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heterozygosity and allelic richness were not significantly 
different between years. However, population genetic struc-
ture increased and effective migration decreased among the 
sampled wolves. While the role of anthropogenic harvest 
in these changes cannot be distinguished from other con-
founding factors, this analysis suggests that harvest has a 
non-negligible effect and indicates the need for continued 
study to determine whether harvest-induced changes in 
genetic structure affect the evolutionary trajectory of har-
vested populations.

Keywords Canis lupus · Population genetics · Hunting · 
Dispersal · Gene flow

Introduction

Understanding how human harvest affects wild populations 
is important for maintaining consistency between hunt-
ing and trapping regulations and long-term conservation 
goals. Science-based harvest management is often effec-
tive at regulating population sizes and reducing human-
wildlife conflicts, but excessive harvest can lead to reduced 
genetic diversity or altered population structure (Allendorf 
et  al. 2008). Specifically, excessive harvest can substan-
tially reduce a species’ ability to respond to environmental 
change or anthropogenic disturbances and alter a species’ 
evolutionary trajectory (Coltman 2008; Frankham 2005).

Harvest may drive evolution via genetic drift, natural 
selection, or gene flow. As population size decreases, loss 
of genetic variation in a population accelerates (Reed and 
Frankham 2003; Frankham 2005) and the impact of genetic 
drift and potential for inbreeding depression both increase 
(Frankel and Soulé 1981). Selective harvest alters natu-
ral selection if particular phenotypes and their underlying 

Abstract The genetic effects of harvest may be especially 
important in species that form social groups, such as gray 
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genotypes are favored. This can lead to demographic and 
phenotypic shifts in the population, such as earlier age at 
maturation in Atlantic cod and other fishes (Kuparinen and 
Merilä 2007), decreased horn sizes in trophy ungulates 
(Coltman et  al. 2003), and decreased size and weight at 
sexual maturity in salmonid fishes (Hard et al. 2008). Hunt-
ing could also drive natural selection by (a) reducing the 
overall fitness of the population if the fittest individuals 
are removed, (b) improving population fitness by removing 
the weakest individuals, or (c) changing the fitness land-
scape by making harvest-avoidance strategies selectively 
advantageous. The selective role of harvest and its genetic 
consequences in wild populations have been explored and 
reviewed extensively (e.g. Harris et  al. 2002; Frankham 
2005; Fenberg and Roy 2008; Milner et al. 2007; Allendorf 
and Hard 2009).

Finally, harvest can significantly affect dispersal 
and gene flow between populations. Dispersal gener-
ally increases fitness when habitat quality is heterogene-
ous in time and space (Olivieri et  al. 1995; Ronce 2007), 
reduces kin competition (Hamilton and May 1977; Frank 
1986; Ronce 2007), and reduces inbreeding (Greenwood 
et  al. 1978; Waser et  al. 1986). Dispersal plays an essen-
tial role in maintaining genetic diversity in many species 
and can aid in the genetic recovery of a population from 
harvest (Allendorf et al. 2008). However, these advantages 
must outweigh the disadvantages of dispersal, which may 
include greater energy expenditure, increased predation, 
reduced survival or reproductive success in a new envi-
ronment, and increased competition in a new environment 
(Garant et  al. 2007). In cooperative breeders, four factors 
mediate an individual’s choice to delay dispersal: the ben-
efits gained by remaining in its natal group, its relatedness 
to other individuals in the group, whether the individual is 
tolerated by the dominant members of the group (e.g. its 
parents), and constraints that limit opportunities for estab-
lishing a territory and reproducing on its own (Koenig et al. 
2016). Due to the interplay between these factors, dispersal 
behavior is often plastic, with individual organisms modi-
fying their dispersal behavior (timing, distance, and direc-
tion) in response to biotic and abiotic changes (Garant et al. 
2007; Ronce 2007).

Gray wolves (Canis lupus) live in family-based social 
groups and depend on dispersal primarily for inbreeding 
avoidance and reduced kin competition (Mech and Boi-
tani 2003). Packs are territorial and generally contain a 
dominant unrelated breeding pair and their offspring from 
multiple years (Mech 1999). Juvenile wolves of both sexes 
typically disperse from their natal packs following sexual 
maturity (Gese and Mech 1991) to establish their own 
packs, with most wolves dispersing between 11 and 24 
months of age (Mech and Boitani 2003). However, juve-
niles will remain in the natal pack longer if resources allow 

and lower dispersal rates have been documented in areas or 
time periods with higher ungulate densities (Ballard et al. 
1987; Gese and Mech 1991). Here, we consider pups to be 
wolves <1 year of age, and these individuals are expected 
to still live in their natal packs. Juveniles are the dispersers, 
between 1 and 2 years of age, and wolves >2 years of age 
are considered adults.

At low harvest rates, wolf packs and populations com-
pensate for harvest-related mortality through changes in 
recruitment rates (Ballard et  al. 1987; Sparkman et  al. 
2011) and dispersal behavior (Adams et al. 2008). High lev-
els of harvest make dispersal riskier, reducing emigration 
rates, dispersal distances, and survival of dispersers from 
harvested areas (McCullough 1996; Newby et  al. 2013). 
This decreases gene flow between populations (Harris et al. 
2002) and potentially reduces population resilience (Adams 
et  al. 2008). In addition, weaker intraspecific competition 
in harvested areas may lead to increased immigration from 
unharvested populations (Adams et  al. 2008; Webb et  al. 
2011). This creates a source-sink dynamic between popu-
lations: areas with high harvest rates become sink popula-
tions as individuals from lightly harvested populations dis-
perse into those areas (Andreasen et al. 2012; Newby et al. 
2013). Each of these factors may impact a population’s 
genetic structure as a result of anthropogenic harvest.

