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Abstract The effects of human-caused fragmentation

require further study in landscapes where physical dispersal

barriers and natural ecological transitions can be dis-

counted as causes for population genetic structure. We

predict that fragmentation can reduce dispersal across such

barrier-free landscapes because dispersal also is limited by

a perception of risk. Considerable fragmentation has

occurred in the Riding Mountain National Park (RMNP)

region in Manitoba, Canada, during the past 60 years. We

examine data from 13 autosomal microsatellites to deter-

mine whether fragmentation is correlated with genetic

population structure in wolves (Canis lupus). Moderate and

significant differentiation between RMNP and a genetic

cluster identified 30 km farther north (FST = 0.053, 95%

CI [0.031–0.073]) is consistent with predicted effects of

fragmentation. The RMNP population cluster represents at

least seven wolf packs followed weekly by radio tracking

during 2003–2006. Distinct mtDNA haplotypes have been

identified in the Park and no successful wolf dispersal from

RMNP has been documented in several multi-year tracking

studies since 1974. Tracking data also indicate that some

wolves might be reluctant to leave RMNP. Although the

influence of behaviour and local adaptation require inves-

tigation, human-caused fragmentation appears to have

caused cryptic genetic structure on fine spatiotemporal

scales in a vagile species that is: (1) not influenced by

physical movement barriers or historical ecological

discontinuities in our study area, and; (2) able to live

relatively close to humans. The Great Plains is now an

intensely human-managed landscape. Detection of cryptic

genetic structure could therefore function as an important

indicator in conservation management.

Keywords Canis lupus � Dispersal � Fragmentation �
Gene flow � Isolation

Introduction

Physical barriers such as mountain ranges have been found

to limit dispersal and gene flow in plants, amphibians and

mammals (e.g. Taberlet et al. 1998), and reduce dispersal in

vagile species such as the Canadian lynx (Lynx canadensis)
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(Rueness et al. 2003). Moreover, human-caused barriers

represented by roads with high traffic volume have reduced

gene flow in coyotes (Canis latrans) and bobcats (Lynx

rufus) (Riley et al. 2006). Recent findings also suggest that a

combination of landscape features with low permeability

can influence fine-scale genetic structure without dispersal

barriers. Such cryptic population structure (see Sacks et al.

2005) has been identified in species such as wolverines

(Gulo gulo) (Cegelski et al. 2003; Guillot et al. 2005) and

roe deer (Capreolus capreolus) (Coulon et al. 2006).

The spatiotemporal effect of landscape fragmentation on

vagile mammals in the absence of physical movement

barriers is not well understood. This is in part because such

population structure can be attributed in vagile taxa to

factors such as diet specialization, natal habitat-biased

dispersal (preference for dispersal into familiar habitat) and

climate (Hoelzel et al. 1998; Carmichael et al. 2001; Ernest

et al. 2003; Rueness et al. 2003; Sacks et al. 2004; Pilot

et al. 2006). The influence of human-caused fragmentation

requires further study in landscapes where physical dis-

persal barriers are not present and natural ecological

discontinuities (e.g. climate, prey distribution, mountain-

lowland transitions) can be discounted as causes for pop-

ulation genetic structure. Such potential influence should

be examined in organisms where high gene flow is

expected to limit independent evolution within local pop-

ulation units, so that fine-scale spatiotemporal effects can

be determined and incorporated into both theoretical

planning and applied conservation management. We test

the prediction that fragmentation creates genetic population

structure due to reduced dispersal and subsequent genetic

drift, even across short distances and in landscapes lacking

physical barriers to dispersal.

Landscape matrices, areas surrounding reserves and

altered by human use, play a critical role in connectivity

(Franklin 1993; Noss et al. 1996; Kramer-Schadt et al.

2004). Some forms of human activity interrupt wildlife

movement without physically disconnecting habitats, and a

combination of landscape features with low permeability

can influence fine-scale genetic structure in the absence of

dispersal barriers (Coulon et al. 2006). Considerable land-

scape fragmentation has occurred over the past 60 years in

the region surrounding Riding Mountain National Park

(RMNP) in southwestern Manitoba, Canada. Agricultural

development has removed forest cover to the RMNP edge

(McNamee 1993). Several mammalian species have been

extirpated and the Park is considered a wilderness ‘‘island’’

within an agricultural region (Carbyn 1980; Noss 1995). We

examine genetic population structure in wolves (Canis

lupus), a canid that has been present in the region for at least

5,000 years (Goulet 1993). Wolves show high behavioural

plasticity in food acquisition (Weaver et al. 1996), and are

considered primarily limited by food availability (Haight

et al. 1998). They have high rates of gene flow (Vilà et al.

1999) and records of long-range dispersal (several hundred

km) exist in the north-central United States, similar land-

scapes to our study area (Fritts 1983; Gese and Mech 1991;

Wydeven et al. 1995). Wolf populations also have a low

number of breeding animals (Mech and Boitani 2003) and

genetic drift can affect allele frequencies within a few

generations (Allendorf and Luikart 2007).

