwise differences (exact test of sample differentiation) indicated by asterisks. Lower diagonal values
are pgt. We found a significant correlation between Fst and pgt using a Mantel test (P = 0.02).

Southern British Southern Oregon Klamath-Siskiyou California Coast Southern Southern

Nominal populations Columbia Cascades Region Range Sierra-north Sierra-south
Southern British Columbia — 0.20* 0.39* 0.37* 0.35* 0.42%*
Southern Oregon Cascades 0.13 — 0.43%* 0.41%* 0.37 0.38*
Klamath-Siskiyou Region 0.31 0.28 — 0.11% 0.56* 0.48%*
California Coast Range 0.32 0.24 0.08 — 0.58* 0.60*
Southern Sierra—north 0.18 0.35 0.42 0.44 — 0.51*
Southern Sierra—south 0.29 0.45 0.47 0.54 0.24

studied by Kyle et al. (2001), and heterozygosity was lower
than that of most other populations they studied. Considering
the results from Kyle et al. (2001), Drew et al. (2003), and this
study, it appears that genetic diversity declines from the center
of the fisher’s range toward its southwestern periphery (British
Columbia), then decreases further along the Pacific distribu-
tional peninsula to its southern tip. These findings suggest that
losses of genetic diversity in a peripheral distributional
peninsula are additive to those from the center to the periphery
of the fisher’s core geographic range.

Measures of genetic structure for fishers within the Pacific
coast distributional peninsula are among the highest reported
for a mammalian carnivore. Fgr calculated using only loci from
Kyle et al. (2001) was 0.35-0.67, between 2.5 and 4.8 times
that reported for fishers in the core of their range (Kyle et al.
2001) and 10-20 times that reported for American martens
(Kyle et al. 2000), wolverines (Kyle and Strobeck 2001), and
Canada lynx (Schwartz et al. 2002).

Genetic structure, gene flow and dimensionality—The
geographic distribution of suitable habitat for fishers along
the Pacific coast (Fig. 1) suggests a 1-D pattern of gene flow.
Genetic data support this hypothesis; as predicted by Good’s
model of stepwise range expansion, we found a relationship
between M and distance from the source population. This
relationship was particularly strong for the 4 peninsular
populations; the regression had a slope of —1.3, similar to
the slope of —1.0 predicted for 1-D systems rather than the
slope of —0.5 predicted for 2-D systems (Slatkin and Maddison
1990). Although the likelihood ratio test did not support
a stepping stone model of migration, Nm was more than twice

as great between populations separated by 1 step (0.18 = 0.07)
as compared to populations separated by 2 or more steps (0.08
* 0.02).

The ecology of fishers likely compounds the effects of
a peninsular and peripheral distribution on genetic diversity.
The fisher is regarded as a habitat specialist in the western
United States (Buskirk and Powell 1994), occurring only at
mid- to lower elevations in mature forests characterized by
dense canopies and abundant large trees, snags, and logs
(Powell and Zielinski 1994). Buskirk and Powell (1994) noted
that fishers seem even more inclined than American martens to
avoid areas lacking overhead cover. Such habitat barriers could
contribute to the strong population genetic structure we
observed. Habitat specificity explains similarly high genetic
structure found in swift foxes, kit foxes (Vulpes velox—
Mercure et al. 1993), and black-footed ferrets (Mustela
nigripes—Wisely et al. 2002). Habitat specificity might also
contribute to the exceptionally low levels of gene flow
(migrants per generation) estimated among populations.

Exemplifying this high degree of structure is the genetic
differentiation between the 2 southern Sierra Nevada popula-
tions. These populations are separated by <100 km of
contiguous forest, yet Nm = 0.02, suggesting these populations
exchange, on average, 1 migrant every 50 generations. The
Kings River, which separates the 2 southern Sierra populations
and has not frozen across its surface during historical times, could
constitute a barrier to dispersal of previously unrecognized
magnitude. Despite the piscivory implied by their common
name, fishers do not readily swim, and large rivers can serve as
formidable barriers to their movements. High levels of genetic

TaBLE 3.—Estimates of the effective number of migrants per generation (Nm) and 0 (4Np) for 6 populations of fishers from the Pacific coast
using microsatellite data in the software program MIGRATE (see text for details).

