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Abstract

Habitat associations are a function of habitat preferences and dispersal capabilities,

both of which can influence how species responded to Quaternary climatic changes

and contemporary habitat heterogeneity. Predicting resultant genetic structure is not

always straightforward, especially in species where high dispersal potential and habi-

tat preferences yield opposing predictions. The American badger has high dispersal

capabilities that predict widespread panmixia, but avoids closed-canopy forests and

clay soils, which could restrict gene flow and create ecologically based population

genetic structure. We used mitochondrial sequence and microsatellite data sets to char-

acterize how these opposing forces contribute to genetic structure in badgers at a conti-

nent-wide scale. Our data revealed an overall lack of ecologically based population

genetic structure, suggesting that high dispersal capabilities were sufficiently realized

to overcome most habitat-based genetic structure. At a broadscale, badger gene flow is

limited only by geographic distance (isolation by distance) and large water barriers

(Lake Michigan and the Mississippi River). The absence of genetic structure in a spe-

cies with strong avoidance of unsuitable habitats advances our understanding of when

and how genetic structure emerges in widespread, highly mobile species.
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Introduction

Contemporary species distributions are the direct result

of the geological, climatic and ecological conditions that

influenced species’ evolution across landscapes. In

North America, evidence suggests that climatic oscilla-

tions during the Pleistocene represent a major evolu-

tionary force in North America, particularly for

temperate species (Hewitt 2004; Shafer et al. 2010). Taxa

in northern latitudes were displaced by glaciations and

restricted to one or more refugia, and contemporary

patterns of genetic variation often reflect these popula-

tion fluctuations and refugial isolation during the last

glacial maximum (LGM; Hewitt 2000). Comparative

studies in biogeographic hot spots such as the Pacific

Northwest (Shafer et al. 2010) have identified common

ecological factors that impacted how codistributed spe-

cies responded to Pleistocene glaciation. Among these

ecological factors, habitat associations appear to play a

key role in the number of refugia occupied as well as

patterns of recolonization after glaciation. Fossils further

support that habitat associations influenced distribu-

tional changes during the LGM because species with

similar habitat associations formed highly predictable

assemblages within Pleistocene deposits (Graham et al.

1996). Habitat associations also define contemporary

distributions, which suggests that habitat associations

have a powerful influence on overall genetic structure.

A species’ association with a particular habitat is a

function of two factors: its preference to stay in a habi-

tat and its ability to leave a habitat (i.e. dispersal abil-

ity). When a species has strong habitat preferences and

limited dispersal ability, robust habitat associations are

expected, so preferred habitats define genetic structure

(e.g. Murphy et al. 2010; Trumbo et al. 2013; Anderson
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et al. 2015; Barr et al. 2015; Ortego et al. 2015). The

opposite is also true where weak habitat associations

resulting from weak preferences and high dispersal pre-

dict limited genetic structure (e.g. Koblm€uller et al.

2012; Latch et al. 2014). The relationship between habitat

associations and genetic structure becomes less clear

when habitat preferences and dispersal ability oppose

one another, either in a species with weak preferences

and limited dispersal capability or a species with strong

preferences and high dispersal capabilities. Species with

weak habitat associations and limited dispersal gener-

ally exhibit isolation by distance (Wright 1931), but the

most challenging case is a species with evidence for

habitat preferences (e.g. avoidance behaviour) and high

dispersal capabilities. High dispersal may translate to

high gene flow and a lack of genetic structure, but it is

rarely known under what conditions dispersal capabili-

ties are sufficiently realized to alter or override genetic

structure patterns created by habitat preferences. For

example, strong avoidance of unsuitable habitats can

create unexpected genetic structure in highly dispersive,

widespread species commonly viewed as generalists

(e.g. Reding et al. 2012; Row et al. 2012; Moura et al.

2015; Schweizer et al. 2016). Therefore, elucidating when

and how habitat associations drive patterns of genetic

structure in species with high gene flow potential can

fill in knowledge gaps critical for understanding a spe-

cies’ evolution and conservation needs.

In the American badger (Taxidea taxus), high disper-

sal capabilities and strict habitat avoidance create

opposing predictions for genetic structure. High dis-

persal capability could translate to high gene flow in

the absence of large geographic barriers, limiting the

development of population genetic structure. Badgers’

large geographic range includes a number of hypothe-

sized glacial refugia for mammals (Great Plains; Wisely

et al. 2008; Pacific Northwest; e.g. Latch et al. 2009;

Shafer et al. 2010; Great Basin and California; Howard

& Swenson 2005). Pleistocene badger fossils have been

found throughout North America (Long 1972), suggest-

ing that badgers may not have been limited in distri-

bution as open-habitat specialists during the LGM (e.g.

Wisely et al. 2008; Koblm€uller et al. 2012; Castellanos-

Morales et al. 2015). Badgers are also thought to be

highly mobile as demonstrated by their seasonally

large home ranges and juvenile movements after they

leave their natal range (125 km+; Messick & Hornocker

1981). Despite their capability to move large distances,

little reliable information exists about the outcome of

dispersal and previous regional studies have found

contrasting patterns of gene flow (Kierepka et al. 2012;

Kierepka & Latch 2016). Kierepka et al. (2012) found

panmixia whereas badgers in Wisconsin exhibited iso-

lation by distance and a correlation between

agriculture and genetic differentiation (Kierepka &

Latch 2016).

While badgers have high movement capabilities, they

also exhibit habitat preferences that could inhibit gene

flow. Badgers are sometimes considered open-habitat

specialists, but their broad geographic range suggests

that their habitat preferences may instead relate to prey

availability (Bailey 1931; Verts & Carraway 1998; Apps

et al. 2002). Across their range, badger diets consist pri-

marily of semifossorial rodent and lagomorph prey (e.g.

Dearborn 1932; Errington 1937; Snead & Hendrickson

1942; Jense 1968; Messick & Hornocker 1981; Lampe

1982; Sovada et al. 1999; Duquette 2008), and badger

densities are greatest in areas with abundant rodent

prey (Minta 1990). Many of their prey species avoid

closed-canopy forests and soils with high clay contents

due to the difficulty in burrowing (Hardy 1945; Feld-

hammer 1979; Roma�nach et al. 2005; Green et al. 2009),

so these habitats may be unsuitable for badgers due to

low prey abundance. Indeed, multiple studies have

found that badgers avoid closed-canopy forests and

unsuitable soils (Apps et al. 2002; Quinn 2008; Kinley

et al. 2014), but the majority of these studies were con-

ducted in peripheral populations (e.g. British Colum-

bia). Therefore, it is unclear whether avoidance

behaviour in badgers translates to restricted gene flow

that in turn promotes habitat-based differentiation

across their North American range.

In this study, we aimed to clarify the roles of dis-

persal capability and habitat preference in driving

genetic structure in badgers across their North Amer-

ican range. Much of badgers’ geographic range

encompasses relatively continuous open habitats with

friable soils, so we expected very little genetic struc-

ture within these continuous habitats if dispersal is

realized. Several potential barriers separate these

habitats, namely three topographic barriers (Lake

Michigan, Mississippi River and Rocky Mountains).

We also tested the validity of the four morphological

subspecific designations (T. t. berlandieri, T. t. jacksoni,

T. t. jeffersonii and T. t. taxus; Long 1972; Fig. 1) as

these designations roughly correspond to large habi-

tat breaks and/or topographic barriers. Although

badgers are highly mobile, avoidance of forested

habitats and unsuitable soils (i.e. areas with low prey

availability) could create additional genetic structure.

If avoidance of forested habitats and unsuitable soils

does restrict gene flow, we expected genetic differen-

tiation to be correlated with geographic barriers, for-

est cover and soil variables important to badgers and

their rodent prey. This broadscale survey of genetic

structure in badgers provides detailed insight into

the interplay between dispersal capability and habitat

preferences, knowledge that is critical for
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understanding species’ evolution and ensuring popu-

lation persistence.