Unharvested packs generally exhibit high intra-pack 
relatedness and are more closely related to nearby packs 
than those farther away (Wayne and Vilà 2003), result-
ing in a pattern of isolation by distance (IBD; Rutledge 
et  al. 2010). Spatially heterogeneous reductions in wolf 
density can increase immigration into and/or decrease 
emigration from an area (Adams et  al. 2008) by relax-
ing resource competition. Unrelated juvenile dispersers 
may be ‘adopted’ into packs subject to harvest (Lehman 
et al. 1992; Grewal et al. 2004; Jędrzejewski et al. 2005), 
reducing average relatedness and increasing genetic vari-
ability within packs. Territory turnover resulting from 
breeder turnover and pack dissolution at high levels 
of harvest can lead to greater genetic homogenization 
among wolves across the harvested population (Brain-
erd et  al. 2008; Rich et  al. 2012; Caniglia et  al. 2014). 
Such increased movement of individuals between packs 
in heavily harvested populations and recruitment of out-
side wolves into the harvested population may increase 
population-wide genetic homogeneity and reduce genetic 
structure (Jędrzejewski et  al. 2005). If this is the case, 
a breakdown of IBD, decrease in genetic structure, and 
increase in genetic diversity should be detectable in a 
newly harvested wolf population. Alternatively, reduced 
dispersal rates from harvested areas due to low wolf 
densities and increased disperser mortality could reduce 
gene flow between subpopulations, which would result 
in increased differentiation between subpopulations and 
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reduced genetic diversity. Though much energy has been 
put into research on the ecology, social structure, and 
dynamics of wolf populations (reviewed in Fritts et  al. 
2003; Boitani 2003), little research has focused on the 
total effect of anthropogenic harvest on wolves and how 
this relates to the genetics of wolf populations.

In this study, we analyzed genetic diversity and popula-
tion structure before and after the onset of harvest-based 
wolf management in Minnesota. Wolves were protected 
under the Endangered Species Act (ESA) in the contigu-
ous United States from 1974 to 2012, during which time 
anthropogenic wolf mortality from legal removal follow-
ing wolf depredation on livestock or pets occurred, as well 
as an unknown amount of illegal harvest. In Minnesota, 
depredation control resulted in the mortality of 5–8% of 
the estimated population per year between 1988 and 2012 
(USFWS Twin Cities Ecological Services Field Office 
2014). The Great Lakes Distinct Population Segment 
(including Minnesota, Wisconsin, and Michigan) was del-
isted under the ESA in 2012, returning wolf management to 
state agencies. Public harvest in Minnesota in 2012 resulted 
in the hunting and trapping of 413 wolves, in addition to 
296 wolves killed for depredation control. This was the 
highest recorded anthropogenic mortality rate of wolves in 
Minnesota in recent history (approximately 24% of the esti-
mated adjusted population size; Fig. S1).

Fuller (1989) predicted that harvest rates up to 28% 
of the Minnesota wolf population should be sustainable. 
However, even with a sustainable harvest, there may be 
genetic consequences for a population, such as changes in 
gene flow or genetic structure, which may be evident even 
within one generation. We hypothesized that if the realized 
anthropogenic mortality rate of 24% was genetically neutral 
for the Minnesota wolf population, then we would see no 
population-wide change in genetic indices and population 
structure between samples collected prior to legal harvest 
and the population sampled after harvest. If the harvest rate 
was high enough to create detectable genetic changes, we 
anticipate that either (a) population structure and differenti-
ation between clusters both increased because of decreased 
natal dispersal and increased disperser mortality; or (b) 
population structure decreased and genetic diversity and 
homogeneity increased resulting from an increase in immi-
gration from outside the population.

We tested our hypotheses using hunter-harvested sam-
ples from a “pre-harvest” and “post-harvest” population, 
focusing primarily on genetic diversity, gene flow, and pop-
ulation structure. We analyzed changes in genetic diversity, 
effective population size, and spatial population genetic 
structure of wolves in Minnesota over this two-year sam-
pling period to provide insight into the short-term effects 
of increased anthropogenic mortality on dispersal and gene 
flow in harvested wolf populations.

Methods

Samples and study area

Muscle tissue samples were collected from legally har-
vested wolves during carcass inspection by the Minnesota 
Department of Natural Resources (MNDNR) during the 
2012–2013 (“pre-harvest”, n = 413) and 2013–2014 (“post-
harvest”, n = 238) wolf harvest seasons. Harvest was lower 
in the second year of sampling due to regulation changes. 
We considered the first year of harvest a “pre-harvest” sam-
ple, because the anthropogenic mortality rate prior to the 
first legal harvest (including depredation control and illegal 
harvest) was relatively low and constant over the previous 
30-year period. Hunters and trappers reported the county, 
township, range, and section of harvest. We determined the 
age of all individuals using cementum annuli counts (Stark 
and Erb 2013). Harvest sex ratios were approximately 
50:50 in both years (Stark and Erb 2013, 2014). Juveniles 
typically represent the single largest cohort in Minnesota 
wolves (Mech 2006), and this is reflected in the age dis-
tribution of harvested wolves in both years (Stark and Erb 
2013, 2014). Minnesota wolf range encompasses most of 
the forested portion of the state, and harvest samples were 
distributed throughout this area in both years (Fig. 1).

Laboratory methods

We extracted DNA from muscle tissue samples using the 
GeneJET Genomic DNA Purification Kit (ThermoScien-
tific, Waltham, MA, USA). Extractions followed kit proto-
col, with modifications to improve DNA concentration and 
purity. We quantified DNA and diluted it for downstream 
analyses. We PCR-amplified one Y-chromosome locus 
(SRY; Meyers-Wallen et al. 1995) and two X-chromosome 
microsatellites (FH2548, FH2584; Richman et  al. 2001) 
in a multiplex reaction to confirm extraction success and 
determine the sex of each sample. We scored results based 
on presence of the X-chromosome bands (for extraction 
success) and the presence of an SRY band (for sex deter-
mination) using agarose gel electrophoresis. We extracted 
additional muscle tissue for individuals that did not have 
positive DNA quantification or sex-determination results, 
and omitted samples with two failed extractions.