Nm (x = receiving population)

Population 0* 1, x 2, X 3, x 4, x 5, X 6, X
1: Southern British Columbia 0.25 — 0.55 0.15 0.06 0.07 0.04
2: Southern Oregon Cascades 0.24 0.61 — 0.13 0.04 0.33 0.18
3: Klamath-Siskiyou Region 0.11 0.02 0.04 — 0.15 0.08 <0.001
4: California Coast Range 0.12 0.03 0.04 0.04 — 0.02 0.01
5: Southern Sierra-north 0.09 <0.001 0.09 0.01 0.01 — 0.02
6: Southern Sierra-south 0.13 0.08 0.10 0.03 0.02 0.05 —

* Hys are equal. Maximum likelihood log ratio = 120.8, d.f. = 6, P < 0.001.
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F16. 3.—Unrooted tree phylogeny for 5 native and 1 reintroduced
(southern Oregon Cascades) populations of the fisher in British
Columbia, Oregon, and California, using D¢. Scale bar is in D¢ units.
See Figure 1 for definition of acronyms.

structure between adjacent populations of fishers have pre-
viously been reported from British Columbia (C. J. Kyle, in litt.),
and genetic structure is evident throughout the northern half of its
distribution (Kyle et al. 2001).

Genetic diversity, paleontology, and patterns of coloniza-
tion—We hypothesize that fishers colonized the Sierra Nevada
in a stepping-stone fashion from the north to the south in the
last 5,000 years, based on several lines of evidence. We
detected a pattern of isolation by distance that was consistent
with recent range expansion. According to Good’s model of
stepwise range expansion, the negative log-log relationship
between M and distance from source population indicated that
fishers expanded from British Columbia down the Pacific coast
peninsula of forest. Because this model implies nonequilibrium
between drift and migration (the pattern is obscured when
migration occurs after range expansion), it suggests that fishers
expanded down this peninsula recently with very little gene
flow among populations after colonization. Our extremely low
estimates of Nm further support the idea that there is little
ongoing gene flow.

Also indicative of range expansion was the observed
geographic pattern of genetic diversity, which was defined by
a progressive loss of diversity in fisher populations from the
base to the tip of the Pacific distributional peninsula.
Heterozygosity in southern British Columbia, the population
considered to be in the core of the fisher’s distribution, was
nearly twice that of southern Sierra-south, the population at the
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F16. 4.—The log-log relationship between M (calculated as %4 [(1/
pst) — 1]) and the distance from the source population. The top graph
assumes southern British Columbia to be the source with expansion
south and has a slope of —0.12; the bottom graph assumes the
Klamath-Siskiyou region to be the source of the southerly expansion
and has a slope of —1.3.

southern tip of the distributional peninsula. Likewise, allelic
richness was 1.5 times greater in the population representing
the core than in the most peripheral population. Stepwise
expansion is colonization as a result of consecutive founder
events at the leading edge of the expansion, thus we would
expect to see a gradient of diversity along the path of ex-
pansion. This pattern is exemplified by the positive corre-
lation between latitude (the directional vector of the expansion)
and genetic diversity we found. Additionally, unique alleles
occur only in southern British Columbia and southern Oregon
Cascades; populations to the south only contain alleles that are
shared with neighboring populations, which suggests that gene
flow was largely unidirectional from north to south without
genetic input from the east.

The hypothesis of a recent north-to-south colonization is
further supported by paleontological and archeological evi-
dence. Fishers appear to have colonized western North
America relatively recently (i.e., during the late Holocene);
the earliest records of fishers in the Pacific Northwest date from
<5,000 years ago (Graham and Graham 1994). Despite the
presence of other Martes species in western North America
during the late Pleistocene and early to mid-Holocene, there are



646 JOURNAL OF MAMMALOGY

no records of fishers from that period. By the late Holocene,
records of fishers on the Pacific coast are common. However,
there is no evidence that fishers ever inhabited the Great Basin,
which would have been the most likely dispersal route if fishers
had colonized the Sierra Nevada from the east (Graham and
Graham 1994). Taphonomic bias is unlikely because there are
records of other Martes species from the Great Basin during the
late Holocene (Heaton 1990).

Genetic data support the paleontological evidence that the
fisher evolved in eastern North America, expanded westward
during the late Pleistocene, entering western North America
(British Columbia) during the Holocene, and eventually
colonizing the Sierra Nevada during the late Holocene (Graham
and Graham 1994). In support of a rapid expansion westward,
Kyle et al. (2001) found decreasing levels of heterozygosity
and fewer alleles in western populations. In our study, we
found an additional decrease in genetic diversity from British
Columbia southward as populations colonized more southern
reaches of boreal forest habitat.