Human-caused extirpation has resulted in significant

range reduction for wolves (Leonard et al. 2005) and their

persistence in the landscape matrix is sensitive to human

tolerance (Carroll et al. 2006). Wolves within European

landscapes with a long history of human development show

genetic structuring over relatively short distance (\200 km)

(Pilot et al. 2006). We examine whether landscape frag-

mentation over the past 60 years in the form of conversion

to a human-dominated agricultural matrix with a dense

network of (unfenced) roads has reduced gene flow in a

highly mobile species (wolves). The effects of roads on wolf

movement are complex and depend on factors such as wolf

harvest management, vehicle mortality, and ease of travel

(see e.g. Fuller et al. 2003; Whittington et al. 2005). Land-

scapes such as our study area are not disconnected from a

wolf’s perspective, however, as they remain easy to navigate

and negotiate. Wolves inhabiting protected areas sur-

rounded by matrix may nonetheless be increasingly isolated

from neighbouring wolf populations. Genetic structuring

reflecting divergent distribution of gray and eastern wolves

(proposed as separate species C. lycaon by Wilson et al.

2000) or Great Lakes wolves (Koblmüller et al. 2009 and

references therein) have been reported (Wilson et al. 2009).

The possibility that behavioural factors and local habitat

adaptations influence the distribution of different types of

wolves thus requires further study. Our study area was

nevertheless well-connected as recently as 60 years ago. If

local habitat adaptations presently favour any wolf type in

particular, such a situation is unlikely to have come about

without prior human-caused landscape fragmentation.

Materials and methods

Study area

The region is located at the Prairie and Boreal Plain ecozone

transition (Environment Canada 1993), and includes Duck

Mountain Provincial Park (1,424 km2), Duck Mountain

Provincial Forest (3,760 km2), and Riding Mountain Bio-

sphere Reserve (15,000 km2). The biosphere reserve

encompasses the core 2,974 km2 protected area RMNP and

15 surrounding rural areas with local governments. The area

includes numerous lakes and ponds; deciduous, boreal

and mixed forest; rough fescue grasslands, and extensive
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marshes and wetlands (Manitoba Conservation 2004; Parks

Canada 2006). Elk (Cervus elaphus), moose (Alces alces),

beaver (Castor canadensis), and white-tailed deer (Odo-

coileus virginianus) are abundant. Other relevant mammals

include wolves, black bear (Ursus americanus), coyote,

lynx, red fox (Vulpes vulpes), and snowshoe hare (Lepus

americanus). The regional climate is continental interior,

with cold winters and moderate snow depths (Carbyn 1982).

The growing season is variable but averages 72 days (Parks

Canada 2004).

Forest cover was almost continuous between RMNP and

the Duck Mountains until the 1950s, but only 14%

remained by 1991 and intense development in the center

effectively severed RMNP from other forested areas

(Walker 2001). Agriculture is now the dominant land use

and occupies approximately 58% of the area (35% crop-

land and 23% rangeland), whereas managed public land

(including parks) makes up 16% (Parks Canada 2004).

Road development within the region around RMNP is

extensive, with 30,000 km of roads at a density of 0.7 km

of road per km2 (Parks Canada 2004). Figure S1 in the

supplementary material shows a satellite image of RMNP

and the surrounding human-modified agricultural land-

scape. The Duck Mountains are considered to be less iso-

lated than RMNP, as provincial forest land is located about

10 km to the northeast and is connected to relatively

undeveloped areas of central Manitoba. Wolves occupied

the RMNP region until a probable combination of hunting,

trapping, land clearing, and poisoning caused a local

extirpation around 1900 (Carbyn 1980). However, the

species recolonized the region by the 1930s, possibly via

dispersal from the forested areas north of RMNP when

forest connectivity between the Duck Mountains and

RMNP was more apparent (Fritts and Carbyn 1995). The

Park population has numbered approximately 70–75 indi-

viduals in late winter over the past 5 years (RMNP

unpublished data). RMNP wolves have been followed for

several multi-year studies since 1974 with no evidence of

dispersal between the Park and surrounding areas, despite

13,000 km of ground tracking and altogether [20 years of

radio telemetry (Carbyn 1980; Paquet 1992; Stronen 2009).

Mitochondrial DNA studies have identified distinct RMNP

haplotypes that have not been documented outside the Park

(Lehman et al. 1991; Geffen et al. 2004; Stronen et al.

2010). The agricultural landscape supports a large number

of white-tailed deer and there are also elk found in the area

around RMNP. It is therefore unlikely that prey availability

would limit movement into the area surrounding the Park.