Methods

Sample collection

We collected 917 American badgers from 2001 to 2013,

representing all four described subspecies and the

majority of the North American range (Fig. 1). How-

ever, we acknowledge that our sampling does not allow

a comprehensive test of all biogeographic regions,

namely the Desert Southwest including Mexico, Califor-

nia and the Pacific Northwest. Samples included tissue

(n = 520) and skin (n = 397) collected from road-killed

and fur-trapped animals (Table S1, Supporting

information). All samples were georeferenced, either as

latitude/longitude coordinates recorded at the time of

sample collection or as estimated based on written

descriptions of the sampling locations. Exact locations

for location descriptions (nearest city, state/province,

Public Land Survey System [PLSS]) were calculated in

ARCGIS 10.1 via the ‘create random points’ function.

Points were generated either within a political bound-

ary (PLSS, state, county or province) or a 20-km circular

buffers around a city centre (buffer radius = 5, 10, 20 or

50 km yielded concordant results).

Laboratory methods

DNA was extracted from all samples and all sample

types using the Qiagen DNeasy Blood and Tissue Kit.

Fig. 1 Sampling locations and subspecific

designations of n = 917 badgers. Desig-

nations are morphological subspecies as

defined in Long (1972). [Colour figure

can be viewed at wileyonlinelibrary.com].
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We designed primers to amplify a 1000-bp portion of

the mitochondrial d-loop (Tax-dloopF 50-
CGGGGTCTTGTGACTCTTCT-30 and Tax-dloopR

50-CAGCACCCAAAGCTGATATTC-30) using Primer3

(Untergrasser et al. 2012) to locate primers within con-

served regions of an alignment of three GenBank

sequences [American badger (NC_020646), wolverine

(KF415127.1) and European badger (NC_011125.1)].

Products were amplified by PCR in 10 lL reactions

with 10 ng genomic DNA, 5 pmol each primer, 0.2 mM

each dNTP, 0.75 U PerfectTaq DNA polymerase and 19

PerfectTaq PCR Buffer. Thermocycler (Mastercycler

Nexus, Eppendorf North America, NY, USA) conditions

for mtDNA included a 2-min initial denaturation step

at 94 °C, 30 cycles of 30-s denaturation (94 °C), anneal-
ing (60 °C), and extension (72 °C) steps, and final exten-

sion at 72 °C for 5 min. Thermocycler conditions

followed the manufacturer’s recommendations, except

60 cycles were used to improve signal strength. We

cleaned sequencing reactions using a modified low

sodium precipitation method (Latch & Rhodes 2005)

and sequenced on an ABI3730 DNA Analyzer at the

University of Wisconsin Biotechnology Center. All

sequences were aligned, trimmed to 590 bp to eliminate

noninformative repetitive sequence towards the end of

the amplified d-loop region and analysed in the pro-

gram GENEIOUS PRO version 5.2 (Drummond et al. 2011).

For quality control, we re-extracted and resequenced

all samples yielding unique haplotypes (n = 54), all

samples containing a 26-bp deletion (n = 48) and a ran-

domly selected subset of remaining badgers (n = 103).

We observed four single base pair sequencing errors

(4/127 800 = 0.003% nucleotide sequencing error rate):

three in individuals with unique haplotypes and one in

an individual with a common haplotype. A representa-

tive sequence for each unique haplotype was deposited

in GenBank (KU763538–KU764378). We were unable to

obtain reliable or full-length sequences for 76 individu-

als, likely due to DNA degradation, so these samples

were eliminated from the mtDNA data set. Our final

mtDNA data set contained 841 badgers with trimmed

mtDNA sequences (590 bp total), which included all

individuals with the 26-bp deletion (n = 13 haplotypes;

48 individuals). All subsequent analyses are based on

the resultant 590 bp of d-loop.

We amplified all samples at 12 microsatellite loci

developed from American badger (Taxidea taxus; Tt-1, 2,

3 and 4; Davis & Strobeck 1998), American mink (Neovi-

son vison; Mvis072; Fleming et al. 1999), American mar-

ten (Martes americana; Ma-1; Davis & Strobeck 1998) and

European badger (Meles meles; Mel112, Mel101, Mel111,

Mel108, Mel14 and Mel1: Carpenter et al. 2003; Dom-

ingo-Roura et al. 2003). PCRs were conducted in four

multiplex reactions containing three primers each, as

previously described (Kierepka & Latch 2016). Products

were genotyped on an ABI3730 DNA Analyzer at the

University of Wisconsin-Madison Biotechnology Center

and were sized with the program GENEMARKER

(SoftGenetics LLC, State College, PA, USA). We checked

for null alleles and genotyping errors in the program MI-

CRO-CHECKER (van Oosterhout et al. 2004).

For quality control, we regenotyped all individuals

that had rare alleles (i.e. occurred in fewer than 2% of

samples; n = 17) and those rerun for mtDNA quality

control (n = 213) to calculate error rates and confirm

rare alleles. These repeated PCRs and amplifications

confirmed all rare alleles and detected one genotyping

error (error rate = 1/2760; 0.036%). All individuals

(n = 917) were successfully genotyped at 10 or more

loci (11/11 004 total genotypes missing; 0.10% missing).

Phylogenetic analyses

To investigate genetic relationships among samples, we

generated maximum-parsimony, maximum-likelihood

and Bayesian phylogenetic trees in PAUP (Swofford 2003)

and MRBAYES 3.2 (Ronquist et al. 2012). To include the

26-bp indel within the data set, we utilized the program

FASTGAP 1.2 (Borchsenius 2007) to code the indel as a

fifth character state based on the simple indel coding

method (Simmons & Ochoterena 2000). We defined all

other gaps as a fifth state and used the 50% majority

rule consensus trees for all three algorithms. JMODELTEST

2 (Darriba et al. 2012) suggested that the GTR + G + I

mutation model (Tavar�e 1986) with a gamma shape of

0.49 best fit our data. A published European badger

(Meles meles) d-loop sequence (AM711900.1) served as

the out-group for all analyses. Support nodes within

MP and ML (bootstraps), as well as Bayesian trees (pos-

terior probabilities), were calculated after 1000 permuta-

tions or iterations. In addition to tree-building

techniques, we constructed a haplotype network to

visualize relationships among haplotypes. The network

was assembled in the program NETWORK version 5 based

on median-joining algorithm (MJ; Bandelt et al. 1999).

We coded the 26-bp deletion based on Simmons &

Ochoterena (2000) in FASTGAP.

Geographic structuring and genetic diversity within
mtDNA

To complement tree-based and network analyses, we

also tested for differentiation in mtDNA with a spatial

analysis of molecular variance (SAMOVA; Dupanloup

et al. 2002). SAMOVA identifies the number of groups of

populations (K) that maximizes /CT or total genetic

variance explained by differentiation between groups.

SAMOVA requires individuals be grouped into
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populations, so we grouped badgers into a priori popu-

lations based on their state (United States) or province

(Canada) of capture (n = 22 or 26; Table S1, Supporting

information). For half of the Canadian samples, we had

only location of fur deposit, not the specific trapping

location, so SAMOVA s were run with either all Cana-

dian badgers pooled as ‘Canada’ or only including

individuals that had specific trapping locations

(Saskatchewan = 26, Manitoba = 4, Alberta = 5). To

generate geographic coordinates for each population,

we drew 100% minimum convex polygons around geo-

referenced individuals within each state or Canada via

the Minimum Bounding Geometry function in ARCGIS.

Latitude and longitude points were calculated for the

centroid of each polygon and used as the geographic

coordinates for each population within the SAMOVA. To

accommodate the indel for the SAMOVA and other down-

stream analyses, we shortened the 26-bp sequence to

the number of polymorphic sites (nine total) and

included a single gap with all other sites missing. The

position of the gap did not change our results. SAMOVA

1.0 finds the grouping of populations (i.e. 19 or 23

defined populations) that maximizes the amount of

variation explained among groups (/CT). We tested

K = 2 through 10 in the program SAMOVA version 1.0

(Dupanloup et al. 2002).

We used ARLEQUIN 3.5 (Excoffier & Lischer 2010) to

calculate basic diversity metrics for the total data set,

four subspecies and SAMOVA groups. Diversity metrics

for each group included haplotype diversity (h), nucleo-

tide diversity (p) and number of pairwise differences.

