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Abstract Among the 14 extant species of the genus

Marmota the Vancouver Island marmot (Marmota

vancouverensis) is the most endangered. In 2007 as few as

85 individuals were left in the wild, with an additional 162

individuals maintained in captivity. To facilitate genetic

monitoring of both wild and captive populations, poly-

morphic genetic markers were identified. Thirty-three

different microsatellite loci were tested for amplification

and variability in C30 wild-born individuals. Only 11 of

these loci proved to be polymorphic and were subsequently

analysed in 105 samples collected from wild Vancouver

Island marmots. The average number of alleles (A) at those

11 loci was only 2.1, and the intraspecific variation (HE

between 8 and 23% within colonies) was low compared to

other marmot species. Variation within the small and

geographically isolated Mt. Washington colony was par-

ticularly low (A = 1.3, HE = 0.08). Genetic distances

between the Mt. Washington colony (11 individuals) and

those of the Nanaimo Lakes region (94 individuals) on

southern Vancouver Island were large (D values ranging

from 0.42 to 0.50), while genetic distances among colonies

within the latter area were much smaller (D values from

0.01 to 0.13). Given the low within-population genetic

variation, and the resulting risk of inbreeding depression at

Mt. Washington, we support the decision to maximize

overall genetic variation of the species by crossbreeding

marmots from the two different areas despite the possibility

of local adaptation.
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Introduction

The value of genetic research towards long-term conser-

vation success has long been advocated (e.g., Frankel and

Soulé 1981; Lande 1988). Given the large advances in

modern molecular techniques and analytical tools, genetic

analyses of endangered species have become increasingly

important for conservation research and management (e.g.,

Hedrick 2001; Schwartz et al. 2007). In this paper we

report results from microsatellite analyses designed to

sample patterns of genetic variation in wild populations of

a critically endangered mammal. Our intent was to provide

managers with improved knowledge of population structure,

and so enhance both captive-breeding and reintroduction

programs.

The Vancouver Island marmot (Marmota vancouveren-

sis) is a North American marmot species endemic to

Vancouver Island, British Columbia, Canada (Nagorsen

1987). It is a member of the subgenus Petromarmota,

together with the yellow-bellied marmot (M. flaviventris),
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the hoary marmot (M. caligata), and the Olympic marmot

(M. olympus). Genetic analyses suggest a close relationship

to Olympic and hoary marmots (Kruckenhauser et al. 1999;

Steppan et al. 1999). The Vancouver Island marmot orig-

inated fairly recently (Nagorsen 1987). Nevertheless, it is

also the most divergent marmot with respect to cranial

morphology (Cardini et al. 2005), and has unusual behav-

ioural traits, characteristic vocalizations (Heard 1977;

Blumstein 1999), and a unique, melanistic fur colour

(Barash 1989). Thus, the Vancouver Island marmot might

have undergone relatively fast differentiation after isolation

from the mainland species.

The Vancouver Island marmot was among the first

species to be listed as endangered in Canada (in 1978;

Shank 1999). It is the only ground squirrel native to Van-

couver Island (Banfield 1977). The natural habitat consists

of small subalpine meadows 900–1,400 m in elevation

(Milko and Bell 1986). Vancouver Island marmot colonies

in historical times were generally small, with most con-

taining only a single family group and fewer than five

adults. The entire population has been described as a

metapopulation, consisting of small colonies that occa-

sionally suffer local extinction and recolonization (Bryant

and Janz 1996). Dispersal is a fundamental aspect of the

population ecology of this species, as is true for other

marmot species (Ozgul et al. 2006; Griffin et al. 2008).

Although historic population sizes remain unknown, it is

clear that Vancouver Island marmots experienced both

rapid expansion and rapid declines during the last few

decades of the 20th Century. Systematic population counts

began in 1979. During the early 1980s some dispersing

marmots colonized new habitats created by clear-cut log-

ging of high elevation primary forests. As a consequence

the population increased, with about half of the known

population living in man-made clear-cuts by the mid 1980s

(Bryant and Janz 1996). These new habitats proved to be

unstable due to natural reforestation. Thus, populations did

not survive over longer periods and most colonies declined

sharply after 1994 (Bryant 2000). Annual population

counts suggest that in the mid-1980s the Vancouver Island

marmot population consisted of 300–350 individuals,

declining to fewer than 100 in 1998 (Bryant 1998) and

fewer than 35 individuals by 2003 (Bryant and Page 2005).

In addition to losses of habitat due to natural forest

regeneration, marmot populations in both natural and clear-

cut habitats also suffered increasing levels of predation

(Bryant and Page 2005) from wolves (Canis lupus), cou-

gars (Puma concolor) and golden eagles (Aquila

chrysaetos).

With the wild population nearing extinction by 1997, a

captive breeding program was started at the Toronto Zoo.

The program was later expanded, with marmots eventually

breeding at Toronto, Calgary Zoo, Mountain View Farm

near Vancouver, and a specially-designed facility on

Vancouver Island that is situated in close proximity to

natural marmot habitats (Bryant 2005). A total of 56 wild-

born individuals were brought into captivity between 1997

and 2004 (Bryant 2007). This is a relatively large number

compared to some other endangered species which are bred

in captivity (e.g., Black-footed ferret: 18, European bison:

12, Red-ruffed lemur: 7; summarized by Frankham et al.

2004). As of 2007, 231 pups had been born in captivity,

and 96 marmots had been returned to the wild. The pop-

ulation presently includes 162 captive and approximately

85 wild individuals, a remarkable increase brought about

by intensive conservation efforts (unpublished minutes,

Vancouver Island Marmot Recovery Team, 22nd October

2007).