Sampling

We analysed samples from 13 wolves (one tissue sample,

12 hair samples) radio-collared by RMNP during

2003–2005. Attempts were made to collar at least two of

the younger wolves (the most likely dispersers) in each

pack. Wolves were located weekly, weather permitting,

using a Cessna 172 aircraft with antennas mounted on the

wing struts, and a handheld global positioning system

receiver. We furthermore included 45 tissue samples col-

lected throughout Manitoba 1990–2005. These comprised

18 samples from within or near the boundary of RMNP, 12

samples from the Duck Mountains, and 15 samples from

surrounding areas, mostly in central Manitoba north and

east of RMNP and the Duck Mountains.

Microsatellite DNA analyses

Fine scale population processes can be examined by

genotypic arrays in the form of multiple microsatellite loci,

which are reshuffled in each generation in sexual species

(Taberlet et al. 1999; Sunnucks 2000). Wolves generally

live in social and territorial groups of 2–42 animals with

mean pack size of 3–11 individuals (Fuller et al. 2003)

characterized by long-lived pair bonds (Mech and Boitani

2003), where kinship structuring plays an important role in

genetic heterogeneity (vonHoldt et al. 2008). Hence, wolf

family groups are likely to represent an underlying level of

structure (Wahlund effect) in population genetics studies

(Pilot et al. 2006). Importantly, radio-collared wolves were

captured in seven different packs. One of these had a

territory outside the northwestern boundary of the park and

the six other packs were distributed throughout RMNP.

Based on weekly radio tracking of these individuals during

2003–2006, we are confident that these wolves represent

different packs and provide a representative sample of the

RMNP wolf population.

We chose the 13 tetranucleotide microsatellite markers

FH2001, FH2010, FH2017, FH2054, FH2088, FH2096,

FH2422 (Breen et al. 2001), FH3313, FH3725 (Guyon et al.

2003), PEZ06, PEZ08, PEZ15, PEZ19 (Halverson J. in Neff

et al. 1999), and the dinucleotide Y-chromosome marker

MS41B (Sundquist et al. 2001). DNA from tissue and hair

samples were extracted using a solution of (A) 200 mM

NaOH and (B) 200 mM HCl and 100 mM Tris–HCl, pH 8.5

(Sancristobal-Gaudy et al. 2000, and modified by C. Penedo

pers. comm.). The product of treatment with solution B is

used as a template in the PCR reaction. Five hair roots, or

2 mm3 of tissue, were combined with 100 ll of solution A

and heated on a thermocycler for 15 min at 97�C, before

addition of 100 ll of solution B. Polymerase Chain Reac-

tion (PCR) conditions optimized for the markers were:

95�C/15 min (denaturation 94�C/30 s, annealing 58�C/

90 s, extension 72�C/60 s) 9 30 PCR cycles, final extension

60�C/30 min, 15�C/HOLD. A master mix from the Qiagen

multiplexing kit was used that contains Taq polymerase

enzyme, deoxyribonucleotide triphosphate, Magnesium and
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buffer, as well as a Q-solution for augmenting amplification

of difficult templates. Protocol for a 10-ll reaction is: (1)

Qiagen master mix X2 (5 ll); (2) Q-solution 5X (1 ll); (3)

Primer mix 2 lM (1 ll, 0.2 lM final concentration); (4)

IRD primer 1 lM (0.4 ll, infrared dye, 0.04 lM final

concentration), (5) DNA template (1.5 ll, concentration

unknown but likely variable among samples) and (6) sterile

H2O (1.1 ll). Genotyping was done with a LICOR� 4200

DNA Analyzer System and genotypes scored using LI-

COR� program GeneImagIR.

Statistical analyses

Amplification of nine makers per individual gives a prob-

ability of identity [the probability of sampling identical

genotypes, denoted P(ID)] in siblings of between 0.001 and

0.0001 (1 in 1,000 to 10,000) at a heterozygosity level of

0.08 (Waits et al. 2001). We successfully amplified at least

10 markers for each individual, with the exception of a hair

sample from one radio-collared female wolf for which only

8 markers were amplified. The Y-chromosome marker

MS41b was excluded from genetic diversity analyses to

avoid bias in heterozygosity measures. We used GenAlEx

(genetic analyses in Excel) version 6 (Peakall and Smouse

2006) to examine spatial autocorrelation across all loci

with a test of 999 permutations and 1,000 bootstrap repli-

cates. We tested for gametic disequilibrium and departures

from Hardy–Weinberg equilibrium analyses in GENEPOP

4.0.10 (Raymond and Rousset 1995) and GENETIX 4.05.2

(Belkhir et al. 2004), and used the Hardy–Weinberg exact

test (Guo and Thompson 1992) in GENEPOP with the

Markov chain method. Here, we applied parameter values

from Coulon et al. (2006) for a population with expected

low genetic differentiation and used global test dememor-

ization number = 10,000, number of batches = 400, and

number of iterations of batches = 3,000. We adjusted

P values for Hardy–Weinberg and gametic equilibrium

tests using Bonferroni correction (Rice 1989) to account

for the testing of multiple hypotheses. Estimates for FIS per

locus are calculated according to Weir and Cockerham

(1984).