Differentiation (/ST) between SAMOVA groups and sub-

species was also quantified in ARLEQUIN.

Given the broadscale of our sampling, badgers were

expected to exhibit isolation by distance (IBD; Wright

1943), a phenomenon where genetic differentiation

increases with geographic distance. We calculated pair-

wise genetic differentiation (Kimura’s 2-parameter dis-

tance; Kimura 1980) between all individuals in the R

package ape (Paradis et al. 2004) via the function ‘dis-

t.dna’. Euclidean distances between all 841 individuals

were calculated in ARCGIS 10.1. To test for IBD, we uti-

lized simple Mantel tests that quantify the correlation

(i.e. Mantel r) between genetic distances and Euclidean

distance. Statistical significance was assessed after 1000

permutations in the R package vegan (function ‘mantel’;

Oksanen et al. 2013).

Demographic tests and time since expansion

To test for evidence of postglacial demographic expan-

sion, we used ARLEQUIN to calculate three complemen-

tary statistics. Fu’s FS (Fu 1997) and Tajima’s D (Tajima

1989) were calculated for the total data set, subspecies

and SAMOVA groups. Significantly negative values of FS
and D indicate rapid demographic expansion. We fur-

ther evaluated evidence for postglacial expansion by

constructing mismatch distributions of nucleotide dif-

ferences for all individuals, subspecies and SAMOVA

groups. Under constant population size, mismatch dis-

tributions exhibit a ragged pattern, whereas recently

expanded populations have a unimodal distribution

(Slatkin & Hudson 1991; Rogers & Harpending 1992).

To assess fit of the observed nucleotide differences to

expected distributions under sudden demographic or

spatial expansion, we calculated two statistics: ragged-

ness index (Rogers & Harpending 1992) and sum of

squared differences (SSD; Schneider & Excoffier 1999)

in ARLEQUIN.

Another method to examine recolonization dynamics

following glacial recession is through simulations that

attempt to reconstruct demographic histories (e.g. Heled

& Drummnd 2008). Many of the simulation methods,

however, require coding gaps as either missing or fifth

state, and the indel covers a highly polymorphic area

within d-loop. We initially coded all gaps as missing,

but lost considerable resolution within our data set

because other single gaps defined haplotypes. There-

fore, we chose to estimate divergence times from mis-

match parameters calculated in ARLEQUIN. Time since

expansion was estimated via the equation t = s/2 lL,
where t is the time since expansion in years, s corre-

sponds to the peak of the each group’s mismatch distri-

bution, l is the mutation rate per generation, and l is

the length of the sequence (Rogers & Harpending 1992).

We assumed a generation time of 2 years and included

the entire 590-bp sequence for l. Mutation rates were

extracted from other studies based on splits within

Mustela spp. (Mustela ermine vs. M. nivalis:

1.92 9 10�8 bp/year; Marmi et al. 2006) and Canis spp.

(Canis latrans and C. lupus: 1.00 9 10�7 bp/year; Vil�a

et al. 1999) because American badgers are highly

diverged (21.0 Ma from nearest common ancestor in

Mustelidae; Koepfli et al. 2008). Calculating mutation

rates between more ancient divergences can underesti-

mate mutation rates (Ho et al. 2008), so we opted for

mutation rates calculated between closely related spe-

cies in Mustela and Canis as performed in Marmi et al.

(2006). We reported estimates for the total data set, sub-

species and SAMOVA groups.

Population structure and genetic diversity in
microsatellites

Two complementary Bayesian programs, nonspatial

STRUCTURE 2.2.3 (Pritchard et al. 2000) and spatial BAPS 5

(Corander et al. 2008), were run to examine contempo-

rary population structure of badgers in North America
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as recommended in Latch et al. (2006). In our nonspatial

approach, we performed clustering in STRUCTURE for all

917 individuals for 10 iterations of each value of K from

K = 1–15. Each run consisted of 100 000 replicates of

the MCMC after a burn-in of 100 000 replicates; all runs

reached equilibrium within 75 000 burn-in. We used

both likelihoods and Evanno et al. (2005)’s DK method

to determine the most likely K as likelihoods plateaued

and exhibited higher variances after the optimum K is

reached (Pritchard et al. 2000; Pritchard & Wen 2003).

Once the optimum K was identified, longer runs

(1000 000 MCMC burn-in, 1000 000 permutations) were

performed at K � 1, K and K + 1 to verify results from

the shorter runs. To assign individuals to inferred clus-

ters, we performed a final set of 10 runs (1000 000

burn-in, 1000 000 stored replicates) at the optimal K.

Each individual was assigned to the cluster in which it

had the highest average probability of membership

(q > 0.50), based on averaged q-values (i.e. proportion

of genome that belonged to each cluster) calculated in

CLUMPP (Jakobsson & Rosenberg 2007). The entire clus-

tering process was repeated iteratively for each of the

inferred clusters to identify any additional substructure

within the main genetic clusters.

In our spatially explicit approach, we employed the

‘spatial clustering of individuals’ model in BAPS. We per-

formed five iterations for each value of K for K = 1–15.
The maximum-likelihood and highest posterior proba-

bility were used to determine the optimum number of

genetic clusters in the sample, and each individual was

assigned to a cluster. We then performed an admixture

analysis based on the results of the mixture clustering,

using 100 iterations, 20 reference individuals per popu-

lation and five iterations per reference individual within

clusters.

The Bayesian algorithms yielded the same K follow-

ing iterative runs in STRUCTURE, but the locations of

genetic discontinuities between clusters were more

defined in BAPS. Therefore, we utilized results from BAPS

to examine genetic diversity and differentiation between

putative clusters. Deviations from Hardy–Weinberg and

linkage equilibrium were quantified in GENEPOP (Ray-

mond & Rousset 1995) for each cluster and the total

data set following corrections for multiple tests (false-

discovery rate; Benjamini & Yekutieli 2001). We used

the R package diveRsity (Keenan et al. 2013) to calculate

both genetic differentiation between clusters (FST) and

genetic diversity metrics (heterozygosity, allelic richness

and FIS).

A number of processes could influence the distribu-

tion of genetic variation in badgers across North Amer-

ica. Like the mtDNA data set, we expected badgers to

exhibit IBD across North America. Pairwise genetic dis-

tances (Rousset’s a; Rousset 2000) were calculated in

SPAGEDI (Hardy & Vekemans 2002), and Euclidean dis-

tances were calculated in ARCMAP. Simple Mantel tests

were performed in the R package vegan for the entire

data set and for each group identified in the Bayesian

clustering analyses, and statistical significance was

assessed after 1000 permutations.

Topographic barriers

In addition to IBD, we tested how three topographic

barriers (Rocky Mountains, Mississippi River and Lake

Michigan) and subspecific designations contribute to

observed patterns of genetic variation via two multi-

variate methods. We focused on these factors as barriers

because they are either known biogeographic barriers in

North America (e.g. Mississippi River; e.g. Cullingham

et al. 2008; Harding & Dragoo 2012; Lake Michigan;

Reding et al. 2012), a barrier for badgers identified in

Kyle et al. (2004; Rocky Mountains) or a hypothesized

barrier based on habitat differences (subspecies). We

used two ordination techniques, principal components

analysis (PCA) and spatial principal components analy-

sis (sPCA), to visualize any genetic discontinuities due

to topographic barriers.