In this paper we use microsatellite methods to describe

the genetic structure of wild Vancouver Island marmots

sampled from recently-occupied colonies. Our purpose was

to establish whether Vancouver Island marmots were

highly inbred compared to other marmot species, to iden-

tify patterns of genetic variation among colonies, and to

determine whether the variation could be explained by

standard isolation-by-distance models. All of these ques-

tions have direct relevance for future management of the

captive-breeding program, particularly in terms of estab-

lishing breeding pairs that would retain maximum genetic

variability from the wild genome (Bryant 2005). As such

they are of critical importance towards eventual recovery

of wild marmot populations.

Methods

Sampling

Vancouver Island marmots were live-trapped from 1993

through 2000 as part of a longer-term demographic study

(Bryant 1998, 2005). Trapping and handling methods fol-

lowed Bryant (1996). For DNA analyses hair samples were

collected and stored dry in paper envelopes. All marmots

were ear-tagged, thus preventing collection of duplicate

samples. Although colony-specific sample sizes were

variable, the cumulative sample of n = 105 individuals

represents both the complete geographic range of recently-

occupied colonies (Fig. 1), and a relatively large propor-

tion (30–70%) of the wild population known to be alive

during those years (Bryant 1998; COSEWIC 2008). Sam-

ples were obtained from six colonies in natural meadows

(Green Mountain, Haley Lake, ‘‘P’’ Mountain, ‘‘Big Ugly’’,

Heather Mountain, and Mt. Washington) and six colonies

in clearcuts (Sherk Lake, K44a, Pat Lake, D13E, Butler

Peak, and Mt. Franklin). All colonies except Mt. Washington

were located in the Nanaimo Lakes region (Fig. 2).
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The samples reflected a variety of age-classes (mean =

1.3 years, SD = 1.7 years, range = 1–9 years). Approxi-

mately half (n = 52) of the samples were from females.

DNA extraction

DNA extraction from hairs was done using ten hair roots

per individual, which were rehydrated for 30 min at room

temperature and subsequently incubated for 1.5 h at 60�C

in a 200 ll Chelex suspension (10% Chelex 100 Resin in

distilled water) with periodical mixing. After 8 min incu-

bation at 95�C the mixture was vortexed and spun. From

the supernatant 150 ll DNA solution were taken and stored

in aliquots at -20�C.

Microsatellite analysis

PCR amplifications were conducted at two labs. Initial

work was undertaken at University of Victoria, where

amplifications were performed on a PTC-100TM Program-

mable Thermal Controller (MJ Research Inc.) in a volume

of 12.5 ll containing 10 mM Tris–HCl (pH 8.8), 1.5 mM

MgCl2, 150 mM KCl, 0.1% Triton X-100, 0.5 U

DynaZyme DNA-polymerase (Finnzymes OY), 6 pM of each

primer, 200 lM of each dNTP, and 2 ll template DNA,

directly from the DNA extraction. The PCR reaction was

covered with 30 ll mineral oil (ACP). The amplification

protocols differed for the various primer pairs (Appendix 1,

Table 3). A volume of 2 ll loading buffer was added to the

PCR reaction and the PCR fragments separated on a 10%

non-denaturising polyacrylamide gel (19:1 acrylamide to

bis-acrylamide) in 29 TAE buffer at 80 V for 18–26 h.

DNA fragments were stained with ethidium bromide (for

20 and 30 min destaining in distilled water) and visualized

on a UV screen. Photographs were taken digitally (Strata-

gene Eagle Eye TM II). Alleles were scored by eye using a

1 kb length marker (Gibco) and a 20 bp superlow marker

(Gensura) on the same gel as well as by comparisons with

individuals of known genotypes. The accurate fragment

sizes were calculated with the Bio Image Intelligent

Quantifier 2.1.2.a software (B. I. Systems Corp.).

A second round of PCR amplifications were conducted

on the same samples in the Montana Conservation Genetics

Lab at the University of Montana. Additional loci were

screened and samples were reamplified at all but three of

the polymorphic loci identified in the previous analysis.

Three multiplex PCRs and two single locus PCRs were

optimized and 10 ll PCR reactions were performed on

MJR PC200 thermocyclers using touch-down profiles

(Appendix 1). The multiplex reactions contained: 2 ll of

template DNA, 5 ll QIA multiplex mix (QIAGEN), and

1 ll 109 primer mix (primer concentrations in Appendix

1, Table 4). The single locus reactions contained: 2 ll of

template DNA, 3.5 mM Invitrogen buffer, 2 pM forward

and reverse primers, 400 lM dNTPs, MgCl2 (3.5 lM

Fig. 1 Recently-active

(1995–2000) and historical

(1896–1994) location records

for M. vancouverensis. The

isolated Mt. Washington colony

is located approximately

100 km from the cluster of

recently-occupied sites in the

Nanaimo Lakes region. The

rectangle represents an area of

about 1,000 km2 and is shown

in greater detail in Fig. 2.

Adapted from Bryant and Janz

(1996)

Conserv Genet (2009) 10:1759–1772 1761

123



GS17, 2.5 lM MA018), and 0.8 U Invitrogen Platinum

taq. The amplification conditions differed between the

multiplex and single locus PCRs (Appendix 1, Table 4).

Multiplex 2, GS17, and MA018 were combined at equal

concentrations before fragment analysis. Fluorescently

labelled DNA fragments were visualized on an ABI 3130xl

automated capillary sequencer with the GS500 ladder

(Applied Biosystems) and analyzed with GeneMapper

software v3.7 (Applied Biosystems).

Data analysis

Deviations from Hardy–Weinberg equilibrium were cal-

culated for each of the 11 polymorphic loci and a genotypic

disequilibrium test was carried out with GENEPOP version

3.1d (Raymond and Rousset 1995).