Different methods with various underlying models can

provide a range of gene flow estimates and thus relative

measures of connectivity (Cegelski et al. 2003). It is

therefore useful to compare gene flow estimates between

approaches that highlight different aspects of our theoret-

ical (the study organism easily moves within the study

area) and observed (no dispersal documented) assumptions.

We examined genetic structure by comparing results from

a clustering analysis based on Bayesian models using

STRUCTURE 2.1 (Pritchard et al. 2000) and one approach

based on a maximum likelihood method; the Assignment

Test (Paetkau et al. 1995; Waser and Strobeck 1998) using

ARLEQUIN 2.00 (Schneider et al. 2000). The Assignment

Test requires a priori definition of populations and then

attempts to assign individuals to these populations. Geno-

types are not georeferenced and the approach allows an

explicit test of whether landscape fragmentation corre-

sponds with genetic structure. For the Assignment Test we

entered the three major sampling locations (Riding

Mountains, Duck Mountains, and Central Manitoba) as

putative a priori clusters.

The STRUCTURE program does not require a priori

definition of populations and we examined genetic struc-

ture with K (number of genetic clusters) ranging from 1 to

8. We used the option of population admixture and allowed

allele frequencies to be correlated, which are considered

the best approach where genetic structure is expected not to

be strongly differentiated (Falush et al. 2003). A pilot study

using a burn-in period of 100,000 and 1,000,000 iterations

gave comparable results as a burn-in period of 10,000 and

1,000,000 iterations, and we therefore determined the most

likely number of genetic clusters represented by our data

by running five repetitions of K = 1–8 using the latter

parameter values. We calculated the probability for each

value of K as the average value over the five runs and

determined the number of populations using the highest

value of ln P(D) (equivalent to L(K), Pritchard et al. 2000)

and DK (Evanno et al. 2005). We subsequently performed

10 STRUCTURE runs at this value of K using 1,000,000

iterations and a burn-in period of 100,000, and determined

the proportion of ancestry (qi) using the run that showed

the highest probability and the lowest variance (Fain et al.

2010).

For inferred genetic clusters, we tested for gametic dis-

equilibrium and departures from Hardy–Weinberg equilib-

rium. We estimated FIS per locus with parameter values

from Coulon et al. (2006), with global test dememorization

number = 10,000, number of batches = 300, and number

of iterations of batches = 5,000. We calculated pairwise

population differentiation (FST) by Theta (Weir and

Cockerham 1984) with a test of 1,000 permutations using

GENETIX. We subsequently tested for evidence of genetic

bottlenecks using BOTTLENECK 1.2.02 (Piry et al. 1999).

We followed Weckworth et al.’s (2005) approach for small

populations with a two-step model of mutation (TPM)

accounting for 5, 10, 20 and 30% of all mutations, and used

a significance level of 0.05. Finally, we applied factorial

correspondence analysis (FCA) using GENETIX to assess

the genotypic distributions of individuals. This approach

uses multi-locus profiles to project all individuals in a two

or three-dimensional space without a priori designations,

using each allele as an independent variable (Roques et al.

2001).
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Results

The study area could be panmictic so we tested for Hardy–

Weinberg and gametic equilibrium, as well as spatial

autocorrelation of alleles, within the whole sample. Values

for observed and expected heterozygosity (Ho and He),

allelic diversity, and FIS are shown in Table 1, with values

significant at the 0.05 level (after Bonferroni correction)

marked in bold. Twenty-four of 58 individuals scored as

males and we found five alleles at the Y-marker locus

MS41b (211, 213, 217, 219 and 223). Overall, 4/14 loci

showed Hardy–Weinberg disequilibrium with levels of

heterozygosity significantly lower than expected. None of

the 78 loci pairs showed gametic disequilibrium after

Bonferroni correction for multiple tests. Spatial autocor-

relation results (Fig. 1) indicated that kinship was posi-

tively correlated up to 60 km, and subsequent values varied

around zero. There was an increase for 530–690 km, for

which very few samples were available. The results do not

suggest obvious isolation by distance on a wider geo-

graphical scale.

