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Abstract

Highly mobile species that thrive in a wide range of habitats are expected to show little

genetic differentiation across their range. A limited but growing number of studies have

revealed that patterns of broad-scale genetic differentiation can and do emerge in vagile,

continuously distributed species. However, these patterns are complex and often shaped

by both historical and ecological factors. Comprehensive surveys of genetic variation at a

broad scale and at high resolution are useful for detecting cryptic spatial genetic struc-

ture and for investigating the relative roles of historical and ecological processes in struc-

turing widespread, highly mobile species. In this study, we analysed 10 microsatellite

loci from over 1900 samples collected across the full range of mule deer (Odocoileus
hemionus), one of the most widely distributed and abundant of all large mammal species

in North America. Through both individual- and population-based analyses, we found

evidence for three main genetic lineages, one corresponding to the ‘mule deer’ morpho-

logical type and two to the ‘black-tailed deer’ type. Historical biogeographic events

likely are the primary drivers of genetic divergence in this species; boundaries of the

three lineages correspond well with predictions based on Pleistocene glacial cycles, and

substructure within each lineage demonstrates island vicariance. However, across large

geographic areas, including the entire mule deer lineage, we found that genetic variation

fit an isolation-by-distance pattern rather than discrete clusters. A lack of genetic struc-

ture across wide geographic areas of the continental west indicates that ecological pro-

cesses have not resulted in restrictions to gene flow sufficient for spatial genetic structure

to emerge. Our results have important implications for our understanding of evolution-

ary mechanisms of divergence, as well as for taxonomy, conservation and management.
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Introduction

Data on the spatial distribution of genetic diversity pro-

vide interesting and sometimes unexpected insights into

mechanisms of evolutionary diversification in nature, as

well as valuable resources for the development of effi-

cient conservation strategies. For species that exist in

isolated groups without direct genetic or ecological con-

nections, delineating populations across a landscape can

be straightforward. However, as connectivity among
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groups increases, delineation of population boundaries

and barriers to dispersal becomes complex and is per-

haps most challenging in continuously distributed spe-

cies with no apparent spatial subdivision (Waples &

Gaggiotti 2006). High mobility and continuously distrib-

uted habitats are expected to produce considerable

genetic connectivity over broad spatial scales, often

resulting in an overall lack of genetic structure (pan-

mixia) or an isolation-by-distance (IBD) pattern. This a

priori expectation of limited deviation from panmixia

or IBD is perhaps one reason that widespread species

have received less attention from wildlife geneticists

than species with patchy distributions (Frankham et al.

2002; Waples & Gaggiotti 2006).

However, a growing body of literature indicates that

broad-scale patterns of discrete genetic differentiation

can and do emerge in these widespread, highly mobile

species. Historical processes (e.g. glaciation, island for-

mation) and major topographic features (e.g. rivers,

mountains) can leave lasting genetic signatures on con-

temporary patterns of spatial genetic structure that per-

sist, even in the face of high rates of gene flow (Avise

2000; Lessa et al. 2003; Rueness et al. 2003; Weckworth

et al. 2012). Alternatively, cryptic patterns of spatial

genetic structure in widespread species sometimes can-

not be explained by geographic isolation or historical

events, leading to suppositions that gene flow restric-

tions may be imposed by major ecological transitions or

habitat-associated variables such as climate, vegetation

and prey specialization (Geffen et al. 2004; McRae et al.

2005; Pilot et al. 2006, 2012; Brown et al. 2007; Carmi-

chael et al. 2007; Musiani et al. 2007; Reding et al. 2012).

Studies of widespread, highly mobile species empha-

size that patterns of spatial genetic structure are

dynamic, shaped by historical, ecological and behavio-

ural processes acting on different spatial and temporal

scales (Foll & Gaggiotti 2006). To detect the multiple,

hierarchical layers of structure that exist, comprehensive

surveys are warranted to understand the broad-scale

partitioning of genetic variation and to resolve cryptic

patterns of genetic structure. Studies that span large

portions of a species’ range, particularly when com-

bined with high-resolution sampling, offer a powerful

means to jointly investigate the roles of historical, eco-

logical and behavioural processes in shaping genetic

diversity and structure (Hoban et al. 2010; Reding et al.

2012).

Mule deer (Odocoileus hemionus) are one of the most

widely distributed and abundant of all large mammal

species in western North America. This species occurs

in diverse habitats over 40 degrees latitude throughout

every major biome except tundra. Mule deer are general-

ist browsers that utilize a wide variety of plant foods,

with preferences that vary geographically and seasonally,

and readily adapt to consumption of agricultural vege-

tation and landscape plantings (Hall 1981). The mating

system in mule deer is polygynous, in which male

reproductive success is correlated with body size

(Miller 1974; Kucera 1978). Mule deer are capable of

dispersing very long distances (>250 km), although dis-

persal distances vary considerably among individuals,

seasons and study areas (Robinette 1966; Conner &

Miller 2004). Historically, mule deer have remained

common throughout North America, although popula-

tion sizes have fluctuated considerably over time.

Like many North American mammals, the biogeo-

graphic history of mule deer is intertwined with Pleisto-

cene glacial cycles and late Quaternary climate change.

Mule deer are traditionally divided into two main

types: mule deer (MD) and black-tailed deer (BTD).

Morphological distinction of these two groups is sup-

ported by genetic data, which indicates divergence of

6–8% in mitochondrial DNA (Carr et al. 1986; Cronin

et al. 1988; Cronin 1991a; Carr & Hughes 1993; Latch

et al. 2009), among the highest intraspecific values

reported for mammals. Nuclear markers exhibit less,

although still notable, divergence between the two

groups (Gavin & May 1988; Cronin 1991b; Cathey et al.

1998; Haynes & Latch 2012). Patterns of divergence

likely reflect isolation in distinct glacial refugia during

the Pleistocene, separated by the Cascade Mountain

range in Oregon and Washington, USA (Latch et al.

2009). Following glacial retreat, these two lineages came

back into contact, where they hybridize readily (Latch

et al. 2011). Despite extensive admixture at the zone of

contact, pure populations of MD and BTD remain out-

side the contact zone, and assortative mating may per-

sist (M€uller-Schwarze & M€uller-Schwarze 1975).

Ecological drivers of gene flow may superimpose

additional structure onto that generated by historical

processes. Evidence that ecological factors may influ-

ence gene flow at broad spatial scales in mule deer

comes from the boundaries of the 11 morphologically

defined mule deer subspecies (O. h. sitkensis and colum-

bianus within the BTD type, and O. h. hemionus, fuligina-

tus, californicus, inyoensis, eremicus, crooki, peninsulae,

sheldoni and cerrosensis within the MD type) that

roughly correspond to some of the major habitat transi-

tions in North America (Hall 1981). In addition, Pease

et al. (2009) found support for regional genetic structure

in accordance with California bioregions, suggesting

that ecological factors might be important in limiting

gene flow among mule deer populations at regional

scales.