A non-native population—Drew et al. (2003) concluded that
the reintroduced southern Oregon Cascades population did not
exhibit reduced genetic diversity associated with the founder
event of translocation; this finding stands in contrast to
a decrease in diversity associated with a translocation founder
event described by Kyle et al. (2001). Indeed, southern Oregon
Cascades had the highest Hg and shared the highest allelic
diversity of the populations we studied. Two alleles at 2 loci
were not found in any population except southern Oregon
Cascades. We attribute the unique alleles, the relatively high
heterozygosity, and the high allelic diversity to the admixing of
genes from 2, and possibly 3, widely separated source
locations. These include southern British Columbia, the source
of 28 animals translocated from 1961-1980; Minnesota, the
source of 13 animals translocated in 1981; and, possibly,
resident native animals that were undetected at the time of the
translocations. The likelihood that resident native animals
admixed with translocated animals appears to be small, because
Drew et al. (2003) found no mtDNA haplotypes in common
between southern Oregon Cascades and neighboring native
populations in northwestern California. The presence of
microsatellite alleles unique to southern Oregon Cascades
supports the findings of Drew et al. (2003) that this population
is non-native with a strong genetic affinity to fishers in southern
British Columbia.

Conclusions —Patterns of genetic diversity and structure in
fisher populations within the Pacific coast distributional
peninsula are consistent with reduced dimensionality of the
geographic range, and with the loss of genetic diversity along
a distributional peninsula as fishers expanded south towards the
periphery of their distribution. Paleontological and genetic
evidence suggest that expansion likely occurred <5,000 years
ago. The magnitude of genetic structure and lack of gene flow we
found was unexpected given the relatively recent colonization of
the peninsula and the fisher’s large spatial requirements and long
dispersal distances. For the fisher, home ranges are as large as 79
km? (Powell 1994) and dispersal distances as long as 100 km
(York 1996). It appears, however, that even for some apparently

Vol. 85, No. 4

vagile carnivores, intermediate distances might represent
evolutionarily important barriers to movement that can facilitate
rapid divergence. Human-induced habitat fragmentation likely
increased isolation of extant populations in recent times.

The relatively high level of genetic structuring among
populations of fishers throughout their range has been
amplified in the Pacific distributional peninsula. This genetic
structure is the result of population isolation and limited gene
flow. Reduced dimensionality, habitat specificity and habitat
fragmentation are the likely causes. One effect of population
isolation and reduced gene flow is vulnerability to extinction
(Gilpin and Soulé 1986). Erosion of remaining genetic
diversity threatens these populations with inbreeding, in-
breeding depression, and a reduced ability to adapt to changing
environments (Allendorf and Leary 1986). Of equal concern is
the demographic fate of these isolated populations. Populations
in the south have a smaller effective population size than
northern populations. Small population size coupled with low
migration rates increase vulnerability to stochastic demographic
events and environmental changes (Holsinger 2000). We have
demonstrated isolation among populations with limited ex-
change, suggesting that populations on the Pacific coast have
little demographic buffer from variation in the population
growth rate. Immediate conservation action might be needed to
limit further erosion of the unique genetic architecture found in
this one-dimensional metapopulation.

ACKNOWLEDGMENTS

All animal handling was done in accordance within the guidelines
of the American Society of Mammalogists (Animal Care and Use
Committee 1998). We thank all who contributed tissues or field
assistance to this study, especially B. Boroski, R. Golightly, J. Hallett,
M. Higley, M. Jordan, R. Klug, K. Purcell, C. Raley, R. Schlexer, and
R. Truex. We thank L. Chow of Yosemite National Park for access to
fisher tissues. M. Koopman assisted in the laboratory, C. Raley with
data management, and L. Jagger produced GIS analyses and maps.
The work was funded by the Pacific Northwest and Pacific Southwest
Research Stations of the USDA Forest Service.

LITERATURE CITED

ALLENDORF, F. W., AND R. F. LEARY. 1986. Heterozygosity and fitness
in natural populations of animals. Pp. 57-76 in Conservation
biology: the science of scarcity and diversity (M. E. Soulé, ed.).
Sinauer Associates, Inc., Publishers, Sunderland, Massachusetts.

ANMAL CARE AND Use CommrrTee. 1998. Guidelines for the
capture, handling, and care of mammals as approved by the
American Society of Mammalogists. Journal of Mammalogy
79:1416-1431.

AuBRry, K. B., anD J. C. LEwis. 2003. Extirpation and reintroduction of
fishers (Martes pennanti) in Oregon: implications for their con-
servation in the Pacific states. Biological Conservation 114:
79-90.

BarTON, N. H., AND M. SLATKIN. 1986. A quasi-equilibrium theory of
the distribution of rare alleles in a subdivided population. Heredity
56:409-415.

BEERLI, P., AND J. FELSENSTEIN. 2001. Maximum likelihood estimation
of a migration matrix and effective population sizes in n



August 2004

subpopulations by using a coalescent approach. Proceedings of the
National Academy of Sciences 98:4563—-4568.