According to the Assignment Test, individuals were

assigned to the population where they were sampled

(Fig. 2a–c). However, a few individuals appear to fit

almost as well with other populations rather than that of the

sample origin, and likely represent immigrants or their

descendants. Three individuals sampled in RMNP had

assignment values to RMNP that were only slightly higher

than their values for the Duck Mountains (Fig. 2b). Simi-

larly, two RMNP individuals had approximately equal

values for the RMNP and the Central Manitoba cluster

(Fig. 2c). The STRUCTURE results showed that the

highest value of ln P(D) was observed at K = 3 (Fig. 3a),

with a slightly lower value for K = 2. The results for DK

nonetheless suggested that the uppermost level of popula-

tion structure occurred at K = 2 (Fig. 3b). Thus, K = 2

genetic clusters appeared to be the most parsimonious

choice (Pritchard et al. 2000; Evanno et al. 2005). We

Table 1 Genetic diversity in 58 wolf samples from southwestern Manitoba, Canada

Locus # Alleles Ho He nba P value plus SE FIS Allele size range

FH2001 9 0.655 0.765 0.195 (±0.005) 0.144 127–152

FH2010 5 0.754 0.710 0.091 (±0.002) -0.063 220–236

FH2017 4 0.132 0.241 0.000 (±0.000) 0.454 260–272

FH2054 10 0.862 0.839 0.812 (±0.004) -0.027 142–174

FH2088 5 0.638 0.652 0.523 (±0.003) 0.021 108–124

FH2096 3 0.569 0.615 0.523 (±0.002) 0.076 95–103

FH2422 13 0.737 0.766 0.040 (±0.004) 0.034 174–242

FH3313 15 0.833 0.882 0.089 (±0.006) 0.056 349–413

FH3725 15 0.750 0.853 0.013 (±0.002) 0.121 132–194

PEZ06 13 0.702 0.861 0.000 (±0.000) 0.187 164–198

PEZ08 12 0.750 0.759 0.964 (±0.003) 0.011 213–247

PEZ15 17 0.589 0.830 0.000 (±0.000) 0.292 204–284

PEZ19 8 0.509 0.710 0.001 (±0.000) 0.285 186–214

Mean 9.85 0.652 0.729 0.000 (±0.000) 0.081

Significant values (following Bonferroni correction) in bold
a He values calculated with correction for sample size bias (Nei 1978)

Results of Spatial Structure Analysis
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Fig. 1 Spatial autocorrelation across all wolf samples in southwest-

ern Manitoba, Canada. Here r is the autocorrelation (kinship)

coefficient, and distance is in kilometres. U and L are upper and

lower limits, respectively, for the 95% confidence interval around the

null hypothesis of no spatial structure as determined by 999

permutations, whereas the upper and lower error bars show the

95% confidence interval about r as determined by 1,000 bootstrap

replicates
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therefore continued analyses using the K = 2 clusters

identified by STRUCTURE. Figure S2, supplementary

material, shows assignment results for K = 3.

We calculated individual membership in the two genetic

clusters for individuals with qi [ 0.8 (Fig. 4) and determined

their geographical distribution (Fig. 5). With exception of

one individual sampled on Hecla Island approximately

400 km northeast of RMNP, all individuals with qi [ 0.8 had

90% confidence intervals for q that excluded membership

(i.e. excluded 0%) in the alternate population. Of the 58

individuals examined 22 were assigned to cluster 1 (primarily

constituted of individuals sampled in RMNP), 27 to cluster 2

(mainly composed of individuals sampled outside RMNP),

and 9 showed admixed ancestry (qi \ 0.8). All individuals

Fig. 2 a Log likelihood values for Duck Mountain versus Central

Manitoba samples using the Assignment Test (Paetkau et al. 1995;

Waser and Strobeck 1998). Filled squares are Duck Mountain

samples; open squares are Central Manitoba samples. b Log likeli-

hood values for Duck Mountain versus Riding Mountain samples

using the Assignment Test (Paetkau et al. 1995; Waser and Strobeck

1998). Filled squares are Duck Mountain samples; Stars are Riding

Mountain samples. c Log likelihood values for Central Manitoba

versus Riding Mountain samples using the Assignment Test (Paetkau

et al. 1995; Waser and Strobeck 1998). Open squares are Central

Manitoba samples, stars are Riding Mountain samples

Fig. 3 a STRUCTURE analyses for the number of population

clusters (K) for wolves in southwestern Manitoba, Canada, showing

mean ln probability for five runs of K = 1–8 population clusters.

b STRUCTURE analyses for the number of population clusters

(K) for wolves in southwestern Manitoba, Canada, showing the DK

rate of change between ln probability values for K = 1–8. The modal

value indicates the uppermost level of structure for the dataset

(Evanno et al. 2005)
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assigned to cluster 1 showed q1 [ 0.9. Among the 9 admixed

wolves and the individual from Hecla Island, one wolf had

been amplified at 10 markers, one at 11 markers, four at 13

markers, and four at 14 markers. There was therefore no clear

relationship between individual amplification success and

results suggesting admixed ancestry.

Three admixed individuals were collected outside

RMNP. Two wolves sampled in the Duck Mountains

showed q2 = 0.54 and q2 = 0.60, and one wolf sampled

approximately 25 km northeast of RMNP showed

q2 = 0.53. Of six admixed wolves sampled in RMNP,

three had q-values suggesting a relatively high proportion

Fig. 4 Estimated population membership for STRUCTURE with

K = 2 wolf population clusters in southwestern Manitoba, Canada.