Alternatively, behavioural mechanisms such as high

gene flow may have eroded patterns of spatial genetic

structure at a broad scale. Studies of genetic structure

in mule deer have detected only low levels of genetic

© 2014 John Wiley & Sons Ltd

2 E. K. LATCH ET AL.



differentiation at local scales and little evidence of sub-

structure among geographically proximate populations,

which is characteristic of widespread species with

high gene flow (Smith et al. 1990; Scribner et al. 1991;

Cullingham et al. 2011; Powell et al. 2013). Even when

separated by formidable geographic barriers, divergence

is low and only slightly less pronounced in the dispers-

ing sex (males in mule deer; Cronin et al. 1991; Travis &

Keim 1995; Powell et al. 2013). Mule deer exhibit exten-

sive phenotypic and behavioural variation throughout

their range, which has prohibited construction of a key

to differentiate subspecies reliably (Cowan 1936). A lack

of discrete variation across major ecological transitions

provides additional support for the hypothesis that high

gene flow may have eroded genetic structure imposed

by historical and ecological processes.

In this study, we provide the first high-resolution,

continent-scale assessment of nuclear genetic structure

for an ungulate. Our primary goal was to quantify

broad-scale patterns of spatial genetic structure in mule

deer sampled across its full range in western North

America and to determine whether historical biogeo-

graphic and contemporary ecological processes have

resulted in cryptic spatial genetic structure. We also

examine potential mechanisms involved in establishing

and maintaining population divergence in this wide-

spread, mobile ungulate. To achieve this goal, we sam-

pled over 1900 georeferenced individuals collected

throughout the mule deer range and assessed genetic

variation and structure at 10 microsatellite loci using

both individual- and population-based analyses.

Methods

Samples

Samples were collected from 1957 Odocoileus hemionus

throughout the entire range of the species, including

the USA, Canada and Mexico from 1995 to 2005 (Fig. 1

and Fig. S1, Supporting information). The sample set

represented 10 of the 11 morphologically described sub-

species; O. h. cerrosensis, endemic to Cedros Island, Baja

California Sur, Mexico, was not sampled. Each sample

was assigned to a subspecies based on both morphol-

ogy of the animal and geographic location of sample

collection. Samples included tissue (n = 1872), hair (n =
69), antler cores (n = 8) and blood (n = 8). The 71 sam-

pling groups match those locations used in Latch et al.

(2009), with the following exceptions: (i) sampling loca-

tion BC-CR was omitted; (ii) sampling location WA-XX

was further subdivided into three locations that better

reflected geography (WA-XX, WA-NW and WA-SE;

Fig. 1). Sampling groups never included the geographic

range of multiple subspecies, and the geographic area

of sampling groups was small relative to the total sam-

ple area (Fig. S1, Supporting information). Population

codes are alphanumeric, with the prefix describing the

state or province of collection and the suffix describing

the specific population sample location. Spatial coordi-

nates were obtained for each sample, either as GPS

coordinates recorded at the time of sample collection or

estimated based on written descriptions of the sampling

locations. Explicit spatial coordinates were used for all

individual-level analyses (Fig. S1, Supporting informa-

tion). For population-level analyses, we used ARCGIS to

calculate the mean centre of each of the 71 sampling

groups and used those spatial coordinates in subse-

quent analyses (Fig. 1).

Laboratory analysis

We extracted DNA from all samples and all sample

types using a modified ammonium acetate protocol

(Latch et al. 2008a). We amplified 10 nuclear microsatel-

lite loci for each sample in 10 lL multiplex reactions

using the primers and conditions outlined in Latch et al.

(2008b). All hair and antler core samples (n = 77) were

independently extracted and genotyped twice for con-

firmation of results. We observed two instances of alle-

lic dropout in hair samples and corrected these errors.

Additionally, approximately 5% of the tissue samples

(n = 96) were genotyped twice to estimate genotyping

error rate. Of the 960 repeated genotypes, we observed

11 total mismatches (all instances of allelic dropout of

the larger allele) across eight different loci, resulting in

an estimated error rate of 1.1% for the entire data set.

We culled any samples from the database for which we

obtained fewer than six genotypes, that had inaccurate

or missing spatial coordinates or that showed any

genetic evidence of admixture with white-tailed deer

(based on preliminary clustering analyses that separated

these species; hybridization is known to occur in areas

of sympatry; Derr 1991; Kay & Boe 1992; Hughes &

Carr 1993; Cathey et al. 1998; Hornbeck & Mahoney

2000; Bradley et al. 2003). The final data set included

1831 georeferenced samples genotyped at 10 microsatel-

lite loci. The percentage of genotypes missing from the

final data set was 0.6% (110 missing genotypes of

18 310 attempted).

Population-level analyses

For the total sample and each of the 71 sample groups

with at least eight individuals (n = 65 sample groups),

we used GENEPOP 4.0 (Rousset 2008) to perform tests of

linkage disequilibrium for each pair of microsatellite

loci, assess deviation from Hardy–Weinberg equilibrium

(HWE) and estimate FIS (Weir & Cockerham 1984).

© 2014 John Wiley & Sons Ltd
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Fig. 1 Geographic locations of n = 71 mule deer (Odocoileus hemionus) sample groups. Symbols indicate a priori assignment to one of

10 morphological subspecies. Patterned polygons indicate the range of each subspecies. Population codes are alphanumeric, with the

prefix describing the state or province of collection and the suffix describing the specific sample location.

© 2014 John Wiley & Sons Ltd
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We used ARLEQUIN 3.5 (Excoffier et al. 2005) to calculate

expected (HE) and observed (HO) heterozygosities, and

FSTAT 2.9.3 (Goudet 2001) to calculate allelic richness cor-

rected for differences in sample size. In addition, we

used ARLEQUIN to calculate pairwise FST as a measure of

differentiation among sample groups, as well as to test

for a pattern of isolation by distance (IBD) by conduct-

ing a Mantel test (Mantel 1967) between a genetic dis-

tance matrix (FST/(1�FST)) and a geographic distance

matrix (ln-transformed km) with 1000 permutations. To

more effectively view the patterns of genetic differentia-

tion among sample groups, we used GENALEX 6.5 (Peak-

all & Smouse 2012) to construct a principal coordinate

analysis (PCoA) graph via the covariance matrix with

data standardization derived from a matrix of mean

genotypic genetic distance. In all assessments of signifi-

cance, we used the sequential Bonferroni method to

adjust for multiple tests (Rice 1989).

Individual-level Bayesian clustering

Complimentary analytical approaches are often useful

in characterizing patterns of population genetic struc-

ture (Balkenhol et al. 2009). Thus, we employed both

spatially informed and nonspatial approaches to charac-

terize genetic structure across the data set. In our spa-

tially informed approach, we employed Bayesian

clustering using BAPS 5 (Corander et al. 2008). As a num-

ber of samples in the data set have identical coordi-

nates, we performed a mixture analysis using the

‘spatial clustering of groups’ model. Mixture analysis

was performed for five iterations of each value of Kmax

(the maximum number of populations) for the range

Kmax = 1–65. In this step, the maximum likelihood and

highest posterior probability were used to determine

the optimum number of genetic clusters in the sample,

and then each individual was assigned to a cluster. In

the second step, we performed an admixture analysis

based on the results of the mixture clustering, using 500

iterations, 200 reference individuals per population and

100 iterations for each reference individual.

In our nonspatial approach, we used STRUCTURE

(version 2.3.4; Pritchard et al. 2000; Falush et al. 2003; Hu-

bisz et al. 2009) in an iterative analysis. We performed

clustering for all 1831 individuals, for 10 iterations of

each value of K for the range K = 1–65. Each run con-

sisted of 500 000 replicates of the MCMC after a burn-in

of 50 000 replicates. We used the admixture model and

allowed allele frequencies to be correlated. We observed

the common phenomenon that once the true K is

reached, likelihoods for larger Ks plateau and the vari-

ance among runs increase (Pritchard & Wen 2003).