We then amplified the DNA at 20 autosomal microsat-
ellite loci and two x-linked microsatellites used previously 
in C. lupus studies, based on C. lupus familiaris micro-
satellites (Table  S1). These included 14 tetranucleotide 
repeat loci (FH2054, FH2422, Breen et al. 2001; FH3313, 
FH3725, FH3853; Guyon et  al. 2003; FH2004, FH2611, 
FH2785, FH3965; Francisco et  al. 1996; PEZ06, PEZ08, 
PEZ11, PEZ12, PEZ15, J. Halverson in; Neff et al. 1999) 
and six dinucleotide repeat loci (CPH3, Fredholm and 



1094 Conserv Genet (2017) 18:1091–1104

1 3

Winterø 1996; C05.377, C10.213; Ostrander et  al. 1993; 
Ren106I06, Ren169O18, Ren239K24; Breen et  al. 2001). 
These 20 autosomal microsatellites represent 17 of the 38 
total C. lupus chromosomes, with only three locus pairs on 
the same chromosomes (C10.213 and FH2422 on CFA10, 
Ren169O18 and Ren239K24 on CFA29, PEZ15 and 
C05.377 on CFA5; Neff et  al. 1999). The two x-chromo-
some tetranucleotide repeat loci were FH2548 and FH2584 
(Richman et  al. 2001). Loci FH3965, PEZ15, FH2054, 
and C10.213 were later removed from analysis due to low 
amplification success, resulting in 18-locus genotypes for 
downstream analyses.

We amplified microsatellites in a combination of sin-
gle and multiplex reactions (Table S1) using M13-labeled 
forward primers (Schuelke 2000). Each reaction con-
tained 2  ng of template genomic DNA, 1X GoTaq Flexi 
buffer, 2  mM  MgCl2, 0.2  mM dNTPs, 0.5  ng/µl bovine 
serum albumin, 0.08  µM unlabeled forward primer, 
0.8  µM reverse primer, 0.8  µM M13-labeled fluorescent 
primer, GoTaq DNA polymerase (Promega, Madison, WI, 
USA), and sterile water to reach 13  µl total volume. We 

PCR-amplified products using 2 min denaturation at 95 °C 
followed by 30 amplification cycles of 30 s at 95 °C, 30 s 
at the locus- or multiplex-specific annealing temperature 
(Table  S1), and 1  min at 72 °C, and with a final 10  min 
extension at 72 °C. We combined PCR products into geno-
typing panels (Table S1), which were analyzed on an ABI 
3730xl capillary genetic analyzer at the University of Min-
nesota Biomedical Genomics Center. We scored alleles 
using Genemarker (v.2.6.0, SoftGenetics LLC) and ampli-
fied uncertain alleles a second time to confirm genotypes.

Error checking

To estimate accuracy in genotyping results, five or more 
randomly chosen individuals were re-amplified at each 
locus. We calculated the presence and frequency of micros-
atellite errors such as allelic dropout, false alleles, and null 
alleles using Microchecker (Van Oosterhout et  al. 2004). 
We also estimated null allele frequency for each locus 
and polymorphic information content (PIC) using cervus 
(Kalinowski et al. 2007).

Fig. 1  Sampling locations for pre-harvest wolf samples (dark circles, 
n = 413) and post-harvest samples (light circles, n = 238) used in this 
study. The shaded area represents the current estimated occupied wolf 

range in Minnesota, adapted from Erb and Sampson (2013). (Color 
figure online)
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Genetic diversity and inbreeding.

We estimated observed  (Ho) and expected  (He) heterozy-
gosities and the number of alleles  (NA) in Arlequin (v3.5, 
Excoffier and Lischer 2010). We used FstAt (Goudet 1995) 
to calculate allelic richness  (AR) and fixation index  (FIS) for 
each locus individually and each sampling year as a whole. 
We used the linkage disequilibrium method in neestiMAtor 
(v2, Do et  al. 2014) to estimate effective population sizes 
for each sampling year assuming monogamy and excluding 
alleles with a frequency <0.01. Though the assumption of 
monogamy rather than random mating can inflate estimates 
of  Ne in a population, we were particularly interested in the 
relative  Ne in pre-harvest and post-harvest populations, and 
using  Ne as a measure of the strength of drift as an evolu-
tionary force acting on the population, rather than absolute 
 Ne for each year. While wolves are not strictly monoga-
mous, the breeding pair generally remains together unless 
one of the pair dies (Milleret et  al. 2016) and not every 
wolf breeds in a population, and thus we chose to assume 
monogamy.