We used the Bayesian methodology of STRUCTURE

(Pritchard et al. 2000) to estimate the number of popula-

tions (K) within the Nanaimo Lakes colonies. This

procedure has the advantage of not assuming a priori

assignment of individuals to particular populations or col-

onies based on capture locations, allowing the use of all

individuals irrespective of colony size. We assumed an

admixture model with correlated allele frequencies (Falush

et al. 2003). Ten independent runs of K = 1–12 were car-

ried out each at 100,000 Markov Chain Monte Carlo

Fig. 2 Geographic distribution

of marmot hair samples within

the Nanaimo Lakes region.

Active colonies during 1995–

2000 are shown as black

polygons, with names following

Bryant and Janz (1996).

Numbers of individuals sampled

are shown in parentheses. The

isolated Mt. Washington colony

(from which n = 11 samples

were obtained) does not appear

on this map (see Fig. 1)

Table 1 Average number of alleles per locus (A), number of private

alleles over all loci examined (pA), observed (HO) and expected (HE)

heterozygosity, and departures from Hardy–Weinberg equilibrium

(FIS)

A pA HO HE FIS P N

Populations

Mt. Washington 1.27 5 0.07 0.08 0.02 NS 11

Nanaimo lakes region 1.40 6 0.21 0.20 -0.01 NS 94

Subpopulations

‘‘Northern’’ NL colonies 1.49 0 0.19 0.23 -0.09 0.02 61

‘‘Southern’’ NL colonies 1.50 0 0.20 0.17 -0.04 NS 33

Nanaimo Lakes colonies

Green Mtn. 1.55 0 0.29 0.23 -0.28 NS 9

K44A 1.55 0 0.29 0.23 -0.25 NS 27

Big Ugly 1.36 0 0.13 0.12 -0.11 NS 5

Haley Lake 1.64 0 0.18 0.18 -0.02 NS 10

Pat Lake 1.36 0 0.25 0.18 -0.50 NS 4

Sherk Lake 1.55 0 0.15 0.15 -0.01 NS 21

Mt. Franklin 1.45 0 0.24 0.19 -0.30 NS 12

N number of sampled individuals. Estimates are given for Nanaimo

Lakes (NL) colonies separately as well as for population clusters

suggested by later analyses (i.e., Mt. Washington, all NL colonies

treated as one metapopulation = Nanaimo Lakes region; Sherk

Lake ? Mt. Franklin = ‘‘southern’’ NL colonies; remaining

Nanaimo Lakes colonies = ‘‘northern’’ NL colonies). Colonies with

fewer than four sampled individuals were excluded from these

analyses
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(MCMC) simulations following a burn-in of 10,000 repe-

titions. Following Pritchard et al. (2000), we used the value

of K with the maximum posterior probability given by the

data, Pr(X/K), to identify the most likely value for

K. Outputs from STRUCTURE were graphed using

DISTRUCT (Rosenberg 2004). In addition we used DK as

described in Evanno et al. (2005), the maximum second

order rate of change of Pr(X/K) standardized by the stan-

dard deviation of Pr(X/K) as calculated by STRUCTURE,

as an estimator for the most likely number of populations.

GENEPOP version 3.1d was also used to assess the

genetic structure within populations by calculation of allele

frequencies, average observed (HO) and expected (HE) het-

erozygosity, average number of alleles per locus (A),

probability of deviations from Hardy–Weinberg equilibrium

and their significance (P), and the inbreeding coefficient

(FIS, Weir and Cockerham 1984). The genetic distances

between populations were estimated by Nei’s standard dis-

tance corrected for small sample size (D, Nei 1978) and the

FST values between the populations (Weir and Cockerham

1984). All distance matrices were calculated with the soft-

ware MICROSATELLITE ANALYZER (MSA 4.00;

Dieringer and Schlötterer 2003). Significance levels for FST

values were determined by permutating alleles 10,000 times

among population pairs. The option assuming Hardy–

Weinberg equilibrium was used, since no significant devi-

ation was found for the Nanaimo Lakes colonies.

We used the software package PHYLIP version 3.65

(Felsenstein 1989) to construct unrooted neighbour-joining

trees from the D distances. To determine support of the

nodes, 1,000 replicates of the D distance matrices were

produced by bootstrapping with MSA 4.00. This file was

used as input for the neighbour option in PHYLIP, and a

majority rule consensus tree was constructed from the

resulting trees. The neighbour-joining tree was drawn with

TREEVIEW version 1.6.5 (Page 1996) and manually

adapted for the printed version.

We evaluated genetic variables (FST and D) and

between-colony geographic distances from known colony

locations (Bryant 1998). Significance of possible relation-

ships were evaluated using Mantel tests (Mantel 1967) as

implemented in the program IBD (Bohonak 2002), with

1,000 bootstrapped replicates for each pair-wise compari-

son. To minimize bias created by small sample sizes, input

files in this case represented colony-specific FST and D

variables using only those colonies from which at least four

individuals were sampled. We also evaluated the signifi-

cance of isolation by distance using several subsets of data

suggested by previous analyses including (a) all colonies,

(b) Nanaimo Lakes colonies with Mt. Washington

removed, and (c) Nanaimo Lakes colonies with Mt.

Washington and the Sherk Lake and Mt. Franklin colonies

removed.

Results

Amplification of microsatellites

Thirty-three different primer pairs were tested for ampli-

fication of microsatellites in 30 individual Vancouver

Island marmots. Five primer pairs did not produce unam-

biguous products and were therefore excluded from further

analyses (SC4, SB10: Hanslik and Kruckenhauser 2000;

IGS-BM1: May et al. 1997; GS20, GS26: Stevens et al.