Thus, the optimal value for K was determined both by

inspecting the likelihoods for each set of runs and by

calculating the ad hoc DK statistic (Evanno et al. 2005;

Fig. S2, Supporting information). To assign individuals

to inferred clusters, we performed a final set of 10 runs

(1 000 000 burn-in and 1 000 000 stored replicates) at

the optimal K. Values of q, the proportion of an individ-

ual’s sampled genome characteristic of each cluster,

were averaged across the 10 runs using CLUMPP software

(Jakobsson & Rosenberg 2007). Each individual was

assigned to the cluster in which it had the highest prob-

ability of membership. The entire clustering process

was repeated iteratively for each of the inferred

clusters, to identify any additional genetic substructure

(Evanno et al. 2005; Latch et al. 2006). These iterative

runs were undertaken for each value of K for the range

K = 1 to K = the number of sampling locations repre-

sented in the subsample.

To visualize spatial genetic structure detected using

STRUCTURE, we used the ancestry coefficients (q) from the

STRUCTURE analysis to create a genetic surface for each of

the K = 3 inferred clusters (see Results). Following Mur-

phy et al. (2008), we constructed these surfaces in ARCGIS

using inverse distance-weighted interpolation (IDW)

(Cressie 1993) with a cell size of 12 km, a power func-

tion of 2 and a variable search radius of 12 neighbour-

ing points. For each raster, we also used ARCGIS to

generate contour lines to identify regions of high

assignment (q ≥ 0.75) to a given cluster. As another way

to visualize putative subpopulation ‘boundaries’, we

selected all individuals for which q ≥ 0.75 for a given

cluster and used the kde function in Geospatial Model-

ling Environment (GME; Beyer 2012) to calculate kernel

density estimates. We used the plug-in algorithm for

bandwidth estimation because it has been shown to

perform well and is not as sensitive to points with iden-

tical coordinates as some alternative algorithms (Beyer

2012). We used a cell size of 1,500, based on the man-

ual’s suggestion for calculating a reasonable cell size.

We subsequently used the isopleth function in GME to

create 90% polygons (i.e. contains 90% of the volume of

the surface) for each of the kernel density estimate ras-

ters. We considered these polygons to reflect the core

areas of each subpopulation.

Individual-level principal components analysis (PCA
and sPCA)

To complement the clustering analyses, we also per-

formed individual-based principal components analysis

(PCA) and spatial principal components analysis

(sPCA) using the ADEGENET 1.3-4 package (Jombart 2008)

of the software R (R Development Core Team 2012). An

advantage of PCA-type approaches is that they do not

rely on Hardy–Weinberg or linkage equilibrium and

thus are useful for detecting clines and other complex
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genetic structures (Jombart et al. 2008). The PCA imple-

mentation in ADEGENET calls upon the dudi.pca function

from the ADE4 package (Dray & Dufour 2007). When

using individuals as samples, this method performs a

PCA on a matrix of allele frequencies, with each row

representing an individual and each column represent-

ing an allele (coded 0 if absent, 0.5 if heterozygous or 1

if homozygous). As recommended in the ADEGENET man-

ual, missing data were replaced with the mean of the

concerned allele frequency. We also used the software

to produce a scatterplot of individual genotypes along

the first two principal components and construct 95%

inertia ellipses for the 10 subspecies to visualize how

much separation (and thus differentiation) exists among

the groups.

The sPCA technique provides principal component

scores that summarize both the nonspatial genetic vari-

ability and the spatial autocorrelation structure among

individual genotypes (as implemented here) or popula-

tions (Jombart et al. 2008). In this method, highly posi-

tive eigenvalues reflect axes with both a large variance

and global (i.e. positive spatial autocorrelation) struc-

ture. Consistent with the genetic surface approach, we

used a nearest neighbour (k = 12) connection network.

We also examined a distance-based connection network

in which individuals separated by ≤250 km (approxi-

mately, the maximum recorded natal dispersal distance

for this species; Robinette 1966) were considered neigh-

bours. Smaller and larger distances were also evaluated,

but yielded concordant results. We present only the

findings from the nearest neighbour network as the two

approaches provided highly similar results. We used

the screeplot function to graph the eigenvalues, each

decomposed into its variance and spatial autocorrela-

tion (Moran’s I) components, and used the graph to

choose how many principal components to interpret.

Jombart et al. (2008) recommend interpreting only the

principal components containing sufficient variability

and spatial structuring and that can be well distin-

guished from all other principal components based on a

sharp decay between successive eigenvalues. We con-

ducted a permutation procedure with 999 randomiza-

tions to test for a significant global pattern in the data.

In visualizations, we used the lagged spatial principle

component scores (i.e. averaged with its neighbours)

rather than the original scores to smooth the underlying

pattern.

Evaluation of classification schemes

To evaluate significant geographic divisions of hypothe-

sized a priori groupings based on taxonomy and eco-

logical regions, we used hierarchical analyses of

molecular variance (AMOVA; Excoffier et al. 1992) in

ARLEQUIN (Excoffier & Lischer 2010). This analysis

divides total genetic variance into variance components

via differences among groups (ΦCT), among populations

within groups (ΦSC) and within populations (ΦST).

Hypothesized AMOVA designs based on taxonomic

and ecological data were contrasted to a posteriori

groups implied from analyses of nuclear genetic data in

this study and from previous analyses of mtDNA data.

The optimal genetic subdivisions are expected to maxi-

mize the between-group variance (ΦCT) compared to

within-group variance (ΦSC). We used 16,000 permuta-

tions of the data, 1 000 000 steps in the Markov chain

and 100 000 dememorization steps in the analysis (Guo

& Thompson 1992). A total of six models were evalu-

ated: Model A – a priori, taxonomically designated 10

subspecies (O. h. sitkensis, columbianus, hemionus, califor-

nicus, fuliginatus, inyoensis, eremicus, crooki, peninsulae and

sheldoni); Model B – a priori, taxonomically designated

mule deer (MD), Sitka black-tailed deer (O. h. sitkensis)

and Columbian black-tailed deer (O. h. columbianus);

Model C – a priori, taxonomically designated mule deer

(MD) and black-tailed deer (BTD); Model D – a posteri-

ori grouping according to mtDNA haplogroup (10

groupings based on Latch et al. 2009); Model E – a pos-

teriori grouping according to highest order STRUCTURE

results (three lineages; see Results); Model F – a priori

grouping according to the Commission for Environmen-

tal Cooperation (CEC) Level 1 Ecoregions (CEC 1997).

These broad ecological regions highlight areas with sim-

ilarities in geology, physiography, vegetation, climate,

soils, land use, wildlife distributions and hydrology.

Level 1 classification divides North America into 15

broad ecoregions; seven of which were represented

among the 65 sample groups with at least 8 samples.

We also performed AMOVA analysis on only the MD

group, testing models that split samples based on sub-

species, mtDNA haplogroup and ecoregion (analogous

to Models A, D and F above), but did not find strong

support for any of the models.