First, we used PCAs to visualize the potential roles of

all topographic barriers (Mississippi River, Rocky

Mountains and Lake Michigan), water barriers only

(Mississippi River and Lake Michigan) and subspecific

designations on gene flow. We summarized patterns in

genetic diversity into linear axes called principal com-

ponents in the ‘dudi.pca’ function within the R package

adegenet (Jombart 2008). We accounted for missing data

by filling in empty genotypes with mean allele frequen-

cies with the ‘scaleGen’ function as recommended by

Jombart (2008). In total, we drew 95% ellipses for the

first two PC axes around individuals according to three

groupings: topographic barriers (Mississippi River,

Rocky Mountains and Lake Michigan), water barriers

only (Mississippi River and Lake Michigan) and sub-

specific designations (T. t. berlandieri, T. t. jacksoni,

T. t. jeffersonii and T. t. taxus).

sPCA provides principal components scores that

summarize both the nonspatial patterns of genetic vari-

ation and the spatial autocorrelation structure among

individual genotypes (Jombart et al. 2008). In this

method, highly positive eigenvalues reflect axes with

large variances and positive spatial autocorrelation (i.e.

global patterns; Jombart et al. 2008). We performed a

sPCA in adegenet with a distance-based connection net-

work to ensure all individuals were connected by at

least one segment. Given their continuous distribution,

it was unlikely that badgers were completely genetically

isolated, so a network in which all individuals are con-

nected is appropriate. To assess which axes are
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important for explaining genetic variation, we examined

two outputs generated from the sPCA. Axes with the

highest eigenvalues are considered the most important

because they explain the most variance, so eigenvalues

were plotted to examine differences among eigenvalues

for each axis. Another visualization that aids in inter-

pretation of sPCA results is a screeplot, a graph of spa-

tial autocorrelation vs. variance explained for each axis.

Axes that are well differentiated from other axes

explain the most variation in genetic structure. Spatially

lagged scores from axes that had the highest eigenval-

ues and were separated from most others in the scree-

plot were plotted in ARCMAP to examine any geographic

structuring within the sPCA. We conducted a permuta-

tion procedure with 1000 randomizations to test for a

significant global (‘global.rtest’) pattern in the data.

Effect of landscape heterogeneity on genetic variation

Topographic barriers could be important in shaping

badger gene flow, but they may occur in tandem with

other landscape or climate variables as observed in

other carnivores (e.g. Garroway et al. 2011; Reding et al.

2012). Therefore, we constructed a full model of how

landscape heterogeneity impacts either microsatellite or

mtDNA variation by including landscape (soil and for-

est cover) variables in addition to the three topographic

barriers, subspecies and geographic coordinates. The

first set of landscape variables included soil texture

(% clay) and soil order (4 with >20 badgers within sam-

pled area; Soil Survey Staff 1999; Fig. S1; Table S2, Sup-

porting information) for each sample location. We also

derived land cover (NCLD2006; Fry et al. 2011; Fig. S1,

Supporting information) for each sample location to cal-

culate per cent forest cover around each badger loca-

tion. Per cent forest cover and soil texture were both

calculated within circular buffers of 5, 10 and 20 km

around each point, but results did not change according

to buffer size (See Results). Soil order, subspecific desig-

nations and the three topographic barriers (Rocky

Mountains, Mississippi River and Lake Michigan) were

all categorical variables, whereas soil texture, per cent

forest cover and geographic coordinates (latitude and

longitude) were continuous. In total, nine landscape

variables (soil texture, soil order, per cent forest cover,

subspecies, Rocky Mountains, Mississippi River, Lake

Michigan, latitude and longitude) served as predictors

within redundancy analysis (RDA) models.

We used RDA, a multivariate technique analogous to

linear regression (Legendre & Legendre 2012), to evalu-

ate the relationship between landscape predictor vari-

ables and genetic distance metrics for either

microsatellites or mtDNA. RDA is a powerful test in

landscape genetics because it minimizes type I errors

when evaluating landscape genetic relationships and

allows for multimodel comparison (Legendre & Fort�ın

2010; Kierepka & Latch 2015). RDA requires point esti-

mates not pairwise distances as response variables, so

both genetic data sets required transformation to be

suitable for RDA. For microsatellites, we extracted the

sPCA scores from the first two axes for the response

variable. For mtDNA, we performed a principal coordi-

nate analysis via the function ‘cmdscale’ in vegan to

transform the individual pairwise distances into PCoA

axes. The first two axes explained 80% of the variance

in the genetic distances, so scores from the first two

axes served as the genetic response variables for

mtDNA. With these point estimates, we could utilize

RDA approaches that can disentangle multiple impacts

on genetic variation within both our microsatellite and

mtDNA data sets.

Our RDA analysis had three steps: an initial marginal

test, a conditional test to remove the effects of geo-

graphic coordinates and a series of conditional tests to

evaluate the contribution of each variable singly (i.e. all

other variables partialled out). The marginal test

included all predictor variables, and then model selec-

tion via forward selection produced a final marginal

model with just the significant variables. Each final

marginal model was then rerun as with geographic

coordinates partialled out to evaluate how much varia-

tion is explained by the barrier and landscape factors

together. Finally, we evaluated the contribution of each

variable separately by running an RDA model for each

single variable while controlling for the effects of all

other predictor variables. By utilizing both partial tests

that isolate each variable and forward selection that

adds variables sequentially, we were able to control any

effects of multicollinearity within our predictor vari-

ables. All RDA calculations including calculation (func-

tion ‘rda’), forward selection (function ‘ordistep’),

significance testing (function ‘anova.cca’) and model fit

(function ‘RsquareAdj’) were performed in vegan. Due

to multiple tests, alpha was corrected (a = 0.015) for the

RDAs when assessing significance.

Results

Phylogenetic analyses

In total, 105 haplotypes were identified among 841 indi-

vidual badgers (54 polymorphic sites, 53 substitutions).

Results from PAUP and MRBAYES revealed little resolution

among our 105 haplotypes. All phylograms had comb-

like topologies where only the out-group (Meles meles),

rare haplotypes and those with the 26-bp deletion

region received high support (bootstraps > 80, posterior

probabilities > 0.80; Fig. S2, Supporting information).
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The haplotype network showed some spatial structur-

ing of mtDNA haplotypes. The overall pattern was

dominated by at least two common haplotypes sur-

rounded by similar haplotypes, producing star-like pat-

terns (Fig. 2). All deletion haplotypes were grouped

together within the network. The most common haplo-

type (H1, n = 257, 32.7%) occurred throughout North

America, whereas the second most common

(H2; n = 149, 19.0%) was primarily found in northern

latitudes west of Wisconsin (i.e. North Dakota, Montana

and Canada). The last two common haplotypes

(H3, n = 96, 12.2%; and H4, n = 30, 3.8%) were a single

mutation step away from H1 and H2, respectively. H3

was largely restricted to Michigan and Ohio (76 of 96

occurrences), whereas H4 was primarily found west of

the Rocky Mountains (28 of 30 occurrences; Fig. S3,

Supporting information). Both H1 and H2 were shared

between all four subspecies, while H3 only occurred in

T. t. jacksoni and T. t. taxus (Fig. 2a). H4 was found in

all subspecies, but was largely concentrated in northern

areas like Montana and North Dakota. All other haplo-

types had a frequency of 15 individuals (1.8%) or less.

Geographic structuring and genetic diversity of
mtDNA

The SAMOVA found the optimum split in haplotypes

occurred at K = 2 whether Canadian provinces were

pooled or separate, which corresponded to the Lower

Peninsula of Michigan (LP) and Ohio vs. all other indi-

viduals (Table 1). In addition to K = 2 having the high-

est /CT, the fixation index (/SC) peaked at K = 2, and in

simulated data sets, /SC reached its maximum at K = 2

(Dupanloup et al. 2002). The cause of split at K = 2 was

driven by H2 and H4 being absent from the LP and

Ohio (Fig. 2b).

The mean number of pairwise differences and haplo-

type diversities within the four subspecies and two

SAMOVA groups ranged from 0.811 to 4.723 and 0.355–
0.928, respectively (Table S3, Supporting information).

All groups were characterized by low nucleotide diver-

sity (0.001–0.008). No pairwise comparisons between

subspecies or SAMOVA groups exhibited significant /ST

values (all /ST = 0.000, P = 0.999), suggesting limited

differentiation in mtDNA in the total sample. Despite

the limited differentiation, we found evidence for IBD

across our total data set (Mantel r = 0.158, P = 0.001).