Briges, J. C. 1996. Biogeography and punctuated equilibrium.
Biogeographica 72:151-156.

Brown, J. H., D. W. MEHLMAN, AND G. C. STEVENs. 1995. Spatial
variation in abundance. Ecology 76:2028-2043.

Buskirk, S. W., AND R. A. PoweLL. 1994. Habitat ecology of fishers
and American martens. Pp. 283-296 in Martens, sables, and fishers:
biology and conservation (S. W. Buskirk, A. S. Harestad, M. G.
Raphael, and R. A. Powell, eds.). Cornell University Press, Ithaca,
New York.

CAVALLI-SFORZA, L. L., AND A. W. F. EDWARDS. 1967. Phylogenetic
analysis: models and estimation procedures. Evolution 21:
550-570.

CORNUET, J. M., S. PRrY, G. LUIKART, A. ESTROUP, AND M. SOLIGNAC.
1999. New methods employing multilocus genotypes to select or
exclude populations of origin of individuals. Genetics 153:
1989-2000.

Dauvis, C. S., anD C. STROBECK. 1998. Isolation, variability, and cross-
species amplification of polymorphic microsatellite loci in the
family Mustelidae. Molecular Ecology 7:1771-1788.

Drew, R. E., J. G. HaLLETT, K. B. AUBRY, K. W. CULLINGS, S. M.
KoepF, aND W. J. ZieLinskl. 2003. Conservation genetics of the
fisher (Martes pennanti) based on mitochondrial DNA sequencing.
Molecular Ecology 12:51-62.

FLEMING, M. A., E. A. OsTRANDER, AND J. A. Cook. 1999.
Microsatellite markers for American mink (Mustela vison) and
ermine (Mustela erminea). Molecular Ecology 8:1352-1354.

GiBILisco, C. J. 1994. Distributional dynamics of modern Martes in
North America. Pp. 59-71 in Martens, sables, and fishers: biology and
conservation (S. W. Buskirk, A. S. Harestad, M. G. Raphael, and
R. A. Powell, eds.). Cornell University Press, Ithaca, New York.

GILPIN, M. E., aND M. E. SouLE. 1986. Minimum viable populations:
processes of species extinction. Pp. 19-34 in Conservation biology:
the science of scarcity and diversity. (M. E. Soulé, ed.). Sinauer
Associates, Inc., Publishers, Sunderland, Massachusetts.

GOUDET, J. 1995. FSTAT (vers. 1.2): a computer program to calculate
F-statistics. Journal of Heredity 86:485-486.

GraHaM, R. W., anD M. A. GraHaMm. 1994. Late Quaternary
distribution of Martes in North America. Pp. 26-58 in Martens,
sables, and fishers: biology and conservation (S. W. Buskirk, A. S.
Harestad, M. G. Raphael, and R. A. Powell, eds.). Cornell
University Press, Ithaca, New York.

Heaton, T. H. 1990. Quaternary mammals of the Great Basin: extinct
giants, Pleistocene relicts, and recent immigrants. Pp. 422-463 in
Causes of evolution: a paleontological perspective (R. M. Ross and
W. D. Allmon, eds.). University of Chicago Press, Chicago, Illinois.

HorrmaN, A. A., AND M. W. BLows. 1994. Species borders: ecological
and evolutionary perspectives. Trends in Ecology and Evolution
9:223-2217.

Horsinger, K. E. 2000. Demography and extinction in small
populations. Pp. 55-74 in Genetics, demography and viability of
fragmented populations (A. G. Young and G. M. Clarke, eds.).
Cambridge University Press, New York.

Kivura, M., aND G. H. WErss. 1964. The stepping stone model of
population structure and the decrease of genetic correlation with
distance. Genetics 49:561-576.

Kyig, C. J., C. S. Davis, aND C. STrROBECK. 2000. Microsatellite
analysis of North American pine marten (Martes americana)
populations from the Yukon and Northwest Territories. Canadian
Journal of Zoology 78:1150-1157.

WISELY ET AL.—GENETIC DIVERSITY OF FISHERS 647

KyLg, C. J., J. F. RoBITAILLE, AND C. STROBECK. 2001. Genetic
variation and structure of fisher (Martes pennanti) populations
across North America. Molecular Ecology 10:2341-2347.

KyLg, C. J., aND C. STROBECK. 2001. Genetic structure of North
American wolverine (Gulo gulo) populations. Molecular Ecology
10:337-347.

Lawton, J. H. 1993. Range, population abundance and conservation.
Trends in Ecology and Evolution 8:409-413.