Results

Population-level analyses

In the global sample, all loci showed a significant hetero-

zygote deficit and all pairs of loci showed significant

departure from linkage equilibrium, naturally due to

population subdivision. Basic genetic diversity statistics

for the 65 sample groups with greater than eight individ-

uals sampled indicate that allelic richness was lowest in

island populations and highest in California and the

Pacific Northwest (Table 1). Genetic variation in island

populations overall (AK-KI, AK-AI, AK-PW, BC-GI, BC-

VI, SO-TI) was reduced relative to mainland populations

© 2014 John Wiley & Sons Ltd
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Table 1 Summary of genetic variation, averaged across 10 microsatellite loci, for 65 populations with n > 8 samples. Sample size (n),

allelic richness (AR), mean expected (HE) and observed (HO) heterozygosities, and FIS for 10 microsatellite loci

Population n AR HE (SE) HO (SE) FIS (SE)

AK-KI 175 1.87 0.297 (0.072) 0.283 (0.069) 0.044 (0.025)

AK-AI 44 1.70 0.195 (0.065) 0.178 (0.059) 0.074 (0.040)

AK-PW 35 2.10 0.304 (0.087) 0.268 (0.076) 0.084 (0.041)

BC-BC 18 3.46 0.606 (0.039) 0.533 (0.046) 0.126 (0.031)

BC-GI 27 2.35 0.375 (0.086) 0.323 (0.072) 0.094 (0.053)

BC-VI 30 3.08 0.477 (0.090) 0.401 (0.080) 0.201 (0.096)

WA-NW 13 3.50 0.547 (0.064) 0.563 (0.065) �0.050 (0.055)

WA-XX 14 3.93 0.644 (0.043) 0.717 (0.037) �0.135 (0.055)

WA-SK 25 4.04 0.653 (0.040) 0.656 (0.049) 0.000 (0.034)

OR-AL 30 4.08 0.645 (0.047) 0.668 (0.052) �0.038 (0.051)

OR-XX 43 4.38 0.670 (0.055) 0.594 (0.054) 0.109 (0.041)

CA-XX 10 4.54 0.664 (0.048) 0.649 (0.057) 0.029 (0.038)

CA-MT 25 4.52 0.703 (0.043) 0.658 (0.035) 0.037 (0.066)

CA-D7 23 4.48 0.706 (0.038) 0.698 (0.052) 0.008 (0.053)

CA-TR 30 4.33 0.687 (0.054) 0.653 (0.061) 0.051 (0.046)

AZ-21 23 3.85 0.625 (0.054) 0.595 (0.073) 0.029 (0.086)

TX-PL 11 3.53 0.529 (0.067) 0.500 (0.085) 0.052 (0.081)

AZ-AV 28 3.29 0.588 (0.049) 0.561 (0.063) 0.048 (0.067)

NM-GM 27 3.72 0.603 (0.054) 0.611 (0.057) �0.028 (0.063)

AZ-30 30 3.78 0.606 (0.060) 0.564 (0.067) 0.057 (0.060)

CH-NC 21 3.81 0.599 (0.060) 0.542 (0.083) 0.179 (0.103)

TX-CR 20 3.77 0.611 (0.067) 0.542 (0.080) 0.109 (0.082)

TX-AL 30 3.68 0.595 (0.066) 0.561 (0.075) 0.043 (0.074)

AZ-15 14 3.92 0.632 (0.056) 0.629 (0.071) �0.007 (0.071)

AZ-KF 30 3.63 0.608 (0.067) 0.587 (0.079) 0.028 (0.069)

CA-IM 30 3.09 0.561 (0.046) 0.560 (0.070) 0.006 (0.078)

SO-AL 22 4.01 0.637 (0.051) 0.618 (0.061) 0.008 (0.074)

SO-CS 23 3.61 0.577 (0.062) 0.539 (0.077) 0.050 (0.093)

CA-SD 28 3.93 0.675 (0.047) 0.648 (0.044) 0.027 (0.041)

BA-NM 10 3.53 0.556 (0.077) 0.581 (0.094) �0.053 (0.080)

YK-SE 30 3.37 0.580 (0.058) 0.533 (0.057) 0.103 (0.074)

BC-LH 28 4.11 0.651 (0.044) 0.645 (0.050) 0.007 (0.041)

AB-728 29 4.13 0.683 (0.038) 0.634 (0.058) 0.071 (0.059)

SK-46 29 3.87 0.617 (0.059) 0.600 (0.054) 0.005 (0.049)

BC-PR 20 3.87 0.650 (0.047) 0.619 (0.050) 0.041 (0.050)

SK-14 30 3.80 0.631 (0.052) 0.577 (0.066) 0.098 (0.057)

AB-OR 29 4.13 0.661 (0.044) 0.621 (0.066) 0.056 (0.074)

WA-OK 29 3.93 0.658 (0.041) 0.644 (0.048) 0.031 (0.027)

WA-SE 17 4.31 0.694 (0.042) 0.682 (0.060) 0.027 (0.048)

MT-RV 28 4.07 0.648 (0.046) 0.625 (0.053) 0.034 (0.045)

ND-SW 30 4.01 0.652 (0.047) 0.633 (0.065) 0.029 (0.068)

OR-NS 28 4.02 0.667 (0.035) 0.657 (0.044) 0.017 (0.031)

MT-ST 30 4.27 0.665 (0.058) 0.650 (0.070) 0.030 (0.043)

ID-BO 25 3.90 0.623 (0.050) 0.637 (0.057) �0.027 (0.043)

WY-SH 30 4.17 0.667 (0.046) 0.607 (0.063) 0.093 (0.062)

SD-CU 30 4.01 0.656 (0.041) 0.673 (0.050) �0.034 (0.053)

ID-SE 28 4.06 0.646 (0.046) 0.610 (0.051) 0.061 (0.041)

WY-SC 19 4.05 0.644 (0.035) 0.574 (0.039) 0.103 (0.053)

UT-SV 23 3.91 0.637 (0.042) 0.646 (0.043) �0.021 (0.038)

NV-WE 30 4.10 0.656 (0.044) 0.660 (0.045) �0.012 (0.036)

NE-PL 30 3.72 0.625 (0.049) 0.603 (0.052) 0.026 (0.052)

UT-SL 23 3.99 0.665 (0.045) 0.657 (0.048) �0.001 (0.052)

CO-ST 26 3.95 0.622 (0.052) 0.613 (0.075) 0.032 (0.073)

NE-SC 29 3.92 0.608 (0.057) 0.614 (0.065) �0.019 (0.064)
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(ARislands = 2.15, SD = 0.513; ARmainland = 3.92, SD = 0.298;

paired t-test P = 0.0003). Deviations from Hardy–Wein-

berg equilibrium were evident in many sample groups

(Table 1). The highest FIS values were often found in

island populations (suggesting inbreeding), in sample

groups that covered large geographic areas or in

areas of inferred admixture between divergent lineages

(suggesting Wahlund effect; Table 1).