The number 1 indicates individuals sampled in Duck Mountain

Provincial Park and Forest, 2 in Central Manitoba (outside Duck and

Riding Mountain), and 3 in RMNP

Fig. 5 Geographic distribution of individuals for K = 2 wolf pop-

ulation clusters identified by STRUCTURE in southwestern Mani-

toba, Canada. Cluster 1 (triangles) comprises most individuals

sampled in RMNP, whereas cluster 2 (squares) primarily includes

individuals sampled outside RMNP. One individual sampled in

Sherridon (about 600 km north of RMNP) and one individual

sampled in Turtle Mountain Provincial Park (about 200 km south of

RMNP), both assigned to cluster 2, were excluded from the map to

improve resolution

Conserv Genet (2012) 13:359–371 365

123



of ancestry from cluster 1 (q1 = 0.70–0.77). The remaining

three showed q1 values of 0.61, 0.44, and 0.24. The latter of

these was a female captured in January 2004 and monitored

in the Park until February 2009. This female and two

collared wolves assigned to cluster 1 were killed by

humans outside the Park boundary. The movements of at

least four other collared wolves, two assigned to cluster 1

and two for which genetic profiling was unsuccessful,

showed they travelled widely within the Park but changed

direction several times upon encountering the Park

boundary (Fig. 6).

We did standard genetic analyses for the two genetic

clusters identified by STRUCTURE (Table 2). One locus

in cluster 1 and two loci in cluster 2 showed significantly

Fig. 6 Movements of radio-collared female wolf RE254 in RMNP from July 2004 until July 2005 when contact with the collar was lost

Table 2 Expected and observed heterozygosity, allelic diversity and FIS for two genetic clusters of wolves in southwestern Manitoba, Canada

Locus Cluster 1: Riding Mountain (n = 22, allelic div. 5.69) Cluster 2: Duck Mountain–Central MB (n = 27, allelic div. = 9.15)

Ho He nb P value FIS Ho He nb P value FIS

FH2054 0.864 0.776 0.467 -0.116 0.815 0.834 0.843 0.023

FH2001 0.773 0.785 0.975 0.017 0.630 0.674 0.431 0.068

FH2096 0.546 0.650 0.157 0.164 0.593 0.601 0.659 0.014

FH2010 0.727 0.690 0.860 -0.055 0.769 0.719 0.089 -0.072

FH2017 0.211 0.194 1.000 -0.091 0.120 0.340 0.001 0.652

PEZ08 0.706 0.724 0.676 0.025 0.826 0.785 0.907 -0.054

FH2088 0.636 0.669 0.315 0.050 0.593 0.585 0.491 -0.013

FH2422 0.762 0.713 0.465 -0.070 0.741 0.793 0.037 0.067

FH3313 0.762 0.854 0.409 0.110 0.880 0.902 0.340 0.025

PEZ06 0.667 0.806 0.002 0.177 0.815 0.850 0.084 0.042

PEZ19 0.546 0.705 0.309 0.231 0.482 0.728 0.002 0.343

PEZ15 0.476 0.675 0.060 0.300 0.692 0.875 0.008 0.212

FH3725 0.667 0.697 0.183 0.044 0.769 0.876 0.371 0.124

Total 0.642 0.688 0.092 0.068 0.671 0.736 0.000 0.089

Individuals are grouped according to results from STRUCTURE with K = 2. Heterozygosity values are calculated with correction for sample

size bias (Nei 1978). Significant values (following Bonferroni correction) in bold
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lower heterozygosity than expected. This reduction from

the initial Hardy–Weinberg deficit at 4 of 14 loci supports

the presence of a Wahlund effect (underlying genetic

structure) in the overall sample. Because neither cluster

showed gametic disequilibrium, we retained all loci for

further testing. We calculated pairwise FST values for

population differentiation using Theta (Weir and Cocker-

ham 1984). Differentiation between the two clusters was

moderate (Balloux and Lugon-Moulin 2002) and signifi-

cant (FST = 0.053 (95% CI [0.031–0.073]). Test results for

BOTTLENECK with a two-step mutation model account-

ing for 5–30% of all mutations were significant

(P = 0.034–0.047) for cluster 1. An FCA plot shows two-

dimensional multilocus profiles of individuals identified

according to geographical sampling locations (Fig. S3,

supplementary material). The first axis represents most of

the variation, and the FCA results generally concurred with

the findings from STRUCTURE (see Fig. S3 for details).

Discussion

Gene flow and population genetic structure inferred

from nuclear DNA

A subtle genetic structure is visible and consistent with

fragmentation in the study area. Genetic clusters are sep-

arated by a matrix landscape dominated by intensive

agricultural development and a dense network of roads.

Our results seem to concur with those of Pilot et al. (2006)

from an Eastern European landscape without obvious

physical barriers to wolf movement.