Demographic tests and time since expansion

All three tests for population expansion supported

rapid population expansion in the entire data set, each

subspecies and western SAMOVA groups (Table 2). Fu’s

FS (FS = �24.940, P < 0.001) and Tajima’s D

(D = �1.422, P = 0.043) were significantly negative in

the total data set, whereas only Fu’s FS remained signif-

icant in subspecies and the western SAMOVA group (all

P < 0.002; Table 2). Both raggedness indices (all

r < 0.116, P > 0.070) and SSD (all SSD < 0.046,

P > 0.200) suggested that the observed mismatch distri-

butions followed predicted distributions under rapid or

spatial expansion for all except the eastern SAMOVA

group (Fig. 3). All statistics for the eastern SAMOVA

group including Tajima’s D (D = �1.386, P = 0.065),

Fu’s FS (FS = 0.048, P = 0.563) and mismatch distribu-

tion statistics (r = 0.207, P < 0.001; SSD = 0.028,

P < 0.001) rejected rapid and spatial expansions. The

number of haplotypes within the eastern SAMOVA group

was very small (n = 5), and mismatch distribution tests

can yield inaccurate results in bottlenecked populations

with low genetic diversity (Johnson et al. 2007). Power

in Fu’s FS, Tajima’s D and mismatch statistics varies

across a number of factors including the number of

haplotypes (Ramos-Onsins & Rozas 2002), so the low

diversity in the eastern SAMOVA group may have pre-

cluded detection of population expansion in the mis-

match distribution statistics.

Time-since-expansion estimates based on s differed

based on the mutation rate (Mustela or Canis rates), but

time since expansion based on the Canis mutation rate

roughly corresponded to the Pleistocene (0.001–
0.059 Ma, Table 3). The Mustela mutation rate produced

deeper time since expansion at 0.004–0.307 Ma. Regard-

less of the mutation rate, the total data set, three

subspecies and western SAMOVA group all had older

time-since-expansion estimates than the eastern SAMOVA

or T. t. jacksoni groups.

Population structure and genetic diversity within
microsatellites

Both aspatial STRUCTURE and spatial BAPS indicated a

total of three roughly concordant clusters. The optimal

solution in BAPS was K = 3 for the full data set corre-

sponding to three groups: (i) Lower Peninsula of

Fig. 2 Haplotype network for 105 d-loop haplotypes detected in n = 841 badgers. Each circle represents a single haplotype, and the

size of the circle corresponds to its frequency (categories: 1, 5, 10, 20, 50, 100, 200, 300 individuals). Each line represents a single

mutational step, and black circles indicate missing genotypes. The network was colour-coded by the morphological subspecies (a) or

inferred SAMOVA clusters (b). The most common haplotypes (H1, H2, H3 and H4) are labelled. Haplotypes with the 26-bp deletion

region are circled. [Colour figure can be viewed at wileyonlinelibrary.com].
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Michigan (‘LP’), (ii) Wisconsin, Upper Peninsula of

Michigan, and parts of Iowa (‘WI’), and (iii) west of

the Mississippi River (‘West’; Fig. 4). STRUCTURE initially

detected two clusters that corresponded to the east

and west of the Mississippi River (Fig. S4, Supporting

information). Iterative runs (i.e. running each cluster

alone) of the eastern cluster indicated additional sub-

structure, splitting the LP and all other eastern indi-

viduals (DK = 185.0; Fig. S5, Supporting information).

The western cluster exhibited no additional substruc-

ture (Fig. S5, Supporting information) because the run

of the western cluster alone at K = 2 and higher

yielded no clear peak in DK, no marked increase in

likelihoods and intermediate q-values that centred

around 1/K. The overall pattern of the three clusters

was similar between STRUCTURE and BAPS; disagreements

on assignments largely occurred within contact zones

between east and west clusters (e.g. within Wisconsin,

Minnesota and Iowa). Therefore, the disagreement in

individual assignments between STRUCTURE and BAPS (all

individual q > 0.70) in contact zones likely reflects

either a weak barrier (Latch et al. 2006) or IBD because

Table 1 Results of SAMOVA for K = 2 through 10 based on mtDNA d-loop sequences of 841 badgers. Hypothesized groups (i.e. indi-

viduals grouped by state), /SC, /ST, /CT and % variation explained among groups were determined in SAMOVA version 1.0. The K = 2

hypothesis had the highest /SC and % variation explained among tested Ks, indicating K = 2 was the most appropriate grouping

K Hypothesized grouping /SC /ST /CT

% among

groups

2 [LP, OH] [CN, CO, IA ID, IL, IN, KS, MN, MO, MT, ND, NE, NM,

OK, OR, SD, UP, UT, WI, WY]

0.102 0.281 0.199 19.92

3 [LP, OH] [UT] [CN, CO, IA, ID, IL, IN, KS, MN, MO, MT, ND, NE,

NM, OK, OR, SD, UP, WI, WY]

0.086 0.264 0.194 19.44

4 [LP, OH] [UT] [CO] [CN, IA, ID, IL, IN, KS, MN, MO, MT, ND, NE,

NM, OK, OR, SD, UP, WI]

0.085 0.261 0.191 19.13

5 [LP, OH] [UT] [CO] [IN] [CN, IA, ID, IL, KS, MN, MO, MT, ND, NE,

NM, OK, OR, SD, UP, WI]

0.086 0.257 0.188 18.77

6 [LP, OH] [UT] [CO] [IN] [WY] [CN, IA, ID, IL, KS, MN, MO, MT, ND,

NE, NM, OK, OR, SD, UP, WI]

0.086 0.252 0.182 18.20

7 [LP, OH] [UT] [CO] [IN] [WY] [MT] [CN, IA, ID, IL, KS, MN, MO, ND,

NE, OK, OR, SD, UP, WI]

0.071 0.234 0.176 17.56

8 [LP, OH] [UT] [CO] [OR] [NM] [ID] [CN, MT, ND, WY] [IA, IL, IN, KS,

MN, MO, ND, NE, OK, SD, UP, WI]

0.032 0.200 0.174 17.38

9 [LP, OH] [UT] [CO] [OR] [NM] [ID] [IN] [CN, MT, ND, WY] [IA, IL, KS,

MN, MO, ND, NE, OK, SD, UP, WI]

0.033 0.199 0.172 17.20

10 [LP, OH] [UT] [CO] [OR] [NM] [ID] [IN] [WY] [CN, MT, ND] [IA, IL, KS,

MN, MO, ND, NE, OK, SD, UP, WI]

0.034 0.198 0.170 17.00

Details of each predefined group are given in Table S1 (Supporting information). LP, Lower Peninsula of Michigan; OH, Ohio; CN,

Canada; CO, Colorado; IA, Iowa; ID, Idaho; IL, Illinois; IN, Indiana; KS, Kansas; MN, Minnesota; MO, Missouri; MT, Montana; ND,

North Dakota; NE, Nebraska; NM, New Mexico; OK, Oklahoma; OR, Oregon; SD, South Dakota; UP, Upper Peninsula of Michigan;

UT, Utah; WI, Wisconsin; WY, Wyoming. Bold values correspond to significant P-values (P < 0.05).

Table 2 Mismatch statistics for the total data set, four subspecies and the two SAMOVA groups. Fu’s FS and Tajima’s D indicate demo-

graphic expansion when they are significantly negative, whereas significant SSD and raggedness indices suggest deviations from pat-

terns expected under demographic expansion. P-values for each test are given in parentheses; significant values (P < 0.05) are in

bold

Group N Fu’s FS Tajima’s D SSD Raggedness

Total 841 �24.940 (0.001) �1.422 (0.043) 0.020 (0.390) 0.028 (0.510)

T. t. berlandieri 25 �25.615 (0.001) �0.741 (0.247) 0.026 (0.200) 0.079 (0.070)

T. t. jacksoni 246 �27.515 (0.001) �1.369 (0.054) 0.046 (0.350) 0.116 (0.430)

T. t. jeffersonii 91 �25.528 (0.001) �0.762 (0.248) 0.003 (0.630) 0.010 (0.830)

T. t. taxus 479 �25.133 (0.001) �1.240 (0.100) 0.016 (0.400) 0.028 (0.420)

East SAMOVA 127 0.048 (0.563) �1.384 (0.065) 0.028 (0.001) 0.207 (0.002)

West SAMOVA 714 �25.096 (0.001) �1.346 (0.059) 0.017 (0.250) 0.026 (0.360)
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both programs can yield discrete clusters when only

IBD is present (Frantz et al. 2009). Assignments to the

LP cluster, however, were clear and consistent between

programs where all but three (BAPS) to five (STRUCTURE)

individuals collected in the lower peninsula of Michi-

gan were assigned to the LP cluster.