Estimates of pairwise FST ranged from �0.00156

(between NE-SC and KS-SM) to 0.64377 (between SO-TI

and AK-AI; Fig. S3, Supporting information), with the

largest values generally occurring in comparisons

between Sitka black-tailed deer (O. h. sitkensis) sample

groups vs. sample groups comprised of alternative sub-

species (Fig. S3, Supporting information). A significant

pattern of isolation by distance was observed overall

(r = 0.452, P = 0.001). The principal coordinate analysis

revealed a high degree of genetic differentiation

between the three sitkensis sample groups and all others

(Fig. 2). The PCoA also provided support for differenti-

ation between Columbian black-tailed deer (O. h. colum-

bianus) sample groups and others, although there was

some overlap with mule deer sample groups. Within

the eight mule deer subspecies, there was little evidence

for differentiation other than the separation of the lone

sheldoni sample group. However, there was a north–

south trend observable among the mule deer subspe-

cies, which was particularly noticeable along the third

axis (Fig. S4, Supporting information). Scores from the

first three principal coordinate axes accounted for 57.3%

of the total variation in the data (first axis 34.6%; second

axis 13.9%; third axis 8.8%).

Individual-level Bayesian clustering

In the BAPS analysis, K = 14 was the optimal solution

(Fig. S5, Supporting information). The mode of the pos-

terior distribution of K was at K = 15; however, one of

the clusters contained only a few individuals geographi-

cally scattered in the northwestern United States and

was not considered further (Corander et al. 2006; Latch

et al. 2006). As described using population-based analy-

ses, samples collected from O. h. sitkensis (two clusters)

and O. h. columbianus (two clusters) were identified as

distinct from the remaining mule deer samples (10 clus-

ters). The presence of spatially explicit clusters across

the sample area suggests that the pattern of genetic var-

iation is distributed spatially. However, isolation-by-dis-

tance patterns of gene flow can produce clustering

patterns that mimic discrete spatial structure in some

cases (Frantz et al. 2009). We used the spatial model for

BAPS, which imposes a prior distribution that puts more

weight on geographically homogeneous partitions of

the sample. This model does not allow estimation of the

magnitude and scale of spatial correlations in the pres-

ence of IBD (Francois & Durand 2010), which could

result in the designation of distinct clusters in areas

characterized by a gap in sampling (Frantz et al. 2009).

Hierarchical analyses in STRUCTURE clearly indicated

three main genetic groups, corresponding to black-tailed

deer of subspecies O. h. sitkensis (BTDsitkensis), black-tailed

deer of subspecies O. h. columbianus (BTDcolumbianus) and

mule deer of all remaining subspecies (MD; Fig. 3). The

genetic surfaces and associated contour lines support

the distinctiveness of BTDsitkensis and show a zone

of admixture between mule deer and BTDcolumbianus

that extends north–south (i.e. between the red and

green contour lines in Fig. S6, Supporting information)

predominantly along the Cascade–Sierra chain. This

admixture zone is also evident via the overlapping 90%

polygons from the kernel density estimates (Fig. S7,

Supporting information). Hierarchical analyses revealed

additional substructure within each of the three

main groups (Fig. 4). BTDsitkensis substructure separated

the introduced population of deer on Kodiak Island

from the rest of the Alexander Archipelago. A limited

Table 1 Continued

Population n AR HE (SE) HO (SE) FIS (SE)

KS-SM 27 3.85 0.601 (0.052) 0.596 (0.052) 0.000 (0.035)

NV-PC 27 4.07 0.677 (0.039) 0.659 (0.038) 0.015 (0.047)

KS-BD 31 3.93 0.611 (0.058) 0.606 (0.054) �0.002 (0.032)

CO-SJ 29 4.27 0.670 (0.041) 0.604 (0.060) 0.102 (0.063)

AZ-KB 30 3.60 0.653 (0.029) 0.613 (0.047) 0.066 (0.047)

NM-RT 29 3.89 0.613 (0.052) 0.583 (0.067) 0.069 (0.054)

AZ-FL 26 3.91 0.636 (0.045) 0.572 (0.060) 0.089 (0.080)

CA-MO 25 4.19 0.680 (0.037) 0.720 (0.048) �0.063 (0.053)

CA-OV 20 4.03 0.671 (0.035) 0.658 (0.054) 0.010 (0.068)

BA-SM 15 3.41 0.549 (0.090) 0.475 (0.084) 0.105 (0.067)

SO-TI 8 1.79 0.277 (0.055) 0.279 (0.087) 0.036 (0.184)

Standard errors for estimates of HO, HE and FIS are provided in parentheses. FIS values significantly different from zero are in bold font.
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number of cross-assignments were observed and are

likely due to the use of Alexander Archipelago deer as

a source for the original introduction to Kodiak Island.

BTDcolumbianus was further divided into two subclusters

that separated Vancouver and Gabriola Islands from

mainland samples. MD was subdivided into perhaps

seven subclusters, although the evidence for seven

subclusters over other numbers of subclusters was not

strongly supported (Fig. S2, Supporting information).

The seven subclusters corresponded only weakly to

geography and exhibited diffuse boundaries between

subclusters (Fig. 4). Alternative numbers of subclusters

did not yield populations with distributions more

closely associated with geography.

AK-KI

AK-AI

AK-PW

BC-BC

BC-GI

BC-VI

WA-NW

WA-XX

WA-SK

OR-AL

OR-XX

CA-XX

CA-MT
CA-D7

CA-TR

AZ-21

TX-PL

AZ-AV

NM-GM

AZ-30

CH-NC

TX-CR
TX-AL

AZ-15

AZ-KF
CA-IM

SO-AL

SO-CS

CA-SD

BA-NMYK-SE
BC-LH

AB-728

SK-46

BC-PR

SK-14

AB-OR
WA-OK

WA-SE

MT-RV
ND-SW

OR-NS

MT-STID-BO

WY-SH

SD-CU

ID-SE

WY-SC

UT-SV
NV-WE

NE-PL

UT-SL

CO-ST

NE-SCKS-SM

NV-PC

KS-BD

CO-SJ

AZ-KB

NM-RT

AZ-FL

CA-MOCA-OV
BA-SM

SO-TI

Co
or

d.
 2

Coord. 1

Principal coordinates

subspecies
sitkensis
columbianus
californicus
crooki
eremicus
fulginatus
hemionus
inyoensis
peninsulae
sheldoni

Fig. 2 Principal coordinate analysis of the 65 sample groups with n ≥ 8, colour-coded according to a priori classification to one of ten

morphological subspecies. The first two axes are plotted.

© 2014 John Wiley & Sons Ltd

RANGE- WIDE GENETIC STRUCTURE IN MULE DEER 9



Despite differences in the underlying analytical meth-

odologies, spatial and nonspatial Bayesian clustering

approaches yielded results that were broadly concor-

dant. We identified 14 clusters using BAPS and 11 clus-

ters using the iterative STRUCTURE analysis. The BTD

lineage was consistently divided into four groups using

both approaches, and individual assignments were

nearly identical. Within the MD lineage, there was gen-

eral agreement in the overall geographic distribution of

clusters, although there were differences both in the

number of clusters (10 using BAPS and 7 using STRUCTURE)

and the locations of boundaries between individual

clusters. Aside from the fundamental difference in the

dependency on spatial data in the two approaches, our

implementation of BAPS and STRUCTURE also differs in the

unit of analysis. Because multiple samples in our data

set have identical geographic coordinates, the spatial

clustering analysis in BAPS was carried out with the pop-

ulation as the unit of analysis (‘spatial clustering of

groups’). This approach identifies differences between

the underlying allele frequency distributions of pre-

grouped populations. This is in contrast to the individ-

ual-based STRUCTURE analysis, in which individuals are

partitioned based on Hardy–Weinberg equilibrium. This

may help to explain some of the seemingly sharp transi-

tions between clusters in the BAPS analysis that were not

reflected in the STRUCTURE analysis. Nonetheless, there

was broad-scale concordance between the approaches.