Population structure

We used Bayesian genotype assignment in structure 
(v2.3, Pritchard et al. 2000) to infer the most probable num-
ber of genetically distinct clusters and to estimate admix-
ture proportions within each of those clusters. In struc-
ture, genotypes are assigned a probability of membership 
(Q) in each of K genetic clusters, where K represents the 
a priori specified number of genetic subpopulations. We 
ran the admixture model of structure assuming correlated 
allele frequencies from K = 1 to K = 10, three times each for 
500,000 iterations following a 50,000 iteration burn-in for 
each of the two sampling years. Due to uneven sample sizes 
between the 2 years, we subsampled the pre-harvest sample 
set by (1) removing those individuals with the most miss-
ing data, followed by (2) selecting the nearest individual 
without replacement for each post-harvest sample, resulting 
in a geographically paired subsample set. We used a com-
bination of inspecting the log-likelihood of the probability 
of the data (lnP(D)) for each value of K and the ∆K method 
(Evanno et al. 2005), implemented in structure hArvester 
(Earl and VonHoldt 2012), to determine the most probable 
number of clusters K for each sampling year. We then ran 
structure again at the most probable K value for 10 runs, 
from which the individual assignment probabilities were 
averaged using cluMpp (Jakobsson and Rosenberg 2007) 
to obtain final values (Q) of cluster assignment and admix-
ture for each individual. We categorized individuals with 
any Qi ≥ 0.6 as belonging to cluster i, and those with all 
Qi < 0.6 as admixed. We used  FST and admixture (α) values 
to characterize differentiation between structure-produced 

clusters, and determined significance via permutation in 
FstAt (Goudet 1995).

structure can overestimate genetic divisions in popu-
lations displaying a pattern of genetic IBD if IBD is not 
accounted for (Frantz et al. 2009; Schwartz and McKelvey 
2009). To test for IBD, we used Mantel tests of the corre-
lation between log-transformed Euclidean geographic dis-
tance and linear genetic distance (â, Rousset 2008) between 
each pair of individuals in Arlequin (v3.5, Excoffier and 
Lischer 2010). Rousset’s â genetic distance is appropriate 
for individuals at a small scale in a continuously distributed 
population (Rousset 2000) and thus was chosen for our 
analyses.

In addition to Mantel tests to quantitatively determine 
whether genetic distances could be explained by IBD, we 
used spatial structure analysis in GenAlex (v6.501, Peakall 
and Smouse 2012) at 50 km distance categories, with 999 
permutations and 9999 bootstraps. Spatial structure analy-
sis computes the correlation coefficient between genetic 
distance (Rousset’s â, calculated in Genepop) and geo-
graphic distance for individuals within certain geographic 
distance bins, to determine whether the correlation changes 
as the geographic distance changes (Smouse and Peakall 
1999). We expected wolves within the distance of a pack 
territory (~15–20 km diameter) to be highly related to one 
another, with decreasing relatedness at larger distances.

Geographic distribution of clusters

The locations reported by hunters to the MNDNR upon 
wolf carcass inspection were mapped to the centroid of the 
reported section. These locations represent the locations 
where wolves were harvested, rather than known pack loca-
tions, which introduces uncertainty into the analysis due to 
the highly mobile nature of wolves [individuals may travel 
14  km from one side of their territory to the other (Erb 
et al. 2014) and may disperse hundreds of kilometers (Fritts 
1983)]. The mapped locations are accurate to the harvest 
location within the distance of a section (1.1  km). Popu-
lation cores for structure-defined clusters were visualized 
by computing “hotspots” for each cluster using Getis-Ord 
G* hot spot analysis (Getis and Ord 1992) in ArcMAp 
(v.10.2.2, ESRI), based on Q-values from structure. Mini-
mum convex polygons (MCP) were drawn around all of the 
sample points with 95% hotspot significance (to delineate 
the 95% core) and 99% hotspot significance (to delineate 
the 99% core) for each cluster.

To visualize spatial patterns of gene flow, we used the 
individual-based estimated effective migration surfaces 
(EEMS) program (Petkova et  al. 2014). Cluster-based 
methods of determining gene flow have traditionally been 
used in genetic structure analyses, but these are not well 
suited for use in populations with continuous patterns of 
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genetic variation, such as those exhibiting IBD (Rousset 
2000). EEMS models gene flow across a landscape as a 
function of individual-based migration rates (Petkova et al. 
2014), calculated using a stepping stone model (Kimura 
and Weiss 1964). Interpolated migration surfaces delineate 
areas with higher than expected estimated migration rates 
(i.e. corridors for gene flow) and those with lower than 
expected estimated migration rates (i.e. barriers to gene 
flow). We averaged three runs each of 5,000,000 MCMC 
iterations (sampled every 1000 steps following a 1,000,000 
step burn-in) with 50, 150, 200, 300, and 400 demes to 
produce the final EEMS surfaces. We chose this range of 
demes because the 400-deme (170  km2 deme size) grid 
falls within the range of average wolf pack territory size for 
Minnesota (78–260  km2; Fuller 1989; Fuller et  al. 1992; 
Erb et al. 2014), while the 50-deme grid (1800 km2 deme 
size) can detect processes occurring on a larger scale.

Historical migration rates

We used MiGrAte (v3.6, Beerli and Palczewski 2010) to 
estimate the historical migration rates between struc-
ture-defined clusters in the Minnesota wolf population. 
In MiGrAte, the single step stepwise mutation model was 
chosen with a threshold of 100 bp (maximum 100 bp differ-
ence between alleles at a given locus), with  FST used as the 
start parameter for population mutation rate (θ) and migra-
tion rate. A Bayesian Markov Chain Monte Carlo (MCMC) 
search strategy was used with 500,000 steps sampled fol-
lowing 100,000 burn-in steps.

Results

Microsatellite genotyping and genetic diversity

A total of 634 samples (401 from pre-harvest, 233 from 
post-harvest) were successfully amplified at 16 or more 
microsatellite loci and included in analyses. Individuals 
with fewer than 16 successful loci were not included in 
any analyses. All 18 microsatellite loci were polymorphic 
in both sample years. Error analysis indicated the presence 
of null alleles in Ren106I06, PEZ11, FH2004, and PEZ08, 
with an average null allele frequency of 0.047 (SE = 0.011). 
Expected heterozygosity  (He) for loci ranged from 0.59 to 
0.92 and observed heterozygosity  (Ho) ranged from 0.29 to 
0.88 (Table S1), indicating high overall genetic diversity in 
the population. The combined set of samples had  He and 
 Ho that were not significantly different from one another 
(Table 1;  He = 0.82 ± 0.08,  Ho = 0.72 ± 0.15).