Microsatellite diversity averaged 13.8 alleles/locus

(range: 9–20 alleles). A heterozygote deficiency was

recorded in the total data set (FIS = 0.090, P < 0.001;

Table S4, Supporting information), confirming the

presence of genetic structure within our data set. MICRO-

CHECKER found some evidence for null alleles, but

frequencies were low (frequency < 0.071 for all loci).

One source of structure that was evident was IBD

across North America (simple Mantel test r = 0.137,

P < 0.001). Furthermore, all three clusters detected in

Fig. 3 Mismatch distributions of pairwise differences between mtDNA haplotypes within the total data set (a), subspecies (b–e) and
SAMOVA groups (f–g). Observed distributions are represented as grey bars, and expected distributions under rapid demographic

expansion are black solid lines. The number of haplotypes (N Haplotypes) in each group and P-values for raggedness index (PRag)

and sum of squared differences (PSSD) are given for each grouping. 95% confidence intervals for the expected distribution of pairwise

differences are represented as dotted black lines. All groups followed expected patterns under rapid demographic expansion (all

P > 0.070) except for the eastern SAMOVA group (P < 0.002).
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Table 3 Tau (s) and time-since-expansion (TSE) estimates for the total data set, subspecies and SAMOVA groups. Time-since-expansion

estimates were calculated based on two mutation rates (l1 and l2) within observed, 95% upper and lower for bounds for tau. All

TSE estimates are given in millions of years

Grouping s s 95% CIs TSE l1 TSE l1 95% CIs TSE l2 TSE l2 95% CIs

Total 6.762 1.602–11.824 0.307 0.073–0.536 0.059 0.014–0.103
T. t. berlandieri 6.195 3.012–10.174 0.281 0.137–0.462 0.054 0.026–0.089
T. t. jacksoni 0.090 0.000–1.800 0.004 0.000–0.082 0.001 0.000–0.016
T. t. jeffersonii 6.337 2.881–9.221 0.288 0.131–0.418 0.055 0.025–0.080
T. t. taxus 6.492 2.432–11.902 0.295 0.110–0.540 0.057 0.021–0.104
East SAMOVA 0.625 0.504–1.043 0.028 0.023–0.047 0.005 0.004–0.009
West SAMOVA 6.590 1.602–11.824 0.299 0.118–0.552 0.057 0.023–0.106

l1: mutation rate based on Mustela erminea and M. nivalis split; Marmi et al. 2006; l2: mutation rate based on Canis sp.; Vil�a et al.

(1999).

Fig. 4 Distribution of three genetic clus-

ters inferred in BAPS 5. All 917 individuals

were strongly assigned to one of three

genetic clusters based on the 12

microsatellite primers: West (black

squares), Wisconsin (grey squares) and

LP (white squares). Upon visual inspec-

tion, the three clusters are largely sepa-

rated by two major water barriers, Lake

Michigan and the Mississippi River. The

Mississippi River is represented by the

bold blue line. [Colour figure can be viewed

atwileyonlinelibrary.com].
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Bayesian programs (BAPS or STRUCTURE) exhibited low but

significant levels of differentiation from each other

(FST = 0.023–0.072; all P < 0.001). LP was more strongly

differentiated from West (FST = 0.072, SE = 0.021) and

WI (0.052, SE = 0.012) than West vs. WI (0.023,

SE = 0.011). In addition to the stronger differentiation

of LP from West and WI, LP also had significantly

lower genetic diversity than the other two clusters

(paired t-tests: all t > 5.17, P < 0.001).

LP, West and WI clusters each exhibited heterozygote

deficiencies similar in magnitude to the full data set

(FIS = 0.089–0.092, all P < 0.001; Table S4, Supporting

information). Like the full data set, each cluster had sig-

nificant IBD according to simple Mantel tests

(r = 0.054–0.131, all P < 0.001). The internal IBD within

clusters combined with observed admixture between

clusters, particularly between West and WI, are likely

causes for the observed heterozygote deficiencies.

Topographic barriers

PCA supported Lake Michigan and the Mississippi

River as barriers to gene flow because groupings based

on large aquatic barriers (i.e. Lake Michigan and Missis-

sippi River) fit the data better than groupings based on

subspecific definitions (Fig. S6, Supporting information).

Badgers east of Lake Michigan were the most geneti-

cally distinct according to the scatterplot for the first

two PCA axes (PC1 = 10%, PC2 = 5% explained;

Fig. S6a, Supporting information). Considerable overlap

in 95% inertia ellipses was observed between those east

and west of the Mississippi River, but the two groups

exhibited some differentiation as compared to sub-

species. Little resolution was observed among the four

subspecies except for T. t. jacksoni, which was largely

due to the presence of those east of Lake Michigan

(Fig. S6b, Supporting information).

Results from the sPCA were largely concordant with

PCA that showed patterns of genetic variation are influ-

enced by both IBD and topographic barriers. The first

two sPCA axes explained the most variance and had

the highest eigenvalues (eigenvalues = 0.17 and 0.049;

all others <0.037), so they were considered most impor-

tant in explaining genetic variation (Fig. 5a). Both pri-

mary sPCA axes exhibited high levels of spatial

autocorrelation (Moran’s I = 0.75 and 0.32 for axes 1

and 2, respectively; Fig. 5b), indicating IBD. The first

axis explained the most variance in the data set (0.251)

and exhibited an east–west cline with the LP having the

most extreme values (Fig. 5c). Axis 2 explained less

variance than Axis 1 (0.150), but, in general, individuals

in the Upper Midwest were differentiated from the rest

of the data set (Fig. 5d). Monte Carlo tests indicated

that at least one global structure (i.e. those with positive

eigenvalues) observed in the sPCA was significant

(P = 0.001).

Effect of landscape heterogeneity on genetic variation

Both genetic data sets yielded similar results where

geography and soil parameters were found to be signifi-

cant variables within our RDA models, whereas

microsatellite models also detected topographic barriers.

The resultant marginal model after forward selection

for microsatellites included Latitude, Longitude, Lake

Michigan, the Mississippi River and Soil Texture

(F = 107.170, P = 0.001, variance explained = 48.565%;

Table 4). All topographic barriers and soil texture

remained significant in the full conditional test (i.e. only

geographic coordinates partialled out; F = 22.326,

P = 0.001, variance explained = 8.150%). In the individ-

ual conditional tests (i.e. one variable considered with

all others partialled out), Lake Michigan and the Missis-

sippi River explained less variance (0.250–0.555%) than

Soil Texture (0.810%). The significance of soil texture

was largely driven by samples collected from the upper

Midwestern United States (i.e. Wisconsin, Minnesota,

Ohio, Indiana and Michigan). These states were the

most genetically distinct region in our data set and have

the lowest per cent clay, resulting in a potentially spuri-

ous correlation between sPCA axes and soil texture.

For the mitochondrial data set, the final marginal

model included Latitude, Soil Order and Subspecies

(F = 15.473, P = 0.001, variance explained = 11.506%)

and the full conditional test included Soil Order and

Subspecies (F = 10.839, P = 0.001, variance explained =
6.912%; Table 4). In the individual conditional models,

Soil Order and Subspecies each individually explained

1.160–2.723% of the variance when all other variables

were partialled out. Differences in subspecies and soil

order was likely to due to a sampling bias because sig-

nificance was driven by animals sampled in the Desert

Southwest. T. t. berlandieri, the least sampled sub-

species, had several highly divergent haplotypes, partic-

ularly in New Mexico. These same haplotypes had a

disproportionate effect on Soil Order because individu-

als in Arizona, Colorado, New Mexico and Utah were

found in aridisols, a soil order primarily found in the

Desert Southwest within our data set (Fig S1, Support-

ing information).