Individual-level principal components analysis (PCA
and sPCA)

Similar to the PCoA and Bayesian clustering findings,

the standard PCA distinguished three main genetic

groups. The scatterplot of the first two principal compo-

nents showed O. h. sitkensis to be the most genetically

distinct group, with more overlap between O. h. colum-

bianus and mule deer. Much of the overlap between

Fig. 3 Results of the first round of STRUCTURE analysis, where the size of each circle reflects the ancestry coefficient (q-value) for a

given sample. Panels (left to right) provide results for the mule deer (MD), BTDsitkensis and BTDcolumbianus lineages. The genetic sur-

faces (darker reflects higher q-value) underlying the samples are shown. The lines mark the 75% contour line (i.e. q = 0.75) for the

genetic surface.
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O. h. columbianus and mule deer occurred in samples

collected from the known zone of admixture between

these two lineages (Latch et al. 2011). In contrast, the

PCA provided little resolution among the mule deer

subspecies (Fig. 5).

In the sPCA, the screeplot of the decomposed eigen-

values showed that the first eigenvalue was consider-

ably larger than all others. It exhibited a strong signal

of positive spatial autocorrelation (I = 0.815) and repre-

sented a considerable proportion of the entire genetic

variability (var = 0.616; Fig. S8, Supporting informa-

tion). However, the first four eigenvalues could be

easily distinguished from all others, and thus, the corre-

sponding principal components were interpreted. The

scores from the first spatial principal component (sPC)

distinguish mule deer from both subspecies of black-

tailed deer (Fig. 6). The scores from the second sPC

distinguished columbianus and peninsulae from the other

subspecies. The scores from the third sPC appeared to

predominantly distinguish northern MD from southern

MD, as well as to differentiate the two sitkensis groups

from one another. The scores from the fourth sPC were

difficult to interpret, but appeared to be separating out

Baja and southern California samples, and again distin-

guishing the two sitkensis groups from one another. The

permutation test confirmed the existence of at least one

global pattern (P = 0.028).

Evaluation of classification schemes

Based on the 3-level AMOVAs (region, population,

individuals), the greatest proportion of variation was

explained by Model B, in which samples were grouped

into three a priori taxonomic groups (16.93% of variance

explained among groups). Model E, in which samples

were grouped a posteriori based on their membership

Fig. 4 Map showing results from the full

iterative STRUCTURE analysis, with each

sample group depicted as a pie chart.

The size of the pie chart reflects the num-

ber of samples.
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to one of three genetically defined clusters, also

explained a comparable portion of the variation among

groups (15.80%; Table 2). Models based on larger

(Model A) or smaller (Model C) numbers of subspecies

groups, and ecologically based models (Model F)

explained less of the variation among groups than other

models (Table 2).

Discussion

Mule deer possess many characteristics that are pre-

dicted to limit genetic differentiation at a broad scale.

They are currently and historically abundant, continu-

ously distributed, highly mobile and exist at high popu-

lation densities. Despite the potential for limited genetic

differentiation in mule deer, our data revealed the pres-

ence of broad-scale spatial genetic structure. Both indi-

vidual-based and population-based analyses supported

the existence of three main genetic lineages and

resolved additional substructure within each lineage.

The geographic distributions of these three primary

lineages correspond well to predictions based on the

biogeographic history of mule deer and suggest that the

broad-scale patterns of spatial genetic structure we

observed are largely the result of historical restrictions

to gene flow. Specifically, Pleistocene glacial cycles left

distinct and lasting signatures on this species and are

most evident in the strong genetic differentiation

observed between mule deer and black-tailed deer. The

strongest influence on secondary genetic substructure

was island vicariance, which resulted in detectable pat-

terns of genetic divergence and reduced genetic varia-

tion of island populations relative to mainland

populations. Although mule deer can swim distances of

several miles (Taylor 1956; Robinette 1966; Reimchen

et al. 2003; Lopez 2006), our data suggest that gene flow

between mainland and island populations is infrequent.

The patterns of population genetic structure that

emerged as a result of these historical biogeographic

events have been maintained despite the evidence we

observed for high levels of gene flow and low levels of

differentiation across large geographic areas of main-

land habitat.

The distinctiveness of mule deer (MD) and black-

tailed deer (BTD) has long been recognized and is sup-

ported by morphological (Taylor 1956; Wallmo 1981),

behavioural (M€uller-Schwarze & M€uller-Schwarze 1975)

and genetic (Latch et al. 2009, 2011; Haynes & Latch

2012) data. In this study, patterns of genetic differentia-

tion between MD and BTD were supported by both

population-based and individual-based analyses. These

two lineages likely diverged in allopatric refugia on

 d = 0.5 

 PCA 1−2 

 sitkensis 

 eremicus 
 crooki 

 fulginatus 
 peninsulae 

 californicus 
 inyoensis 

 sheldoni 

 columbianus 

 Eigenvalues 

Fig. 5 Scatterplot showing results from

individual-based principle components

analysis. Points represent genotypes of

individual mule deer, colour-coded

according to a priori classification to one

of the ten morphological subspecies.

Subspecies are labelled inside their 95%

inertia ellipses. Inset shows a bar chart

of the eigenvalues with corresponding

components in black. Grid distance corre-

sponds to a value of 0.5.
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Fig. 6 Plots showing lagged spatial principal components analysis (sPCA) scores for the first four spatial principle components, using

a connection network based on 12 nearest neighbours. Each square represents the score of an individual genotype (grey indicates

negative and white positive values, and larger squares reflect greater absolute values) and is positioned by its spatial coordinate.
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either side of the Cascade Mountain range during the

last glacial maximum (Latch et al. 2009). Postglacial

recolonization resulted in secondary contact between

lineages. Genetic admixture at secondary contact zones

is a common consequence of postglacial recolonization

from allopatric refugia, and mule deer and black-tailed

deer hybridize readily at the zone of contact (Latch

et al. 2011). This zone of secondary contact along the

crest of the Cascade Mountains corresponds with a

mammalian contact zone hot spot (Swenson & Howard

2005), suggesting that the crest of the Cascade Moun-

tains served as a strong barrier to gene flow during gla-

cial maxima. In our study, the clearest evidence for

admixture between MD and BTD is provided by our

STRUCTURE analysis and most easily visualized by the

contour lines and kernel boundaries for the genetic sur-

faces of the ancestry coefficients. Both visualizations

indicate a zone of overlapping lineage distributions that

correspond to the zone of secondary contact. Despite

extensive hybridization between MD and BTD, parental

lineages remain genetically distinct and today occupy

very different habitats; black-tailed deer in coastal conif-

erous rainforest west of the mountains and mule deer

in grassland/shrubland and forested mountains to the

east.