In comparing genetic diversity indices between years, 
we found no significant differences. The estimated effec-
tive population size was slightly but not significantly lower 

in the post-harvest samples than in the pre-harvest sam-
ples, and other measures of genetic variation also indicate 
a slight but generally non-significant decrease in variation 
from pre-harvest to post-harvest (Table 1).

Population genetic structure

Based on the subsampled data set, the most probable num-
ber of clusters K for the pre-harvest sample was 3, while 
the most probable number of post-harvest clusters was 
4. Inspection of posterior probabilities and deltaK plots 
(Evanno et al. 2005) for both years supported these infer-
ences (Fig. S2, S3). In the pre-harvest year, individuals 
were roughly equally split among the three clusters (30, 
22, and 30%) and 16% did not have any clustering assign-
ment Qi > 0.6 (Fig. 2). The admixture coefficient (α) was 
0.10, average  FST = 0.029, and the mean sample size-cor-
rected number of migrants between clusters per generation 
 (Nm) calculated using the private alleles method was 8.2 
(Table 2). Post-harvest, individuals were less equally split 
(23, 19, 11, and 20%) and 27% were considered admixed 
(Fig.  2). These post-harvest clusters had α = 0.096, mean 
 FST = 0.043, and a mean  Nm of 7.2 individuals per genera-
tion. These three pre-harvest and four post-harvest clusters 
were used for all downstream cluster-based analyses.

In both years, the Getis-Ord G* hot spot analysis of 
the locations produced population cores generally cor-
responding to the south-central (SC, cluster 1), northeast 
(NE, cluster 2), and northwest (NW, cluster 3) areas of 
wolf range in Minnesota, with an additional north-central 
(NC, cluster 4) cluster in the post-harvest year  (Fig.  3a, 
c). Pre-harvest, the core areas of the three clusters (using 
α = 0.01) were generally mutually exclusive, with the 
NE core smallest and NW core largest (Fig.  3c). The 
cores at α = 0.05, however, overlap in the central part 

Table 1  Summary of population genetic diversity indices for Minne-
sota wolves harvested in the 2012–2013 (pre-harvest) and 2013–2014 
(post-harvest) seasons

Parenthetical values for  Ne show 95% confidence intervals for estima-
tion using the linkage disequilibrium method, implemented in nees-
tiMAtor

Statistic Pre-harvest Post-harvest

Number of individuals 401 233
Mean allelic richness  (AR) 13.12 12.17
Frequency of private alleles 0.0087 0.024
Observed heterozygosity  (Ho) 0.715 ± 0.149 0.717 ± 0.147
Expected heterozygosity  (He) 0.816 ± 0.082 0.812 ± 0.078
Fixation index  (FIS) 0.124 0.117

(p = 0.0024) (p = 0.0029)
Effective population size  (Ne) 642 (596–694) 588 (526–665)
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of wolf range, with the SC core extending across much 
of the southern region. Post-harvest, the cores were 
similar to one another in size (excepting the small SC 
core) and shaped differently than the pre-harvest cores 
(Fig. 3d). The cores at α = 0.05 overlap less than they do 
pre-harvest, supporting the  FST and  Nm results suggest-
ing increased differentiation and decreased migration 
between post-harvest clusters when compared to the pre-
harvest sample (Table 3).

Geographic distribution of clusters

Mantel tests were used to determine whether there was a 
significant correlation between genetic distance (â) and the 
log-transformed geographic distance between individuals. 
The pre-harvest and post-harvest sample years were both 
significantly geographically structured, such that genetic 
distance could be explained at least in part by geographic 
distance (Table  4; p < 0.001). However, this correlation 
explained <1% of the variation in both the pre- and post-
harvest samples. All three pre-harvest clusters also had 
significant correlations between genetic distance and geo-
graphic distance (all p < 0.01), and the same was true for 
the four post-harvest clusters (all p < 0.05). All correlation 
coefficients (r) in both years were less than 0.28.

This difference in genetic structuring with distance 
was also evident in the spatial structure analyses for pre- 
and post-harvest. In the pre-harvest samples, genetic dis-
tance and geographic distance were correlated for the 
combined sample set at close distances and the correla-
tion weakened with increasing distance (Fig. S4), indi-
cating IBD within the first two distance classes and a 
breakdown of IBD for samples in bins greater than 50 km 
(intercept: 98  km). The correlograms for spatial struc-
ture analysis were significantly different from r = 0 in 

Fig. 2  Bayesian clustering assignments at K = 3 from structure for 
n = 233 wolves from the pre-harvest sample and at K = 4 for the post-
harvest sampling year. In both graphs, each vertical bar corresponds 
to an individual wolf, and the colors of each bar correspond propor-
tionally to that individual’s probability of cluster membership to the 

south-central (blue), northeast (green), northwest (yellow), and north-
central (red) clusters. Samples are separated by cluster assignment, 
with unassigned (admixed) individuals as the final group. Individu-
als were assigned to clusters using a cutoff value of 60% (Q = 0.6). 
(Color figure online)

Table 2  Summary of differentiation between structure-identified 
clusters in each sampling year, using a geographically-paired subset 
of individuals for the pre-harvest year

Population differentiation  (FST) and mean sample size-corrected num-
ber of migrants  (Nm) per generation (using the private alleles method) 
were calculated in Genepop. The significance level of differences 
between years is based on 1000 permutations in FstAt

Pre-harvest Post-harvest Significance
n = 233 n = 233

Number of clusters (K) 3 4
Admixture (α) 0.10 0.095 p > 0.05
Mean  FST 0.029 0.046 p = 0.34
Mean  Nm 8.2 7.2 p < 0.05
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the pre-harvest sample set as a whole (p = 0.001), as well 
as in the northeast (p = 0.02) and northwest (p = 0.001) 
populations individually, but only marginally significant 

in the south-central population (p = 0.05). In the post-har-
vest sampling year, the sample set as a whole and all four 
structure-defined clusters had individual correlograms 