1997). A total of 17 loci were monomorphic (MA091: da

Silva et al. 2003; BIBL31: Klinkicht 1993; MS6, MS41,

MS45, MS47, SC2, ST7, SX: Hanslik and Kruckenhauser

2000; IGS-1, IGS-6, IGS-110b, IGS-24d, IGS-BP1, IGS-

CK1: May et al. 1997; GS12, GS14: Stevens et al. 1997).

Only 11 of the tested microsatellite loci proved to be

polymorphic and were analysed in all 105 samples

(Appendix 1). Allele frequencies for the sampled colonies

are given in Appendix 2.

Table 2 Genetic differentiation of eight Vancouver Island marmot colonies based on 11 microsatellite loci

Mt. Wash. Green Mtn. K44a Big Ugly Haley Lake Pat Lake Sherk Lake Mt. Franklin

Mt. Washington – 0.45 0.44 0.42 0.43 0.50 0.42 0.44

Green Mtn. 0.73* – 0.02 0.03 0.04 0.04 0.09 0.13

K44a 0.66* 0.08 – 0.04 0.04 0.01 0.03 0.06

Big Ugly 0.80* 0.11 0.13* – 0.04 0.10 0.08 0.13

Haley Lake 0.76* 0.15* 0.14* 0.19* – 0.04 0.03 0.08

Pat Lake 0.81* 0.12 0.03 0.36* 0.17 – 0.04 0.08

Sherk Lake 0.75* 0.30* 0.10* 0.33* 0.16* 0.17 – 0.02

Mt. Franklin 0.74* 0.34* 0.19* 0.40* 0.26* 0.27* 0.11* –

Data above the diagonal are Nei’s (1978) genetic distance (D values), and those below the diagonal are Wright’s fixation coefficients (FST).

Significant (P \ 0.05) differences among pair-wise FST values are indicated by an asterisk. The data illustrate significant genetic differences

between marmots from the northern Mt. Washington colony and the seven colonies from the Nanaimo Lakes region. As in Table 1, colonies from

which fewer than four individuals were sampled were excluded from the analyses
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Null alleles and linkage

To account for the possibility of null alleles, genotype

distributions at the various loci were tested for deviations

from Hardy–Weinberg equilibrium in those colonies with a

sample number C10 (Mt. Franklin, Haley Lake, K44A,

Sherk Lake, Mt. Washington). As no significant deficit of

heterozygotes was observed, we concluded that the possi-

bility of null alleles could be ignored for further analyses of

the data set. To check for independence among the

microsatellite loci, a test for genotypic disequilibrium was

performed. There was no pair of loci with a significant P-

value, suggesting that the loci are not physically linked,

and thus all loci were retained for analysis.

Estimating the number of populations

We used STRUCTURE to estimate the probable number of

‘‘real’’ populations; the advantage of this method is that is

uses only genetic data, ignoring geographic data, in order

to assign individuals to particular population clusters.

STRUCTURE analyses recorded highest posterior proba-

bility of the data for three [Pr(X/K: 3) = -693,81] clusters.

However, posterior probabilities were similar for other K

values and the variance of Pr(X/K) increased markedly as K

increased. Therefore, it was not possible to determine

unambiguously the most likely number of populations by

the maximum Pr(X/K) criterion. The modal value of DK

was at K = 2 with a high rate of change in DK, suggesting a

strong signal in the data (Evanno et al. 2005). However, it

seems possible that the clear separation of the Mt. Wash-

ington colony overrules the population subdivision signal

within the Nanaimo Lakes colonies. Excluding this popu-

lation from the dataset to distinguish between the

probability of two or one populations is not possible since

DK can not be calculated for K = 1. Assignment proba-

bilities of individual genotypes placed all Mt. Washington

individuals in one cluster. In addition, some structure

within the Nanaimo Lakes region colonies becomes

apparent (Fig. 3). All individuals from Mt. Franklin as well

as most individuals from Sherk Lake were assigned to one

cluster. Individuals from all other locations in the Nanaimo

Lakes region formed a separate cluster but the individual

assignment was seldom clear. For example, individuals of

K44A were split almost evenly between the ‘‘southern’’

(Mt. Franklin and Sherk Lake) and ‘‘northern’’ (all other

Nanaimo Lakes colonies) clusters. According to these

results the Nanaimo Lakes colonies will be treated in the

following as one metapopulation subdivided into a south-

ern and a northern subpopulation.

Intraspecific variation in Marmota vancouverensis

The average number of alleles for the 28 successfully ampli-

fied loci (17 monomorphic ? 11 polymorphic) was rather low

(1.4). There was a single polymorphic locus with three alleles;

all the others had only two alleles. Average expected hetero-

zygosity (HE) within colonies was calculated for the 11

polymorphic loci. The values varied between 0.08 and 0.23,

which is low compared to other marmots (Kruckenhauser and

Pinsker 2004; Kyle et al. 2004; Floyd 2003). To minimize

problems arising from small sample sizes we calculated

measures of genetic variation and substructuring only for

those colonies with a sample size C4 individuals (Table 1). In

addition we calculated these parameters treating Mt. Franklin

and Sherk Lake as one subpopulation, with all other colonies

from the Nanaimo Lakes area pooled as a second subpopu-

lation. We also calculated the parameters treating all Nanaimo

Lakes colonies as one population (see above for estimation of

the real number of populations).

Genetic variability within colonies was lowest at

Mt. Washington (HE = 0.08), an isolated colony on central

Vancouver Island. For none of the colonies did the data

suggest inbreeding. Differences in average heterozygosity

(HE) did not reflect a geographic pattern and were not

correlated with the number of individuals per colony.