The presence of a third main genetic lineage, separat-

ing black-tailed deer into two distinct groups (BTDsitken-

sis and BTDcolumbianus), is supported taxonomically and by

genetic data illustrating considerable mitochondrial

sequence divergence between these subspecies (Latch

et al. 2009). This pattern of divergence is confirmed by

our nuclear microsatellite data and by different analyti-

cal approaches. The PCA, PCoA and FST analyses con-

sistently indicated that BTDsitkensis exhibited greater

divergence from MD than did BTDcolumbianus. Bayesian

clustering analyses also indicated strong divergence of

BTDsitkensis, and neither approach assigned individuals

sampled within the geographic range of O. h. sitkensis

to other genetic lineages. There exists a gap in sampling

between these BTD subspecies, and clustering algo-

rithms may infer barriers that coincide with sampling

gaps (Serre & P€a€abo 2004; Rosenberg et al. 2005; Frantz

et al. 2009). Similarly, sampling only island populations

of BTDsitkensis may have exaggerated the effects of

genetic drift resulting from island vicariance. Both sam-

pling artefacts may have yielded overestimates of the

amount of genetic differentiation between Sitka and

Columbian black-tailed deer. However, our data do not

suggest that the observed pattern of genetic differentia-

tion is solely attributable to these sampling artefacts.

Genetic differentiation instead may be driven by an

overall low level of genetic diversity within BTDsitkensis,

fitting with a historical bottleneck dating to the

origination of the subspecies (Latch et al. 2008b, 2009;

Colson et al. 2013). Morphological and behavioural

differences between Sitka and Columbian black-tailed

deer subspecies provide further support for evolution-

ary differentiation over sampling artefacts (Wallmo

1981). Characterizing genetic variation in mainland

Sitka black-tailed deer populations and in the unsam-

pled region of northwestern British Columbia and

southern Alaska would help to distinguish among these

alternative hypotheses.

Within the three main genetic lineages, our data indi-

cated additional spatial genetic substructure. In black-

tailed deer (BTDsitkensis and BTDcolumbianus), inferred

subclusters corresponded to islands. Island populations

encounter a physical impediment to gene flow and are

Table 2 Analysis of molecular variance (AMOVA) based on 10 microsatellite loci. Hypothesized groupings represent morphological

(Model A–C), haplotypic (Model D; Latch et al. 2009), nuclear microsatellite (Model E) and ecological (Model F) variation

Model Hypothesized groupings ΦSC ΦST ΦCT % among groups

A: 10 subspp [sitkensis] [columbianus] [californicus] [crooki] [eremicus]

[fuliginatus] [hemionus] [inyoensis] [peninsulae] [sheldoni]

0.061 0.182 0.129 12.93

B: 3 subspp [sitkensis] [columbianus] [californicus, crooki, eremicus,

fuliginatus, hemionus, inyoensis, peninsulae, sheldoni]

0.078 0.234 0.169 16.93

C: 2 subspp [sitkensis, columbianus] [californicus, crooki, eremicus,

fuliginatus, hemionus, inyoensis, peninsulae, sheldoni]

0.102 0.220 0.131 13.06

D: Hap [BTD-A] [BTD-B] [MD-A] [MD-B] [MD-D] [MD-E]

[MD-F] [MD-H] [MD-I] [MD-J]

0.095 0.164 0.076 7.60

E: 3 clusters [BTDsitkensis] [BTDcolumbianus] [MD] 0.078 0.224 0.158 15.80

F: Ecoregion [6 – Northwestern Forested Mountains] [7 – Marine

West Coast Forest] [9 – Great Plains] [10 – North

American Deserts] [11 – Mediterranean California]

[12 – Southern Semi-arid Highlands] [13 – Temperate Sierras]

0.094 0.166 0.080 7.97

BTD, black-tailed deer; MD, mule deer. Bold values indicate significant P-value (P < 0.05). Models B (three morphologically

described subspecies) and E (three genetic clusters) yielded the highest variance partitioned among groups.
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thus expected to diverge from mainland populations

(Mayr 1963). Furthermore, island populations tend to be

smaller than continental populations, resulting in a

more rapid fixation of neutral alleles on islands and

reduced overall levels of genetic variation (Frankham

1997). BTDsitkensis was divided into two genetically dis-

tinct clusters associated with the Alexander Archipelago

(AK-AI and AK-PW) and Kodiak Island (AK-KI) in

Alaska. Black-tailed deer on Kodiak Island were intro-

duced to the island beginning in 1924 and used only 25

animals from the Alexander Archipelago as founders

(Smith 1979; Van Daele 2005; Latch et al. 2008b). Low

levels of genetic variation in our large sample from

Kodiak Island and genetic differentiation of Kodiak

Island deer from Alexander Archipelago deer are there-

fore expected as a result of the founding event and

subsequent genetic drift. Rapid population growth fol-

lowing the initial introduction to Kodiak Island limited

further loss of genetic variation relative to founding

populations in the Alexander Archipelago (Latch et al.

2008b). However, founding populations in the Alexan-

der Archipelago also exhibit low levels of genetic varia-

tion compared with populations from other lineages.

Consequently, all BTDsitkensis populations were charac-

terized by very low levels of genetic variation, irrespec-

tive of their management history.

The BTDcolumbianus lineage was separated into two

clusters that divided mainland samples and island

samples (Vancouver Island, BC-VI, and Gabriola

Island, BC-GI). This pattern was reflected in both spatial

and nonspatial Bayesian clustering algorithms. The

island populations were characterized by low genetic

variation compared with mainland populations, similar

to the pattern we observed for island populations of

BTDsitkensis. In addition to low variation at nuclear

microsatellites, BC-GI has a single mtDNA haplotype

(Latch et al. 2009), suggesting that colonization of Gabri-

ola Island likely involved very few individuals. BC-VI

exhibited low diversity at nuclear microsatellites but

retains haplotype diversity (Latch et al. 2009), a signa-

ture of population bottlenecks followed by rapid popu-

lation expansion and accumulation of mutations (Avise

et al. 1984; Grant & Bowen 1998). Such a pattern would

be predicted on an island where deer have been

successful following initial colonization and expanded

rapidly following population declines in the 1970s (J.

MacDermott, personal communication). Overall, main-

land BTDcolumbianus samples exhibited high levels of

genetic variation, suggesting that this lineage has main-

tained robust population sizes without severe declines.

Geographically, individuals genetically characterized as

mainland BTDcolumbianus were concentrated in the Paci-

fic Northwest and northwestern California. However,

individuals assigned to this lineage were spread

throughout the species’ range and were found as far

south as southern Baja California Sur and east to central

Kansas. Such a wide geographic spread of the mainland

BTDcolumbianus lineage might indicate that these alleles

represent shared ancestral variation that has not yet

experienced complete lineage sorting. This explanation

is supported by mtDNA data that indicate very strong

differentiation between BTDcolumbianus and MD lineages

(Latch et al. 2009) and a complete lack of shared varia-

tion. More rapid differentiation of mtDNA haplotypes

would be expected given the smaller effective popula-

tion size relative to nuclear alleles.

Subclustering within the mule deer lineage (MD) was

less discrete than for BTD. Similar to the patterns we

observed in black-tailed deer, the single island popula-

tion sampled within the mule deer lineage (SO-TI; Tibu-

ron Island, Sonora, Mexico) exhibited considerable

differentiation from the rest of the lineage and severely

reduced genetic variation. This population is our sole

representative of the morphologically described subspe-

cies O. h. sheldoni (Goldman 1939), endemic to Tiburon

Island. Although our data indicate considerable genetic

differentiation between SO-TI and mainland mule deer

populations, the mechanisms driving this divergence

(i.e. island vicariance and genetic drift or divergent

selection) are unclear (Alminas 2013).