Fig. 3  Spatial analysis of structure-assigned Bayesian clustering 
results. a Maps of individuals assigned to each of the three clusters, 
and admixed individuals (Ad) with no cluster assignment, from pre-
harvest samples. b Getis-Ord G* Hotspot analysis cores (solid: sig-
nificant at 99% confidence, hollow: 95% confidence) for the three 

populations in the pre-harvest year, based on Q-values derived from 
structure analyses. c Locations for individuals assigned to each of 
the clusters, and admixed individuals, for the post-harvest samples. 
d Hotspot analysis-derived cores for the post-harvest sampling year. 
(Color figure online)

Table 3  Differentiation 
between structure-defined 
clusters in pre-harvest and post-
harvest years

Clusters are named by their geographic location within wolf range in Minnesota (SC south-central, NE 
northeast, NW northwest, NC north-central).  FST values are below the diagonal; numbers above the diago-
nal are the number of migrants between clusters, calculated based on  FST values. All  FST values are signifi-
cant with p < 0.001

Pre-harvest Post-harvest

SC NE NW SC NE NW NC

SC 8.1 8.1 6.9 5.3 7.6
NE 0.030 8.4 0.035 5.1 5.8
NW 0.030 0.029 0.045 0.047 4.1
NC 0.032 0.041 0.057
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that were significantly different from the null hypothesis 
of no correlation (p < 0.001), although the r values were 
smaller than pre-harvest  (maximum  r  =  0.021  ±  0.003; 
Fig. S4), indicating weaker correlation between genetic 
and geographic distances. The post-harvest sample set as 
a whole had an intercept of 91 km, which was not signifi-
cantly different from the pre-harvest intercept. However, 
the average x-intercept of the four post-harvest clusters 
separately was 42.1  km (s.d. = 3.8), while the average 
x-intercept of the three pre-harvest clusters separately 
was 56.3 km (s.d. = 21.8). This suggests that IBD breaks 
down at a smaller distance following harvest than it did 
before harvest began.

Population bottlenecks and historical gene flow

We produced individual-based effective migration sur-
faces for each year using EEMS (Fig.  4). Using the sub-
sampled  pre-harvest samples, there is an area of high 
resistance to gene flow in the west-central portion of wolf 
range in Minnesota (Fig.  4). In addition, a resistive band 
runs east to west across wolf range, generally following 
Highway 2 across the state. Gene flow corridors lie in the 
northeast, south, and northwest parts of wolf range in the 
state, roughly corresponding to the core areas for each of 
the three structure-defined clusters. Following harvest, 
the effective migration surface has a larger proportion of 

Table 4  Mantel test results for 
samples from the pre-harvest 
and post-harvest sampling years 
using 1000 permutations

Clusters (SC, NE, NW) refer to STRUCTURE assignments, with a cutoff of Q = 0.6. Significant IBD at 
α = 0.05 was found in the pre-harvest samples as a whole, as well as within the individuals assigned to 
each of the pre-harvest clusters. Post-harvest, the samples as a whole had significant IBD and all clusters 
had weakly significant IBD. All significant IBD relationships had small correlation coefficients, indicating 
weak association despite being significant
*p < 0.05; **p < 0.01; ***p < 0.001

Pre-harvest Post-harvest

All SC NE NW All SC NE NW NC

Number of individuals 233 69 51 74 233 53 45 25 46
Mean genetic distance (â) 0.09 0.09 0.04 0.08 0.10 0.08 0.04 0.09 0.10
Regression coefficient (b) 0.011 0.010 0.013 0.026 0.010 0.011 0.011 0.044 0.011
Correlation coefficient (r) 0.098 0.093 0.14 0.15 0.087 0.088 0.11 0.28 0.095
Significance *** ** *** *** *** * * * **

Fig. 4  Individual-based EEMS analysis of effective migration rates 
(m) for the pre-harvest and post-harvest samples. Colored regions 
indicate areas that deviate from isolation by distance (IBD). Darker 
orange areas have lower than expected effective gene flow, while 

darker blue areas have higher than expected gene flow (i.e. are corri-
dors to gene flow). Migration surfaces are averages of three runs each 
with 50, 150, 200, 300, and 400 demes. (Color figure online)
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resistive (orange-colored) areas than in the previous year 
(Fig.  4). As with the pre-harvest sampling year, the post-
harvest resistance surface has pockets of enhanced gene 
flow in the northeast, south, and northwest parts of wolf 
range in the state, roughly corresponding to the core areas 
for the structure-defined clusters. The larger patch of 
resistive surface between the northwest and north-central 
portions of the state following harvest corresponds to where 
the fourth cluster (NC) is delineated following harvest.

Historical maximum likelihood migration rates, esti-
mated in MiGrAte using the full post-harvest sample set, 
show net effective migration predominantly from the north-
east cluster toward the northwest and south-central clusters 
(Fig. 5). Modal mutation-scaled migration rates in number 
of migrants per generation were highest leaving the NE 
cluster  (MNE−SC = 7.28,  MNE−NW = 16.49) and lowest enter-
ing the NE cluster  (MSC−NE = 0.0065,  MNW−NE = 0.012). 
Estimated migration rates between the NW and SC clusters 
were similar to or slightly lower than the emigration rates 
from the NE cluster  (MNW−SC = 4.02,  MSC−NW = 7.83). This 
directionality of historical migration shows wolves dispers-
ing from the interior of the range toward the edge of known 
wolf range in Minnesota.