Lewis, J. C., AND D. W. STINsON. 1998. Washington State status report
for the fisher. Washington Department of Fish and Wildlife,
Olympia, Washington.

Ly, P., aAND W. T. Apams. 1989. The range-wide patterns of allozyme
variation in Douglas-fir, Pseudotsuga menziesii. Canadian Journal
of Forestry Research 19:149-161.

MAHARADATUNKAMSI, S. HisHEH, D. J. KITCHENER, AND L. H. SCHMITT.
2000. Genetic and morphometric diversity in Wallacea: geo-
graphical patterning in the horseshoe bat, Rhinolophus affinis.
Journal of Biogeography 27:193-201.

MANTEL, N. 1967. The detection of disease clustering and a generalized
regression approach. Cancer Research 27:209-220.

MERCURE, A., K. RALLS, K. P. KEOPFLI, AND R. K. WAYNE. 1993. Genetic
subdivisions among small canids: mitochondrial DNA differentiation
of swift, kit, and arctic foxes. Evolution 47:1313—-1328.

Nei, M. 1978. Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics 89:583-590.

O’CONNELL, M., J. M. WRIGHT, AND A. FARID. 1996. Development of
PCR primers for nine polymorphic American mink Mustela vison
microsatellite loci. Molecular Ecology 5:311-312.

PaETKAU, D., ET AL. 1998. Variation in genetic diversity across the
range of North American brown bears. Conservation Biology
12:418-429.

PAGE, R. D. 1996. TREEVIEW: an application to display phylogenetic
trees on personal computers. Computer Applications in the
Biosciences 12:357-358.

PowkLL, R. A. 1994. Structure and spacing of Martes populations. Pp.
101-121 in Martens, sables, and fishers: biology and conservation
(S. W. Buskirk, A. S. Harestad, M. G. Raphael, and R. A. Powell,
eds.). Cornell University Press, Ithaca, New York.

PoweLL, R. A., aND W. J. ZieLiNskl. 1994. Fisher. Pp. 38-73 in
Scientific basis for conserving forest carnivores: marten, fisher, lynx
and wolverine in the western United States (L. F. Ruggerio, K. B.
Aubry, S. W. Buskirk, L. J. Lyon, and W. J. Zielinski, eds.). United
States Forest Service, Rocky Mountain Forest and Range
Experiment Station, Fort Collins, Colorado, General Technical
Report RM-254.

Raymonp, M., anD F. Rousser. 1995. GENEPOP (version 1.2):
population genetics software for exact tests and ecumenicism.
Journal of Heredity 86:248-249.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution
43:223-225.

Rousser, F. 1996. Equilibrium values of measures of population
subdivision for stepwise mutation processes. Genetics 142:1357—
1362.

ScuwarTz, M. K., L. S. MiLLs, K. S. McKELVEY, L. F. RUGGIERO,
AaND F. W. ALLENDORF. 2002. DNA reveals high dispersal
synchronizing the population dynamics of Canada lynx. Nature
415:520-522.

ScuwaArTZ, M. K., L. S. MiLLs, Y. OrRTEGA, L. F. RUGGIERO, AND
F. W. ALLENDORF. 2003. Landscape location affects genetic vari-
ation of Canada lynx (Lynx canadensis). Molecular Ecology 12:
1807-1816.



648 JOURNAL OF MAMMALOGY

SLATKIN, M. 1985. Rare alleles as indicators of gene flow. Evolution
39:53-65.

SLATKIN, M. 1993. Isolation by distance in equilibrium and non-
equilibrium populations. Evolution 47:264-279.

SLATKIN, M., aAND W. P. Mappison. 1990. Detecting isolation by
distance using phylogenies of genes. Genetics 126:249-260.

SokaL, R., aND F. J. RoHLE. 1995. Biometry. 3rd ed. W. H. Freeman
and Company, New York.

WER, B. S., aND C. C. CockerHAM. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38:1358-1370.

WISELY, S. M., S. W. BUskIrRk, M. A. FLEMING, D. B. McDONALD, AND
E. A. OstrRaNDER. 2002. Genetic diversity and fitness in black-

Vol. 85, No. 4

footed ferrets before and during a bottleneck. Journal of Heredity

93:231-237.
York, E. C. 1996. Fisher population dynamics in north-central

Massachusetts. M.S. thesis, University of Massachusetts, Amherst.
ZIELINSKI, W. J., T. E. KUCERA, AND R. H. BARRETT. 1995. The current

distribution of the fisher, Martes pennanti, in California. California
Fish and Game 81:104-112.

Submitted 23 April 2003. Accepted 4 August 2003.

Associate Editor was Enrique P. Lessa.