Discussion

American badgers avoid habitats with low prey avail-

ability (i.e. those with high forest cover and clay soil

contents), but our results revealed limited genetic struc-

ture across much of North America. Both the mtDNA

and microsatellite data sets had strong signatures of
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IBD, a likely consequence of the relatively continuous

suitable habitats west of the Mississippi River. In east-

ern North America, only Lake Michigan and the Missis-

sippi River formed barriers to gene flow despite greater

forest canopy cover than western North America. Over-

all, our data indicate that badgers experience high gene

flow across most of North America, which suggests that

their high dispersal capabilities erode most habitat-

based genetic differentiation.

Pleistocene refugia

Mitochondrial DNA revealed a high number of haplo-

types, little differentiation among haplotypes and weak

Fig. 5 Results of the spatial principal components analysis (sPCA) based on 12 microsatellite loci. Eigenvalue plots (a) and the scree-

plot (b) indicate that the first two axes are most important in explaining genetic variation. The screeplot plots the relationship

between variance explained by each axis and spatial autocorrelation (Moran’s I) within each axis. Spatially lagged scores from axes 1

(c) and 2 (d) depict two distinct patterns in the distribution of genetic variation. Squares represent each individual where larger

squares have stronger positive (white) or negative (black) values, whereas smaller, grey (light grey = positive, dark grey = negative)

squares are less strongly differentiated. [Colour figure can be viewed at wileyonlinelibrary.com].
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geographic structuring in badgers throughout North

America. Little differentiation among haplotypes and the

presence of a few common haplotypes surrounded by

rare haplotypes (i.e. star-like topology; Slatkin & Hudson

1991) within the haplotype network suggest that badgers

did not occupy multiple, isolated glacial refugia during

the LGM. Our sampling prohibited testing of all potential

refugia (i.e. California and Desert Southwest), so it is pos-

sible that badgers occupied another unsampled glacial

refugia. Persistence in multiple glacial refugia is fairly

typical for widespread species (e.g. Shafer et al. 2010; Ste-

wart et al. 2010), but isolation within separate refugia

typically yields well-defined groups of divergent haplo-

types (e.g. Aubry et al. 2009; Latch et al. 2009; Lait & Burg

2013; van Els et al. 2014). The pattern of mitochondrial

variation we observed more closely resembles patterns

described for species that were not fragmented during

the LGM (Oyler-McCance et al. 2005; Carmichael et al.

2007; Wisely et al. 2008; Koblm€uller et al. 2012; Pulgar�ın-

Restrepo & Burg 2012). Combined with the high genetic

diversity in our data set, overall patterns in mitochon-

drial DNA variation observed for badgers are character-

istic of historically high effective population sizes

with an absence of barriers to gene flow (Crandall &

Templeton 1993).

Badgers can use multiple types of open habitats

(Duquette & Gehrt 2014), so they may have persisted

across much of unglaciated central and western North

America despite forest ingrowth during the late Pleis-

tocene (Axelrod 1985). A large historical geographic

distribution for badgers is supported by observed pat-

terns of variation that are concordant with patterns

observed in the coyote (Canis latrans), another mesocar-

nivore that likely had an unfragmented distribution

during the LGM (Koblm€uller et al. 2012). Fossil records

support our conclusion that badgers had a broad dis-

tribution during the LGM. Pleistocene badger fossils

have been found throughout their current range (e.g.

south-western North America, Great Plains and inter-

mountain west; Long 1972) as well as areas such as

Alaska, Kentucky, Pennsylvania and Maryland (Long

1972; McDonald 2002). Interestingly, fossil records for

other open-habitat species occur outside their native

ranges (e.g. Guilday et al. 1978; Parmalee & Klippel

1981; Morgan & Emslie 2010), which demonstrate

the highly dynamic nature of open habitats during

interglacial periods. Based on extensive fossil records

below the ice sheets (Long 1972), the variable and

heterogeneous habitats below the ice sheets may have

remained broadly suitable for badgers, allowing

Table 4 Results from redundancy analysis (RDA) that evaluated the relationship between our measures of landscape heterogeneity

(topographic barriers, geographic coordinates and ecological variables) and either sPCA coordinates (microsatellites) or PCoA coordi-

nates of pairwise genetic distances (mtDNA). The marginal model for microsatellite variation after sequential selection included Lati-

tude, Longitude, Lake Michigan, the Mississippi River, Soil Order, and Soil Texture. All four variables (Lake Michigan, the

Mississippi River, Soil Order, and Soil Texture) remained significant in the conditional model. For mtDNA, Latitude, Subspecies and

Soil Order were included in the final marginal model (variation explained = 11.589%), while Subspecies and Soil Order remained sig-

nificant after controlling for geographic coordinates (conditional model). Variance explained by both the marginal and conditional

models as well as each singular variable (i.e. all other variables partialled out) are provided (% var). All significant models are

bolded

Model

Microsatellites mtDNA

F-ratio P-value %var F-ratio P-value %var

Selected models

Marginal 107.170 0.001 48.565 15.473 0.001 11.506

Conditional 22.326 0.001 8.150 10.839 0.001 6.912

Single variables

Latitude 27.593 0.001 1.563 10.861 0.001 1.160

Longitude 31.124 0.001 1.762 0.325 0.584 0.035

Lake Michigan 5.994 0.005 0.555 0.779 0.375 0.085

Mississippi River 4.020 0.005 0.250 0.216 0.797 0.046

Rocky Mountains 0.117 0.729 0.000 0.022 0.881 0.000

Subspecies 0.423 0.722 0.001 8.522 0.001 2.723

Soil order 1.532 0.204 0.026 4.317 0.007 1.383

Soil texture 14.308 0.001 0.810 0.183 0.675 0.020

% Forest 2.245 0.150 0.013 0.210 0.654 0.022

Marginal: Top model that included all significant variables after sequential selection.

Conditional: Top model that included all significant variables after sequential selection while controlling for the effects of geography.
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for broadscale movement and retention of genetic

diversity.

Recolonization

Patterns in mitochondrial diversity, neutrality tests and

time-since-expansion estimates all provided evidence

for population expansion within North America. Bad-

gers exhibited relatively high haplotype and low

nucleotide diversity regardless of grouping (i.e. sub-

species or SAMOVA), a common feature of populations

that have undergone an expansion (Avise 2000). Neu-

trality tests further supported population expansion.

With the exception of the low-diversity eastern SAMOVA

group, all groups had negative Fu’s FS and Tajima’s D.

Negative Fu’s FS and Tajima’s D indicate an excess of

haplotypes (Fu 1997) and deviation from mutation–drift
equilibrium (Tajima 1989), respectively, two features

that are indicative of recent population expansion. Fur-

thermore, all mismatch distributions were unimodal as

expected under population expansion. Although all pre-

viously glaciated areas exhibited signatures of expan-

sion, we detected evidence for two separate expansions

during the Quaternary.

Time-since-expansion measures appeared to suggest

two colonization events, one for the western SAMOVA

group (0.057–0.299 Ma) and a later expansion for the

eastern SAMOVA group (0.005–0.028 Ma). This result sug-

gests either a single expansion of badgers into the Great

Lakes region with subsequent isolation due to Lake

Michigan or separate colonization routes. Identifying

the exact routes is difficult due to the inability to differ-

entiate between multiple mechanisms, but colonization

routes into eastern North America have been suggested

for other prairie-associated species based on fossils in

both pre- and post-Wisconsin deposits in Kentucky,

Maryland and Pennsylvania (Guilday 1968). Genetic

evidence for multiple colonization routes into the Great

Lakes region has been recorded in herpetofauna (Austin

et al. 2002; Zamudio & Savage 2003; Placyk et al. 2007),

but little evidence exists for dispersive mammals in this

region. We acknowledge time-since-expansion estimates

are sensitive to mutation rate estimations, especially as

we relied on mutation rates from other taxonomic

groups in the absence of badger-specific rates. Even in

well-studied species like wolves, estimated mutation

rates vary across studies (Vil�a et al. 1999; Koblm€uller

et al. 2016), making mutation rate selection especially

challenging for less well-studied species like badgers.