Discussion

In this study, we used two consecutive years of harvest sam-
ples from across wolf range in northern Minnesota to deter-
mine whether harvest had detectable short-term impacts 
on population genetic structure and patterns of gene flow 

across the state. Both sampling years had high genetic 
diversity and a slight deficiency in heterozygotes, which 
is common in wolves due to their non-random breeding 
patterns and social structure (Wayne and Vilà 2003). The 
estimated effective population size did not change between 
years, suggesting that genetic drift was not a significantly 
stronger force in the first year post-harvest than it was in the 
time period leading up to harvest. There was evidence for 
reduced local IBD, reduced gene flow, and increased differ-
entiation between clusters in the post-harvest (2013–2014) 
sample set when compared to pre-harvest (2012–2013), 
suggesting that more individual wolves remained in or near 
their natal packs following harvest. Low disperser survival 
and reduced local resource competition due to harvest may 
have both contributed to the observed reduction in gene 
flow. In cooperative breeders, such delayed dispersal often 
increases breeding opportunities (Koenig et  al. 1992) and 
survival (via increased foraging efficiency and protection 
from predation; Alexander 1974), which both increase indi-
vidual fitness (Jennions and Macdonald 1994).

A small portion of the differentiation in the pre-harvest 
samples could be explained by IBD (average r = 0.14), 
whereas the post-harvest clusters had a weaker association 
between genetic and geographic distances (average r = 0.12; 
Table  4). Though weakly significant, this change is also 
evident in the spatial structure differences between pre- and 
post-harvest (Fig. S4). We believe that this reduced IBD 
is indicative of increased homogenization at a local scale. 
Local (within-cluster) genetic structure would decline fol-
lowing a disruption of the normal pack composition and 
territorial mosaic, phenomena which have been correlated 
with increased anthropogenic mortality in wolves (Brainerd 
et  al. 2008). Previous studies have found that more unre-
lated wolves joined harvested packs than unharvested packs 
in Ontario (Grewal et  al. 2004) and Poland (Jędrzejewski 
et  al. 2005), reducing intra-pack relatedness. Increased 
anthropogenic mortality is also associated with increased 
rates of pack dissolution (Brainerd et al. 2008). Both pack 
dissolution and the incorporation of non-related wolves 
into packs would result in decreased local spatial genetic 
structure, and the differences observed here between pre- 
and post-harvest suggest that this may be occurring in 
Minnesota.

In contrast to the local homogenization, population-wide 
differentiation was higher between the post-harvest genetic 
clusters compared to pre-harvest, evidenced by division into 
four subpopulations instead of the three in the year before. 
The smaller number of migrants post-harvest suggests less 
gene flow between clusters and less long-distance dispersal 
between clusters. This is also supported by the decreased 
number of effective migrants post-harvest  (Table  3) and 
by increased geographic separation between cluster cores 
after harvest when compared to before harvest, both at the 

Fig. 5  Historical net migration rates between pre-harvest structure-
defined clusters in Minnesota, as estimated using MiGrAte. Values are 
mutation-scaled net migration rates in numbers of migrants between 
clusters per generation, with directionality of net migration indicated 
by the arrows
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95 and 99% confidence levels. Such decreased dispersal 
rates and emigration rates from harvested areas have been 
observed in wolves in northern Alaska in response to low or 
moderate harvest (Adams et al. 2008). While this seems to 
contrast with the hypothesized increase in adopted wolves, 
there could be increased adoption with reduced gene flow if 
the adopted individuals are not breeding in their new packs. 
In our study, decreased gene flow, increased spatial separa-
tion, and slightly decreased admixture between clusters in 
the post-harvest sample year suggest that there were fewer 
long-distance migrants after the first harvest year. How-
ever, the percentage of individuals categorized as admixed 
increased from 17% in the pre-harvest sample to 27% post-
harvest in our study, suggesting that many individuals still 
have admixed ancestry. Though these numbers suggest 
increased admixture in the first year post-harvest, the post-
harvest number is divided between four clusters instead 
of three, and thus this increase was expected a priori. It is 
unknown if this trend will continue in the years following 
harvest, but these results suggest that harvest corresponds 
with altered dispersal and gene flow patterns in Minnesota 
wolves.

There are areas of reduced gene flow in both sample 
years in the western part of the state, where there are few 
resident wolf packs, less forested area (more farmland and 
prairie grasslands), few state- or federally-managed lands, 
and different prey composition than in northeastern Minne-
sota. Much of this northwestern area of reduced gene flow 
covers land broadly classified as agriculture, upland prai-
rie, prairie woodland, or aspen parkland, all of which are 
more exposed habitat types that may be less favorable wolf 
habitat than the conifer forest types found in the Lauren-
tian mixed forest farther east (Mladenoff et al. 2009; Treves 
et  al. 2009). An east–west band of reduced gene flow in 
2012 corresponds roughly to a highway corridor between 
Duluth, MN, and Grand Forks, ND. Similarly, both years 
have a resistive patch just east of Duluth, MN, in a trian-
gular area surrounded by three highways. Though roads 
themselves do not usually restrict wolf movement across 
a landscape (Mech et  al. 1995; Merrill and Mech 2000), 
areas with highways tend to have higher human population 
densities and are less favorable for wolf dispersal (Thiel 
1985; Mladenoff et al. 1995). Wolves are highly adaptable 
and resilient animals and are not necessarily restricted to 
what has traditionally been considered “favorable” habi-
tat in Minnesota (Mech 2010). However, as wolf densities 
decrease, there are theoretically more opportunities avail-
able for dispersers to disperse to favorable habitat and 
thus less dispersal into areas with unfavorable habitat, as 
seems to be the case in the post-harvest sampling year. In 
other cooperative breeding species, there is evidence for 
individuals changing dispersal behavior (early vs. delayed 
dispersal) based on the quality of available territories 

(Koenig et al. 1992). If most successful wolf pack territo-
ries are in favorable habitat, this may result in smaller dis-
persal distances. However, apparent reductions in dispersal 
would also result from increased disperser mortality in less 
favorable areas, and we cannot distinguish between these 
possibilities in this study.