Nevertheless, the second lowest HE value (0.12) was found

in the rather separated Big Ugly colony consisting of five

individuals only. Private alleles, i.e., alleles occurring in

only one of the colonies, were only found in Mt. Wash-

ington, although the average number of alleles was

relatively low in that isolated colony. When colonies in the

Nanaimo Lakes region were pooled as suggested with

STRUCTURE, only the subpopulation consisting of all the

colonies but Mt. Franklin and Sherk Lake showed a sig-

nificant deviation from Hardy–Weinberg equilibrium.

Genetic differentiation between colonies

As can be seen from the allele frequencies (Appendix 2),

marmots from Mt. Washington are clearly distinguishable

Fig. 3 Bayesian cluster analysis (K = 3) for M. vancouverensis (105

individuals, 11 loci) performed using STRUCTURE (Pritchard et al.

2000). Each column along the x axis represents one individual

grouped by colony as in Fig. 2, plus Mt. Washington (Fig. 1). The y
axis represents the assignment probability of each individual into the

three clusters (white Mt. Washington cluster, light grey ‘‘southern’’

Nanaimo Lakes, dark grey ‘‘northern’’ Nanaimo Lakes)
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from those occupying the ‘‘Nanaimo Lakes region’’ in the

southern part of Vancouver Island (Bryant and Janz 1996).

The distinctiveness of the Mt. Washington colony is

already indicated by the presence of private alleles at the

loci Bibl18 (139), Bibl4 (185), gs25 (136), 2g2 (118), and

Ma018 (304). In the latter four cases, private alleles were

fixed in the Mt. Washington colony, while the Nanaimo

Lakes colonies proved monomorphic for different alleles.

To assess genetic differentiation among the eight colo-

nies with a sample size C4, Nei’s standard genetic distance

corrected for small sample size (D) and the FST values

between colonies (Table 2) were calculated. The distance

measures underline the separated position of the Mt.

Washington colony. For example, Nei’s standard genetic

distance values between Mt. Washington and the seven

Nanaimo Lakes colonies (range of D values 0.42–0.50) are

much higher than the highest value among the colonies

within the Nanaimo Lakes area (range 0.01–0.13). Signif-

icant FST values among the Nanaimo Lakes colonies were

found for Pat Lake and Big Ugly, which might be due to

the low sample size, but also for Mt. Franklin and Sherk

Lake (Table 2), which appeared differentiated from each

other and from all other colonies.

We constructed unrooted neighbour-joining networks

from the D values (Fig. 4) and FST values (data not shown).

In both networks, the differentiation of the Mt. Washington

colony from the rest was apparent. Relationships among

colonies within the Nanaimo Lakes region were not clearly

resolved and the groupings varied when different distance

measures were applied. Only the grouping of the two col-

onies from Mt. Franklin and Sherk Lake appeared to be

consistent. However, the geographically adjacent Pat Lake

colony did not cluster with those two, a result that was also

reflected by the significance of the FST values. For the other

Nanaimo Lakes colonies no clear grouping and differenti-

ation was observed. A consensus tree of 1,000 bootstrap

replicates from the D values only gave values[50% for the

node that separates Mt. Franklin and Sherk Lake from the

other colonies (60%).

Using the same input data as described above (i.e., col-

ony-specific values for cases in which C4 individuals were

sampled), correlations between geographic and genetic

distances were highly significant (for Nei’s D: r = -0.985,

P \ 0.001, and for FST: r = 0.954, P = 0.001, n = 28

pairwise comparisons). These results were strongly influ-

enced by the pronounced differentiation of the Mt.

Washington colony. When results from Mt. Washington

were removed, relationships between genetic similarity and

distance were generally smaller but still significant (for D:

r = -0.641, P = 0.003 and for FST: r = 0.541, P = 0.009,

n = 21 pairwise comparisons). Removal of Sherk Lake, Mt.

Franklin and Mt. Washington suggested no significant iso-

lation by distance in the remaining Nanaimo Lakes colonies

(for D: r = -0.539, P = 0.102 and for FST: r = 0.274,

P = 0.248, n = 10 pair-wise comparisons). These results,

like the neighbour-joining analyses, suggested that within

the Nanaimo Lakes colonies only Sherk Lake and Mt.

Franklin are slightly isolated.

Discussion

Loss of genetic variation is an important threat to small and

endangered populations. Low genetic variation can lead to

reduced fecundity and survival (Keller and Waller 2002;

Reed and Frankham 2003), as well as loss of evolutionary

potential (England et al. 2003; Reed et al. 2003). For these

reasons, preservation and management of existing variation

is an important goal of most captive management programs.

Because the rate of loss of heterozygosity is inversely pro-

portional to effective population size (Ne), the initial goal of

most intensive management programs is to rapidly increase

population size. However, unless the population is extre-

mely small, this effort may be confounded by ancillary

objectives such as assuring approximately equal represen-

tation of all founders or concerns about whether sub-

populations should be managed as distinct units. The results

of this study indicate that Vancouver Island marmots have

extremely low genetic diversity and that there are at least

two distinct populations, one of which consists of only a

handful of animals.

Genetic diversity of Vancouver Island marmots

Although among-species comparisons of genetic variation

can be problematic, our data indicate that Vancouver Island

marmots have remarkably low variation at a large number

of microsatellite loci compared to several congeners.