Future efforts to reconstruct accurate demographic his-

tories in badgers would need to incorporate rigorous

hypothesis testing (e.g. Frantz et al. 2014) and more

sequence data with empirically derived, species-specific

mutation rates.

Lower Peninsula

Whereas all previously glaciated areas had low mito-

chondrial diversity associated with Pleistocene founder

effects, only the LP had low genetic diversity in both

mitochondrial and microsatellite data sets. This pattern

of variation suggests that a combination of isolation via

the Great Lakes and low population size may have

resulted in lower genetic diversity compared to other

previously glaciated areas. Our results, collected at a

broadscale, show patterns of isolation and low diversity

in the LP similar to results from more regional studies

of LP badgers (Ethier et al. 2012; Kierepka et al. 2012).

Strong assignments of most LP individuals to a single

genetic cluster indicate little gene flow from other pop-

ulations. Gene flow from the north (i.e. Upper Penin-

sula), west (i.e. Wisconsin) and east (i.e. Ontario) is

limited by the Great Lakes, which nearly eliminates the

possibility of gene flow. With little gene flow from the

north, east or west, the LP mainly receives migrants

from southern, low-density populations (e.g. Warner &

Ver Steeg 1995; Duquette & Gehrt 2014). The low-den-

sity populations combined with the highly urbanized

areas within northern Illinois, Indiana and Ohio could

impede gene flow into the LP. Other peninsular popula-

tions with low genetic diversity have been recorded in

highly mobile species, and most have found genetic

variation patterns consistent with a combination of his-

toric founder events and subsequent isolation within a

peninsula (Tammeleht et al. 2010; Reding et al. 2012;

Frantz et al. 2014). Based on the low genetic diversity in

the LP, badgers in the LP may benefit from conserva-

tion and management actions to limit the erosion of

genetic variation, like those enacted in other peripheral

populations in British Columbia and Ontario (New-

house & Kinley 1999; COSEWIC 2012).

Topographic and ecological barriers

The overall lack of structuring in badgers suggests that

their high dispersal capabilities promote high gene flow

except in the presence of large water barriers. A large

proportion of our samples were assigned to the West

cluster, a single genetic population characterized by

IBD. Our ability to evaluate mountain ranges (i.e. Rocky

Mountains and Sierra Nevada Mountains) as barriers or

filters to gene flow was certainly limited by sampling,

but other studies of highly mobile species also have not

detected the Rocky Mountains as a barrier (e.g. Reding

et al. 2012; Row et al. 2012; Latch et al. 2014). Mountain

ranges were not complete barriers to badger gene flow

in Canadian populations (Kyle et al. 2004; Ethier et al.

2012), even though the studied populations were small

(census sizes less than 200 individuals; COSEWIC 2012).
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Given that the rate of genetic drift in a population is

directly correlated with effective population size

(Wright 1931), genetic differentiation due to mountain

ranges is more likely to be detected in small popula-

tions like Canada. Therefore, our observation of limited

genetic subdivision within western North America sug-

gests that extensive gene flow across western North

America, and potentially a high effective population

size, overcomes any isolating effects of the Rocky

Mountains.

Badgers in eastern North America formed two

genetic clusters and had lower genetic diversity than

western areas, which at least in part results from large

water barriers (i.e. Mississippi River and Lake Michi-

gan) and potentially soils limiting gene flow. Both the

Mississippi River and Lake Michigan disrupt gene flow

enough to allow genetic drift to create and maintain

detectable genetic differentiation. Considerable admix-

ture and disagreement between Bayesian clustering pro-

grams was observed between the West and Wisconsin

clusters, suggesting that the Mississippi River is a more

permeable barrier than Lake Michigan. Badgers are

unlikely to cross these water barriers even when they

are frozen because badgers enter torpor during cold

weather (Harlow 1981). Taken together, lower genetic

diversity and corresponding genetic differentiation in

the LP compared to the rest of North America may

reflect reduced and fluctuating population sizes typical

of peripheral populations (Hengeveld & Haeck 1982).

Unlike water barriers, the effect of soils on genetic

structure was less clear because the effect of soil param-

eters on genetic differentiation differed between the

mtDNA and microsatellite data sets. In the mtDNA

data set, soil order was significant in our RDA models

due to the presence of four divergent, rare haplotypes

found exclusively within the Desert Southwest (e.g.

southern Colorado, New Mexico and Arizona). All

these samples were found in aridisols, a soil order asso-

ciated with desert habitats, but sampling was sparse

within the Desert Southwest. Therefore, individuals

within aridisols were the most differentiated from the

rest of North America. Most of these individuals also

belonged to T. t. berlandieri, which also explained the

significance of subspecies within our mtDNA RDA

models. Unlike the mtDNA data set that identified

divergent haplotypes within the Desert Southwest, dif-

ferentiation in the microsatellite data set was associated

with soil parameters within eastern North America.

Eastern badgers occur in habitats with disparate soils

compared to the rest of North America (i.e. lower clay

and two unique soil orders). Both per cent clay and the

two soil orders important for genetic differentiation,

however, were highly correlated with the presence of

Lake Michigan, so we could not disentangle to

independent effects of each specific factor. The signifi-

cance of soil parameters within our data sets, therefore,

suggests more study is needed to investigate the role of

soils, particularly in undersampled regions like the

Desert Southwest.

Despite our large geographic sampling, we warn

against generalizing these results across all study areas.

For example, it is unknown whether badgers exhibit

complex genetic structure in areas like the Desert

Southwest and California as observed in other mobile

species (Pease et al. 2009; Sacks et al. 2010; Atwood et al.

2011; Lonsinger et al. 2015). The Desert Southwest, in

particular, is a biogeographic hot spot for many species

(Vandergast et al. 2013; Wood et al. 2013), so badgers

may be structured by previously identified barriers (e.g.

Colorado River and Mojave/Sonoran ecotone; Wood

et al. 2013). Alternatively, badgers may still experience

high gene flow because they readily utilize treeless,

desert habitats. Additional sampling is clearly needed

to clarify genetic patterns within these biogeographic

hot spots. We also caution against equating broadscale

patterns to smaller spatial scales because badgers, like

many other carnivores, exhibit restricted dispersal at

fine scales (e.g. Carmichael et al. 2007; Sacks et al. 2008;

Schwartz et al. 2009; Garroway et al. 2011; Kierepka &

Latch 2016). Gene flow often varies according to spatial

scale (Anderson et al. 2010; Galpern et al. 2012) as well

as demographic and landscape characteristics (e.g.

Frantz et al. 2010; Short Bull et al. 2011; Messier et al.

2012), so patterns found in one study or population

may not translate to other areas in widespread taxa like

badgers. While questions remain for understanding

badger gene flow across the entirety of their range, this

study provided critical insight into how broadscale

genetic structure arises in badgers and predictions for

future studies in widespread taxa.

Conclusions

Overall, our broadscale genetic investigation of gene

flow revealed an east–west division in badgers across

North America. A combination of a broad distribution

during the LGM and rapid recolonization, geographic

distance and topographic barriers explained the main

underlying patterns of genetic structure in badgers

across North America. Differences in genetic diversity

and differentiation between western and eastern North

America may reflect variation in habitat quality accord-

ing to range-periphery dynamics (see Vucetich & Waite

2003; Eckert et al. 2008). Regardless of the mechanism of

the genetic structure between eastern and western

North America, avoidance of forests and unsuitable

soils does not appear to preclude badgers from modi-

fied or suboptimal habitats. Maintaining corridors (e.g.
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remnant habitats in high agricultural landscapes;

Duquette & Gehrt 2014) may be critical for facilitating

gene flow among peripheral populations. Genetic struc-

ture did not agree with subspecific designations, which

warrants further investigation into potential isolating

mechanisms in alternative data sets to decide the valid-

ity of subspecific designations (Haig et al. 2006). In con-

clusion, this broadscale genetic survey of badgers

revealed that dispersal capabilities had a stronger influ-

ence on gene flow than habitat preferences. Badgers,

therefore, demonstrate that strong habitat preferences

and subspecific differences may not reflect genetic

structure in species with high dispersal capabilities due

to high realized gene flow at broad spatial scales.
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