Genetic diversity was similar to that of wolves in the

Canadian Rocky Mountains examined with nine of the

same markers, and allelic diversity was relatively high

(Thiessen 2007). The presence of closely related individ-

uals likely contributed to the positive FIS values and het-

erozygosity deficit within clusters, although null alleles,

inbreeding, or a Wahlund effect (additional undetected

structure) could also have affected our results (Roy et al.

1994; Lucchini et al. 2002; Pilot et al. 2006; Thiessen

2007). STRUCTURE assumes Hardy–Weinberg and

gametic equilibrium within each cluster (Pritchard et al.

2000), which may be difficult to fulfill in wolf populations

composed of family groups (Pilot et al. 2006; Thiessen

2007; vonHoldt et al. 2008).

A founder effect or bottleneck likely affected the RMNP

population (Carbyn 1980) and our results suggest that a

bottleneck may have occurred. This could have resulted in

significant structure in highly variable loci (Hedrick 1999),

particularly if limited gene flow occurred afterward.

Genetic drift could also operate in space and time for

isolated populations and create a Wahlund effect in both

dimensions (Flagstad et al. 2003). Distinguishing relative

contributions of bottlenecks and inbreeding toward loss of

heterozygosity can be difficult (Eppley et al. 2007) but

either situation would suggest a small number of breeders

and limited gene flow, which is consistent with our

findings.

Spatial autocorrelation across loci suggests that kinship

is initially positively associated with distance. This can be

expected in populations composed of territorial family

groups. Aspi et al. (2006) found kinship positively corre-

lated with distances up to 163 km in a continuous Finnish

wolf population followed by significant isolation by dis-

tance on a limited spatial scale. Overall, the spatial auto-

correlation results from our study area do not suggest

significant isolation by distance.

Most wolves sampled in RMNP had high assignment to

cluster 1. The behaviour of several potentially dispersing

wolves (as identified via exploratory movements outside

their regular home range) suggested that they were reluc-

tant to cross the Park boundary. Changes in movement

behaviour may occur at park boundaries (Paquet et al.

2010), and the possibility that long-lived, social and vagile

species may learn to associate human activity and roads

with danger (Whittington et al. 2005) require further

investigation in landscapes lacking physical barriers to

movement.

Four wolves sampled within RMNP were assigned to

cluster 2. Two samples, collected in the eastern and central

portion of the Park, were from dead animals found in poor

physical condition. Their history is unknown but both were

relatively young (noted as 1–3 years of age), which reduces

the probability of effective dispersal (reproduction in the

new location). The westernmost individual was a wolf

collared and radio-tracked for several months in RMNP.

He was excluded from the FCA plot because of his highly

divergent genotype. This individual appears to have been

an immigrant (wolves were collared as subadults or adults)

or the offspring of immigrants, though another wolf col-

lared in the same pack (overlapping sample in Fig. 5) was

assigned to cluster 1. The fourth putative immigrant to

RMNP was a male in good body condition found dead on

the southern Park boundary. Necropsy revealed he had

been killed by other wolves (T. Bollinger pers. comm.).

The divergent genotype indicated by the FCA results is

consistent with this wolf being an immigrant from outside

the primary study area. He had mtDNA haplotype C23,

which is common in RMNP and throughout North America

(Stronen et al. 2010).

The finding of admixed individuals within and outside

the Park suggests that some dispersal and gene flow is

taking place in the area. Our observational data suggests

that the admixed female followed during 2004–2009 may

have reproduced. Although it is uncertain whether she may
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have dispersed into RMNP prior to her capture, or been

born in RMNP to one or two immigrant parents, her case

suggests that effective dispersal into RMNP has occurred

recently. It is nevertheless important that successful dis-

persal does not guarantee reproduction (Greenwood 1980;

Riley et al. 2006). Several putative dispersers (Fig. 5) were

found near the RMNP boundary, which is considered

marginal wolf habitat with high risk of human-caused

mortality (Carbyn 1980, RMNP unpublished data). These

putative dispersers may have been unable to establish ter-

ritories and reproduce, and might therefore have been

‘queuing’ for space in the Park. Behavioural mechanisms

including kin-clustering and subsequent local recruitment

seen in territorial birds (Watson et al. 1994; Temple et al.

2006) and mammals (Lambin and Yoccoz 1998) could also

make it increasingly difficult for immigrants to get estab-

lished. Territoriality and a social structure with few

breeding animals, combined with high human-caused

mortality in the area surrounding RMNP, could thus pres-

ent additional obstacles for gene flow into isolated reserves.

Expected ecological and evolutionary consequences

of landscape fragmentation

The two genetic clusters we identified comprised 22 and 27

individuals, and such group sizes may be consistent with

observation of larger wolf family groups (Fuller et al.