Ascertainment bias often confounds such comparisons

since loci can be more polymorphic in species for which

Fig. 4 Genetic relationships among recently-occupied marmot colo-

nies from which more than four individuals were sampled. The

nearest-neighbour-joining network was calculated from D values. A

bootstrap value [50% (1,000 replicates) was obtained only for the

node that separates Mt. Franklin and Sherk Lake from the other

colonies
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they were developed than in species from which they were

borrowed (Ellegren et al. 1995; Forbes et al. 1995; Ru-

binsztein et al. 1995; Garner et al. 2005). However,

recently published data for all four western North Ameri-

can species as well as the European Alpine marmot (M.

marmota) allow us to compare variation among species

without encountering this pitfall. The loci used in this

study, with the exception of 2g2, were developed for use in

Spermophilus spp. ground squirrels or M. marmota. Since

the genus Marmota is monophyletic, none of the marmot

species should have inherited greater diversity at the loci

developed for another genus (e.g., ground squirrels). Sim-

ilarly, the four North American species are believed to be

evolutionarily equidistant from M. marmota (Krucken-

hauser et al. 1999; Steppan et al. 1999) and so could be

expected to have inherited similar variation at the loci

developed for M. marmota. We examined all studies in

which genetic variation at subsets of the Spermophilus or

M. marmota loci was examined in M. olympus, M. caligata,

M. flaviventris, and M. marmota; all authors (Goossens

et al. 1998, 2001; da Silva et al. 2003; Floyd 2003;

Kruckenhauser and Pinsker 2004; Kyle et al. 2004; Cohas

et al. 2006; Griffin 2007) reported substantially greater

diversity in terms of numbers of alleles per polymorphic

locus and both observed and expected heterozygosities

than we found across the entire population of Vancouver

Island marmots. Thus, having eliminated the possibility of

ascertainment bias, our results indicate that across its entire

range, the gene pool of M. vancouverensis contains only a

small fraction of the neutral genetic variation that other

Marmota species carry.

The evolutionary history, population structure, and

mating systems of different species can lead to different

levels of expected and observed genetic diversity as well.

All Marmota species discussed above are social and inhabit

a relatively fragmented landscape. However, the Vancou-

ver Island marmot and the Olympic marmot are unique in

that they inhabit actual or effective islands that severely

limit their population size. Allelic diversity in the Olympic

marmot (Griffin 2007), while higher than in the Vancouver

Island marmot, is lower than that of any other studied

marmot population (see citations above).

Island populations often have lower genetic variation

than mainland populations (Frankham 1997), and the low

levels of both allelic diversity and heterozygosity in the

Vancouver Island marmot are likely due in part to historic

effects associated with the founding of the population, as

well as any subsequent bottlenecks associated with climate

fluctuations and changes in habitat availability. Even a few

short-lasting bottlenecks could have led to the loss of rare

alleles and any rare alleles that made it through historic

bottlenecks would likely have been lost in the recent

population decline. The extremely low levels of

heterozygosity likely indicate that this population has been

small for extended periods, consistent with the limited

habitat available to this island species. However, we note

that variability measured at neutral markers such as

microsatellites may differ considerably from that measured

at loci under selection, e.g., MHC genes, with the loss of

immediately-useful variability tending to lag behind the

loss of neutral variability (Amos and Balmford 2001;

Aguilar et al. 2004). Indeed, allozyme studies performed

before the most recent decline (in 1987–1989, Bryant

1990) revealed an HE of 0.073 (44 individuals, 22 loci)

similar to those of other North American marmots (M.

monax: 0.053, Wright et al. 1987; M. flaviventris: 0.075,

Schwartz and Armitage 1980). However, in contrast to the

relatively high HE value, the number of polymorphic loci

detected by Bryant (1990) was considerably lower (18%)

than in those two other marmot species (M. monax: 25%,

Wright et al. 1987; M. flaviventris: 40%, Schwartz and

Armitage 1980) suggesting that the variation at the four

polymorphic enzyme loci recorded by Bryant (1990) might

be maintained by selective forces.

Regardless of the root cause, the low measured genetic

variability in the Vancouver Island marmot has to be con-

sidered as an additional threat to the continued survival of

this endangered species. At low population size genetic drift

will ultimately dominate selection and any remaining vari-

ation at loci under selection will be lost (Allendorf and

Luikart 2006). Genetic depletion can harm a declining

population in the short term due to fixation of deleterious

alleles as a consequence of inbreeding (Amos and Balmford

2001; Frankham et al. 2004). This phenomenon may not be

of immediate relevance for the Vancouver Island marmot,

since no reduction of fitness in wild-living animals has been

observed over the last 20 years (Bryant 2005), reproductive

rates are comparable to those of related species (Bryant

2005), and captive breeding efforts have been successful,

with at least 231 reported births and a positive overall pop-

ulation growth rate (lambda = 1.31, COSEWIC 2008). As

recommended by Keller and Waller (2002), examination of

the reproductive success of captive marmots descended from

the Nanaimo Lake region, the Mt. Washington colony, and

those of mixed ancestry would provide additional insight

into whether reproductive rates are impacted by inbreeding

levels. Over the long term, the limited gene pool of the

Vancouver Island marmot may reduce its ability to evolve in

response to environmental changes, e.g., pathogens or cli-

matic changes (Lande 1988; Primack 1993; Hoffmann and

Parsons 1997; Frankham et al. 1999).

Spatial genetic structure

Besides demonstrating low genetic variability, the second

major result of this study was the clear genetic
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differentiation of the marmots from two geographically

isolated regions, which can be considered as separated

populations. The high genetic distance between colonies in

the Nanaimo Lakes region and Mt. Washington is not

surprising since the geographic distance and the topogra-

phy of Vancouver Island would restrict migration between

the two populated habitats, especially in the previous

several generations in which all intermediate colonies

became extinct. Nevertheless the amount of differentiation

remains striking. Eleven of the 23 detected alleles occur in

only one of the populations. Although some of these may

have been lost in one or the other population due to genetic

drift, this finding might also suggest a longer lasting sep-

aration of these two populations.