Among mainland MD populations, weak spatial

genetic structure was apparent. Iterative STRUCTURE

analyses revealed genetic substructure within the MD

lineage that was weakly correlated with geography.

PCoA also indicated slight aggregation of populations

from proximate geographic locations. However, clear

boundaries between clusters were not present, and a

large portion of the genetic variation within the MD

cluster could be explained using a simple IBD pattern

of gene flow. In addition, the third axis of the PCoA

analysis revealed separation among populations within

the MD lineage, accentuating a north–south gradient. A

lack of clear boundaries and clinal variation suggests

that IBD is a stronger driver of genetic subdivision

within the MD lineage than alternative explanations

involving behavioural or ecological isolating mecha-

nisms. Bayesian clustering methods do not consider

IBD explicitly and thus can overestimate genetic struc-

ture when analysing data sets characterized by IBD

(Serre & P€a€abo 2004; Frantz et al. 2009). Although this

bias is most often observed when sampling is popula-

tion based, or when a small number of markers are

used, both spatial and nonspatial algorithms superim-

pose extraneous clusters at high levels of IBD (Serre &

P€a€abo 2004; Frantz et al. 2009; Schwartz & McKelvey

2009). Strong IBD patterns are consistent with the natu-

ral history of a widespread, high gene flow species such

as mule deer, and suggest a lack of discrete barriers
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across large geographic distances encompassed in the

mainland MD lineage.

A lack of ecologically based genetic structure across

very large geographic areas that we observed for mule

deer indicates that historical factors have left a lasting

mark on current population genetic structure. This pat-

tern is in contrast to the patterns of spatial genetic

structure observed for many other continuously distrib-

uted, highly mobile mammals. Contrasting patterns of

genetic structure across the landscape may stem from

underlying differences in population ecology. Most of

the vagile mammals studied to date have been large

carnivores, which typically inhabit large home ranges

and exist at low population densities. At low popula-

tion densities, the effect of genetic drift may be strongly

relative to gene flow, and even weak effects of land-

scape permeability on gene flow could play a critical

role in generating spatial genetic structure (Wright

1946; Heywood 1991; Vekemans & Hardy 2004). Ungu-

lates, in contrast, are often found at high population

densities, where drift is weak relative to gene flow, lim-

iting the development of population genetic structure

unless landscape barriers are strong. High historical

and contemporary population sizes combined with a

lack of strong landscape barriers have been suggested

as a potential mechanism for the maintenance of genetic

connectivity across large geographic areas in Arctic

foxes, a small, highly mobile carnivore with minimal

social structure (Carmichael et al. 2007), elk (Hicks et al.

2007), and in caribou when population sizes are large

(Serrouya et al. 2012; Weckworth et al. 2012).

An absence of genetic structure across large areas of

the continental west may also be a reflection of locally

influential behavioural responses to the landscape. A

strong behavioural response to habitats, such as natal

habitat-biased dispersal (Davis & Stamps 2004), might

explain why some recent studies have found spatial

genetic structure for large and highly mobile mammals

in heterogeneous habitats, but not in homogeneous hab-

itats (McRae et al. 2005; Pilot et al. 2012). For example,

landscape-scale structuring in coyotes mirrored habitat

subdivision in California, USA, but was not present in

more homogeneous habitats in Colorado (Sacks et al.

2008). Our data suggest there may be a parallel in mule

deer, although the mechanisms driving the observed

pattern may be quite different. Habitat-specific popula-

tion structure is supported at a regional scale in Califor-

nia mule deer, where the pattern of spatial genetic

structure is consistent with natal habitat-biased dis-

persal (Pease et al. 2009). Increased spatial heterogeneity

of the landscape is also tightly correlated with

decreased home range size in mule deer, suggesting an

alternative mechanism by which habitat heterogeneity

might determine the potential for gene flow in mule

deer (Kie et al. 2002). Alternative behavioural mecha-

nisms in response to changes in resource availability,

such as winter herding behaviour or migratory behav-

iour, also may contribute opportunities for gene flow in

mule deer and help to explain the blurred genetic struc-

ture across the mainland range that we observed.

Regardless of the combination of factors that ulti-

mately drive population genetic structure in highly

mobile taxa, our species-wide investigation suggests

that regional patterns of genetic structure may not

translate to other portions of the range characterized by

different habitat complexity, such as in interior portions

of the western United States. By undertaking a level of

sampling typically carried out at a regional scale, and

applying it across the entire range, we provide a more

comprehensive view of the patterns and potential pro-

cesses influencing genetic structure in a species. As

additional population genetic data sets collected across

broad spatial scales and at high resolution become

available for large mammals with varied social struc-

tures and habitat requirements, we will learn more

about the potential drivers of spatial genetic structure

in widespread, highly mobile species.

Conclusions

Our results, based on a high-resolution sample of mule

deer collected at a broad scale, clearly demonstrate that

historical biogeographic events are paramount in the

formation and maintenance of spatial genetic structure

in mule deer. Both individual- and population-based

analyses clearly indicated that historical biogeographic

events, specifically Pleistocene glaciation and island

vicariance, are the primary mechanisms promoting

genetic divergence in this species. Within lineages, very

little genetic structure was detected among mainland

populations. Panmixia is predicted for continuously dis-

tributed, highly mobile species, where unimpeded gene

flow is expected to limit the emergence of spatial

genetic structure. However, ecological processes often

superimpose additional structure onto that generated

by historical processes, or erode historical patterns of

structure. Although ecologically based patterns of

genetic structure have been described for several spe-

cies, our data indicate a lack of ecologically based struc-

ture for mule deer at broad spatial scales. Given the

low degree of population structuring observed across

much of the interior west, it seems likely that large

population sizes and high gene flow have resulted in

well-connected populations and an overall lack of

genetic isolation. This connectivity may be reinforced

by species-specific behaviours such as winter herding

and migration, and potentially by weak behavioural

responses to a fairly homogeneous landscape. Overall,
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these findings highlight the benefit of high-resolution,

broad-scale studies of spatial genetic structure.

The hierarchical patterns of range-wide genetic struc-

ture in mule deer we observed could have important

implications for taxonomy. Based on genetic data alone, it

is feasible that mule deer could be better described as dis-

tinct populations nested within two (MD and BTD) or

three (MD, BTDsitkensis and BTDcolumbianus) main lineages,

rather than as 11 distinct subspecies. We urge caution,

however, in interpreting our results as evidence that taxo-

nomic revision is warranted, because such considerations

must consider multiple criteria in addition to discrete dif-

ferences in neutral genetic variation, ideally including

morphological, ecological, physiological, behavioural and

adaptive genetic variation (Haig et al. 2006).

Our findings also provide valuable insight into the

design of optimal strategies for mule deer conservation

and management, which in this case warrant close

cooperation among managers given the lack of discrete

dispersal boundaries (Heffelfinger et al. 2003). This

cooperation is particularly important given recent

declines in mule deer populations throughout the wes-

tern United States. If the observed genetic structuring

reflects large-scale use of the landscape, then any man-

agement action that inhibits movement may have

unforeseen negative consequences on mule deer resid-

ing far from the location of management activity. Simi-

larly, our results imply that the maintenance of habitat

quality and migration corridors over large areas may be

critical to the conservation of mule deer populations.
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