Increased population genetic structure and a reduction 
in dispersal or disperser survival may result from recent 
increases in anthropogenic mortality in the Minnesota wolf 
population, but further research is necessary to determine if 
harvest is the primary cause of these differences. Reduced 
dispersal suggests that more wolves either remained in their 
natal areas in 2013 or did not successfully disperse. Fewer 
individuals tend to disperse in demographically stable years 
compared to years of declining or increasing population in 
Minnesota (Gese and Mech 1991). The reduced dispersal 
observed here between pre-harvest and post-harvest sam-
ples could presumably result from recent changes in the 
Minnesota wolf population size, rather than decreased dis-
persal resulting from harvest pressures. Because population 
surveys were only conducted every 5 years prior to 2012 
(Fig. S1; Erb et al. 2014), we do not know how the popula-
tion fluctuated between 2007 (the last count prior to har-
vest) and the beginning of harvest in 2012.

The gene flow patterns observed following harvest con-
trast with estimates of historical migration rates, which 
suggest net migration from the interior of wolf range 
(northeastern Minnesota) toward the perimeter in the state. 
We additionally found no evidence for a past bottleneck 
event in the Minnesota wolf population (Supplementary 
Methods). This supports the findings of Koblmüller et  al. 
(2009) for Great Lakes wolves as a whole, and suggests 
that the decline and recovery of wolves in Minnesota is 
more accurately a range contraction and expansion for this 
widely distributed carnivore, rather than a true population 
bottleneck across their contiguous range. As the population 
grew, wolves dispersed toward the edge of occupied range, 
expanding their range southward and westward.

One major assumption underlying our sampling is that 
the first year of harvest (2012–2013) was not selective and 
therefore the harvested wolves represent a random sub-
set of the population. If this assumption is not valid, this 
could bias our results in the following ways: (a) if dis-
persers are more at risk of harvest (Murray et  al. 2010), 
then we may detect more gene flow than the actual level 
of effective migration in the population; (b) if harvest is 
biased toward dispersers and dispersal behavior is a herit-
able trait, as Sparkman et al. (2012) suggest for red wolves 
(Canis rufus), sampling may be biased toward wolves that 
are more related to one another than the general popula-
tion; and (c) if the distribution of ages of harvested wolves 
does not accurately reflect the distribution of ages in the 
population, then sampling may not be representative of the 
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population as a whole. We do not have evidence for har-
vest being biased toward a given age or sex of wolf in the 
years sampled (Stark and Erb 2013, 2014), and no studies 
have found heritability in dispersal in gray wolves (Mech 
and Boitani 2003). However, these assumptions and biases 
should be explored further.

Prey density is also strongly correlated with dispersal in 
wolf populations (Messier 1985; Ballard et  al. 1987) and 
changes in wolf-to-prey ratios between 2012 and 2014 may 
have affected gene flow as well. Decreased wolf densities 
due to hunting pressures increase per-capita prey avail-
ability and reduce the dispersal benefit to juveniles (Ben-
son et al. 2014), and thus prey availability is a confounding 
factor in regulating wolf dispersal. In northern Minnesota, 
wolves primarily prey on moose (Alces alces) and white-
tailed deer (Odocoileus virginianus), with moose more 
important in northeastern Minnesota and deer more impor-
tant in the northwestern part of the state (Fritts and Mech 
1981; Chenaux-Ibrahim 2015). The moose population 
across the state has declined in recent years (Delgiudice 
2014) and white-tailed deer numbers have also declined, 
though numbers have stabilized over the past 5–10 years 
(Grund 2014). The winter of 2013–2014 was especially 
severe, which impacted prey abundance (D’Angelo and 
Giudice 2015) and may have affected wolf movement 
across the state. Further research is needed into climatic 
and resource conditions between pre-harvest and post-har-
vest years to determine how these factors may have influ-
enced wolf dispersal, outside of any effect of harvest. Addi-
tionally, it is possible that the reduction in gene flow simply 
results from most dispersers being harvested, rather than 
altered dispersal behavior, and so investigating patterns in 
dispersal behavior will illuminate the relative importance 
of each of these factors.

This study indicates that genetic effects occur on both 
local and population-wide scales and provides an important 
foundation for further research into the impact of anthro-
pogenic harvest on the population genetic structure of 
wolves. Data over a longer time period will be necessary 
to determine whether the changes observed here continue 
long-term or if genetic responses change across different 
time scales. Monitoring the genetic diversity and structure 
of wild populations will be important in understanding how 
anthropogenic mortality may positively or negatively affect 
these populations. In studying population genetic struc-
ture, we can determine whether gene flow rates are high 
enough to maintain connectivity in fragmented populations 
(Schwartz et al. 2007). The small reductions in gene flow 
observed in this study do not preclude the possibility of fur-
ther decreases in gene flow or an increase in immigration 
from other populations in the long term. In addition, the 
effects observed in this study appear to be different at dif-
ferent spatial scales: local decreases in population structure 

are nested within population-wide increases in genetic 
structure, suggesting that scale is important to detecting 
these changes. Genetic monitoring has been informative in 
many harvested species and will be important for appropri-
ately managing harvested wolves worldwide in the future 
(Schwartz et al. 2007; Creel et al. 2015). Though the West-
ern Great Lakes distinct population segment was re-listed 
under the ESA in 2014 and currently is federally protected, 
harvest-based management is likely to resume in the future 
and this study will be important for long-term population 
monitoring in this population and others.
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