We detected very little substructure within the Nanaimo

Lakes region area, although marmots there lived in distinct

colonies scattered across nearly 1,000 km2 (Bryant 1998).

In general the D values between these were very low, but

two colonies (Mt. Franklin and Sherk Lake) had significant

FST values, whereas the other five (Big Ugly, Green Mtn.,

Haley Lake, K44a, Pat Lake) were not clearly differenti-

ated. These results were corroborated by the Bayesian

cluster analysis. Thus we conclude that the Nanaimo Lakes

colonies reflect a single metapopulation, as previously

suggested by Bryant and Janz (1996), with two main sub-

populations. Thus, for both genetic and empirical reasons,

colonies in the Nanaimo Lakes region should not be con-

sidered to represent strongly isolated populations.

Geographic distance did not completely explain the genetic

patterns, suggesting that founder effects (i.e., a small

number of colonizing marmots) and genetic drift may be

important.

The genetic structure is likely driven by the dispersal

patterns of the marmots in general and the occasional long-

distance movement of a few marmots in particular. Based

on ear-tagged animals, Bryant (1998) recorded dispersal

movements of 1–11 km, but numerous records of solitary

marmots in new habitats suggest dispersal movements

[25 km (Bryant and Janz 1996). More recently, radio-

tagged marmots have been observed to make movements

of 10–30 km within periods of a few days or weeks (Bryant

and Page 2005). Forests, clearcuts, rivers and roads do not

appear to represent physical barriers to dispersal, although

logging of high elevation forests may alter dispersal pat-

terns through creation of new and nearby habitat (Bryant

1996). There is no evidence that dispersing marmots

preferentially follow ridge lines or other topographic fea-

tures. However, Vancouver Island does contain several

apparent barriers created by large bodies of water, notably

by Lake Cowichan in the south, Alberni Inlet in the west,

and Buttle Lake, which separates the eastern and western

portions of Strathcona Provincial Park. The empirical

evidence that Vancouver Island marmots regularly move

up to 30 km is consistent with the genetic population

structure we detected. Occasional dispersal among natural

habitat patches in the northern Nanaimo Lakes region

would be expected to lead to genetic homogeneity within

that group of colonies (Mills and Allendorf 1996), while

the geographic isolation and small size of the Mt. Wash-

ington colony would be expected to lead to low

heterozygosity and unique patterns of alleles. Finally,

alleles found at the clear-cut colonies of Sherk Lake and

Mt. Franklin are a subset of those in the northern Nanaimo

Lakes colonies, as would be expected following a recent

founding event.

Management implications

A major aim of this study was to provide information about

the genetic make-up of the Vancouver Island marmot

population to support the captive breeding program. Rep-

resentatives from Mt. Washington and most Nanaimo

Lakes colonies were taken into captivity. Through efforts

to equalize the contribution of all founders and consider-

ation of the geographic origin of individuals to be paired,

studbook managers have attempted to maintain the

remaining genetic variation of the species. Early on, a

decision was made to risk the loss of local adaptation in the

isolated Mt. Washington population by managing all ani-

mals as a single population.

Our results indicate that genetic variation in wild Van-

couver Island marmots was primarily among the Mt.

Washington populations and the ‘‘southern’’ (Sherk Lake

and Mt. Franklin) and the ‘‘northern’’ (Green Mtn., K44 A,

Big Ugly, Pat Lake, Haley Lake) Nanaimo Lakes sub-

populations. Within (sub)populations diversity was

extremely low, particularly at Mt. Washington (HE =

0.08). As all three (sub)populations were represented, the

founding captive population likely did contain the entire

spectrum of genetic variation present in the wild popula-

tion. And, given the extremely low within-population

genetic variation, the under-representation of one or a few

founders should not lead to substantial loss of diversity as

long as all three (sub)populations are represented. Our

results also indicate that the Mt. Washington population, in

addition to being small and isolated, is genetically

impoverished. Given that inbreeding depression is gener-

ally considered a more common problem than out-breeding

depression, we support the decision to crossbreed marmots

from different areas despite the possibility of local

adaptations.

Early indications were that the captive Vancouver Island

marmot population had reproductive fitness comparable to

that of the wild population. Bryant (2005) found no sig-

nificant differences between the two populations in the age
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of first reproduction, litter size or probability of breeding.

If, however, the low genetic variation within (sub)popula-

tions was negatively impacting reproductive success of

wild animals, the captive population may eventually out-

perform the initial wild population as the Mt. Washington

and Nanaimo Lakes animals are hybridized. The existing

wild population (approximately 85 in late 2007) is not, of

course, either stable or ‘‘viable’’ (Bryant and Page 2005;

COSEWIC 2008). Bryant and Page (2005) stated that the

long-term survival of the wild population of the Vancouver

Island marmot will largely depend on the management of

predator pressure and the availability of appropriate

habitat.