2003). Based on our sampling locations and weekly radio-

tracking results, we nonetheless feel confident that the

RMNP cluster does not reflect a large wolf family group

but spatial structuring consistent with a small and

increasingly isolated population of RMNP wolves. Bio-

logical interpretation of FST values is difficult and values

within the range of 0.05–0.15 are generally considered as

moderate (Balloux and Lugon-Moulin 2002). The diver-

gence between the two genetic clusters in our study area is

nevertheless notable compared with wolves in the Cana-

dian Rocky Mountains studied with nine of the same

markers (Thiessen 2007). Thiessen found similar diver-

gence values (FST = 0.0306–0.0552) between four popu-

lations (n = 92–129) separated by larger geographic

distances ([100 km). Previous studies have also shown

moderate short-distance genetic structure in mobile species

such as wolverines, lynx, and coyotes (Cegelski et al. 2003;

Rueness et al. 2003; Sacks et al. 2004; Guillot et al. 2005)

in areas without obvious barriers. However, historical

ecological discontinuities potentially combined with the

shy nature of some species and subsequent low tolerance of

humans could not be excluded.

Our results are consistent with the findings of distinct

mtDNA haplotypes in the RMNP population that have not

been reported outside the Park (Lehman et al. 1991; Geffen

et al. 2004; Stronen et al. 2010). mtDNA haplotypes of

gray wolves and eastern wolves have been identified in the

Duck Mountains, whereas eastern wolves appear rare or

absent from RMNP based on samples identified to date

(Wilson et al. 2000; Stronen et al. 2010). A mtDNA study

including the RMNP region that examined 20 recent

samples from RMNP, found 19 individuals with gray wolf

haplotypes and one that clustered with New World haplo-

types identified in coyotes and eastern wolves (Stronen

et al. 2010, GenBank accession numbers HM014451–

HM014467).

It is possible that the presence of different wolf types

contributes to genetic differentiation between animals

found in RMNP and those occurring in the Duck Moun-

tains and central Manitoba. We nonetheless believe that

such a situation would constitute a proximate reason for

population structuring in our study area. Prey species

commonly used by eastern wolves in Algonquin Provincial

Park in Ontario such as moose, deer, and beaver (Forbes

and Theberge 1996; Loveless 2010) are abundant in

RMNP. Wolf body mass for RMNP individuals sampled

during 1999–2004 was approximately 36 kg for females

(n = 12) and 39 kg for males (n = 8) (Stronen et al. 2010).

Hence, it is doubtful that RMNP wolves would physically

exclude immigrating eastern wolves. New results also

indicate that individuals with a mixture of eastern/Great

Lakes and gray wolf genetic material are common in the

Great Lakes region (Fain et al. 2010; Wheeldon et al. 2010;

vonHoldt et al. 2011). Importantly, we cannot exclude the

possibility that local adaptive differences, including pred-

ator–prey relationships, could affect wolf genetic structure.

Recent findings also suggest habitat discontinuities and

foraging behaviour cause genetic differentiation within

grey wolves of British Columbia, Canada (Muñoz-Fuentes

et al. 2009). Based on the similar habitat and prey species

found in RMNP and surrounding areas, we would none-

theless expect eastern-grey admixed individuals to be

common in RMNP if dispersal into the Park was frequent.

The question therefore remains as to why eastern or east-

ern-gray admixed wolves appear not to be (effectively)

dispersing into RMNP.

Our results indicate that human-caused fragmentation of

a landscape without physical barriers to movement can

reduce gene flow and cause cryptic genetic population

structure in highly mobile organisms on fine spatiotempo-

ral scales. We found significant genetic structure in a vagile

species that is: (1) not influenced by barriers or historical

ecological discontinuities in our study area and; (2) able to

live relatively close to humans if shown tolerance (Fuller

et al. 2003). Ecological or behavioural factors (including

prey distribution and natal habitat-biased dispersal) might

now influence gene flow. However, such potential influ-

ences are unlikely to have become established without

prior fragmentation. We believe our findings are significant
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because they suggest that human-caused fragmentation can

have more profound consequences for gene flow than

previously thought. This influence can act relatively

quickly, which seems consistent with rapid responses to

human-induced landscape change reported over recent

years (Ashley et al. 2003). Long-term monitoring is needed

to establish whether differentiation between population

clusters may be increasing.

Human tolerance of wolves is often limited. Many local

residents believe there are ‘too many wolves’ (Stronen

et al. 2007), whereas effective dispersal in the landscape

matrix remains low. Our research in the RMNP-region

demonstrates that both situations can occur simultaneously,

which has important implications for long-term conserva-

tion of carnivores. The Great Plains is now an intensely

human-managed landscape (Guertin et al. 1997) and sim-

ilar results may be found for other vagile species. Con-

servation planning for wide-ranging and low-density

species in uninterrupted landscapes modified by human

development should therefore consider more conservative

predictions of gene flow to isolated sites.
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