However, it will be necessary to continue the careful

management of the limited genetic resources of this

population.
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Table 3 PCR primer pairs used at University of Victoria

Locus Reference Primers PCR conditions Separation Alleles

ms53 Hanslik and

Kruckenhauser

(2000)

fwd: attgaggagcagcatctagg 94�C 5 min (94�C 20 s, 59�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

53�C 20 s, 70�C 20 s) 9 32;

72�C 2 min

10%, 80 V-22 h 2 alleles

rev: tcagggaaaggcagacctg 145/147

ms56 Hanslik and

Kruckenhauser

(2000)

fwd: cagactcccaccagtgac 94�C 5 min (94�C 20 s, 59�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

53�C 20 s, 70�C 20 s) 9 32;

72�C 2 min

10%, 80 V-18 h 2 alleles

rev: cctgatctatgtaggttccat 101/103

bibl4 Klinkicht (1993) fwd: cctaggttcagtcttcaac 94�C 5 min (94�C 20 s, 56�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

50�C 20 s, 70�C 20 s) 9 33;

72�C 2 min

10%, 80 V-20 h 2 alleles

rev: tggtgttgccattgttctg 175/185

bibl18 Klinkicht (1993) fwd: atggtcatggaagggaagg 94�C 5 min (94�C 20 s, 59�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

53�C 20 s, 70�C 20 s) 9 31;

72�C 2 min

10%, 80 V-22 h 2 alleles

rev: gcatcttcacagttgatct 137/139

gs25 Stevens et al. (1997) fwd: ccagcatgggggagagagag 94�C 5 min (94�C 20 s, 56�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

50�C 20 s, 70�C 20 s) 9 34;

72�C 2 min

10%, 80 V-18 h 2 alleles

rev: cttgtcatttatccattcatag 126/128

St10 Hanslik and

Kruckenhauser

(2000)

fwd: ttgtgatcctccagggagtt 94�C 5 min (94�C 20 s, 52�C 20 s,

70�C 20 s) 9 35; 72�C 2 min

10%, 80 V-22 h 2 alleles

rev: gtgatttccaaaccccattc 136/138

igs-9d May et al. (1997) fwd: caaacatttattaaaccgtaaag 94�C 5 min (94�C 20 s, 52�C 20 s,

70�C 20 s) 9 35; 72�C 2 min

8%, 70 V-15 h 2 alleles

rev: ggaatttgaaagaagtgacatc 125/128

gs17 Stevens et al. (1997) fwd: caattcgtggtggttatatc 94�C 5 min (94�C 20 s, 56�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

50�C 20 s, 70�C 20 s) 9 37;

72�C 2 min

10%, 80 V-22 h 2 alleles

rev: ctgtcaacctatatgaacaca 147/151

gs22 Stevens et al. (1997) fwd: tcccagagaacaacatcaacag 94�C 5 min (94�C 20 s, 56�C 20 s,

70�C 20 s) 9 2; (94�C 20 s,

50�C 20 s, 70�C 20 s) 9 36;

72�C 2 min

10%, 80 V-26 h 2 alleles

rev: tccgcacaggtcttggactt 172/174

The table shows name, reference, primer sequences, amplification and separation protocols as well as allele sizes (in bp) of the microsatellite loci

Appendix 1
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Table 4 PCR primer pairs used at University of Montana

Locus Reference Primer sequence Final primer

concentration

(lM)

Dye PCR Alleles Allelesb

Mixa Conditions

(TD)

2g2 e fwd: tgaactgggtcttgaggtct 0.15 NED Multi1 60c 2 alleles

118/124rev: gtctgctctgctctccatca

ma018 f fwd: atccgtccaataaagaaattc 0.1 FAM Single2 65d 3 alleles

304/310/316rev: gtttcttgtggctcagtggtcagatg

ms53 a 0.15 HEX Multi3 65c 2 alleles

145/147

ms56 a 0.15 HEX Multi3 65c 2 alleles

101/103

bibl18 b 0.15 HEX Multi1 60c 2 alleles

134/136 137/139

St10 a 0.1 FAM Multi2 58c 2 alleles

134/136 136/138

gs17 c 0.1 FAM Single1 50d 2 alleles

154/158 147/151

gs22 c 0.15 NED Multi1 60c 2 alleles

179/181 172/174

The table shows name, reference, primer sequences (if not already included in Appendix 1a), amplification protocols and allele sizes (in bp) of the

microsatellite loci
a Multiplexes were created for use in M. olympus (Griffin 2007) and thus contained primers for loci that were monomorphic in M. vancouverensis.

In addition to loci identified above, multi 1 included primers for GS14 (reference c), MS47(a), and MA091 (f) and multi 2 included primers for

BIBL31 (b), IGS-6 (d), and MS45 (a)
b At some loci allele size differed systematically between labs, the corresponding allele sizes at University of Victoria are given
c Multiplex PCRs had an initial denaturation at 95�C for 15 min, followed by 20 cycles with 30 s denature, 90 s annealing stepping down 0.5�C

per cycle, and a 60 s extension. This is followed by an additional 18 cycles at 10�C below the starting annealing temperature with a final extension

step at 60�C for 30 min
d Single locus cycling conditions differed by having an initial denaturation step of 5 min and 25 cycles (instead of 18) at 10�C below the starting

annealing temperature

a–d see Appendix 1a

e Kyle et al. (2004)

f da Silva et al. (2003)

Table 5 Allele frequencies for all 12 colonies

Locus Allele Mt.

Washington

‘‘P’’ Mtn. Green

Mtn.

K44A D13E Big

Ugly

Butler

Peak

Haley

Lake

Pat

Lake

Heather

Mtn.

Sherk

Lake

Mt.

Franklin

2g2 118 0.09 – – – – – – – – – –

124 0.91 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2n 22 4 18 54 4 10 2 20 6 2 38 24

ma018 304 1.00 – – – – – – – – – – –

310 – 1.00 0.43 0.33 – 0.50 0.50 0.15 – 0.50 – –

316 – – 0.57 0.67 1.00 0.50 0.50 0.85 1.00 0.50 1.00 1.00

2n 18 4 14 54 2 8 2 20 6 2 40 22

ms53 145 1.00 0.50 0.72 0.44 1.00 1.00 1.00 0.95 0.25 1.00 0.60 0.54

147 – 0.50 0.28 0.56 – – – 0.05 0.75 – 0.40 0.46

2n 22 4 18 54 4 10 2 20 8 2 40 24
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