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Abstract The Great Plains region is fragmented by nat-

ural and anthropogenic sources, yet the interaction between

habitat fragmentation and genetic structure in this region

has received limited study. Swift fox (Vulpes velox) are

closely associated with short and mixed grass ecosystems,

providing an opportunity to study patterns of gene flow,

diversity and genetic structure in this area. We collected

589 samples throughout the species’ distribution in the

United States and analyzed these samples using 15

microsatellite loci and a 250 base pair sequence of the

mitochondrial DNA control region. We detected three

levels of spatial genetic structure using microsatellite

markers and identified six mitochondrial haplotypes, five of

which showed spatial clustering. Differentiation between

groups was significant while genetic diversity within

groups was generally high. Anthropogenic influences,

particularly agriculture, appear to reducing gene flow,

especially in the central portion of the species’ range.

Conservation measures should be taken to remediate these

impacts and to maintain future gene flow in light of

expected agricultural expansion in the Great Plains.

Potential evolutionary significant units are identified,

although further investigation using ecological indicators

and adaptive loci is recommended to characterize the

adaptive distinctiveness of swift fox populations.

Keywords Habitat fragmentation � Grassland � Great

Plains � Landscape genetics � Swift fox

Introduction

Natural and anthropogenic habitat fragmentation can neg-

atively influence genetic diversity, gene flow and genetic

structure in and among populations (Frankham 2006;

Keyghobadi 2007). Although habitat fragmentation may

play a natural role in shaping the genetic composition of

populations over time, habitat loss coupled with habitat

fragmentation due to anthropogenic causes can negatively

influence species persistence (With and King 1999). Few, if

any, natural systems remain unaltered by anthropogenic

habitat fragmentation (Noss and Csuti 1997). Native

grasslands are the least protected system in the United

States (3.7 % of total area; Dietz and Czech 2005). Esti-

mates indicate at least 70 % of native prairie in the Great

Plains has been lost (Samson et al. 2004). Despite the

considerable level of fragmentation in this region, few

studies in the Great Plains have assessed the impact of

habitat fragmentation on genetic structure and diversity in

native species. Not only is this problematic for conserva-

tion, but the lack of knowledge is detrimental in light of

predicted land use/land cover changes, which estimate

another 30–50 % of remnant grassland may be lost (Sohl

et al. 2012).

The swift fox (Vulpes velox) provides a model system

for examining the impact of fragmentation, both natural

and anthropogenic in origin, on genetic diversity and
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structure in the short and mixed grass prairies (SMGP) of

the Great Plains. Its historic distribution spanned the

SMGP in close association with the grassland communi-

ties. Swift fox were extirpated from the majority of their

historic range by the 1950’s, and are of conservation con-

cern throughout most of their extant range (Sovada et al.

2009). Currently, the species distribution is closely asso-

ciated with remnant native grasslands (but see Sovada et al.

2001; Criffield et al. 2010), resulting in a spatially disjunct

distribution that reflects the fragmented condition of the

short and mixed grasslands.

In this study of genetic structure and connectivity of

swift fox populations, we have two main objectives. First,

using the swift fox as a model organism we seek to identify

potential barriers, either natural or anthropogenic in origin,

which restrict gene flow in SMGP species, providing

managers and researchers with a starting point for studies

of other SMGP species. Second, we assessed genetic

diversity and structure in swift fox populations using

mitochondrial DNA sequencing and nuclear DNA micro-

satellite analysis to explore changes from historic to con-

temporary time scales, and to provide insight into the

impact of habitat fragmentation on swift fox populations

for conservation planning.

Materials and methods

Study site

The study area encompasses the majority of the swift fox

distribution in SMGP of the United States, spanning

approximately 477,673 km2 (Fig. 1, left; ca. from Sovada

et al. 2009). The SMGP is characterized by flat to gently

rolling expanses of native grassland with limited areas of

topographic relief, interspersed with moderate to high

levels of agricultural development, and moderate to low

levels of transportation infrastructure, human population

densities and urbanization.

Sample collection

Our data set is comprised of 589 blood, hair and tissue

samples collected between 1996 and 2008, with the

majority (n = 523) collected between 2004 and 2009, or

roughly within one swift fox generation. The distribution of

sample types, sex and age classes is provided in Supple-

mental Table S1. Samples were acquired through a variety

of methods, including collection from road-kills and fur-

bearer harvest, live capture for translocation or research

Fig. 1 Geographic location of individual swift fox samples used in nuclear DNA analysis (left) and samples used in mitochondrial DNA analysis

(right); for the latter, each shape represents a unique haplotype
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purposes, inadvertent take from predator control programs,

and from museum collection tissues. The sample set spans

the known distribution of the species in the United States

(Fig. 1, left) with the following exceptions. First, we were

unable to collect samples from a small native population in

southwestern South Dakota. Second, we did not include

samples from translocated populations in South Dakota,

due to extensive spatial and temporal overlap between our

sampling efforts and translocation events. Assessing

genetic variation under these conditions would not reflect

gene flow and diversity patterns in natural populations,

which is the focus of our study. However, we did include

samples along the border between Montana and Canada

despite likely interbreeding between native Montana swift

fox and reintroduced populations in Canada, which stem

from multiple source populations in the United States.

Translocation events in this area ceased at least 13 years

prior to our study.

DNA extraction, PCR and genotyping

We extracted whole genomic DNA from samples using the

QIAGEN DNeasy tissue and blood kit (QIAGEN) except

we used a 12-h incubation at step 3 and 210 ll of ethanol at

step 6. We next generated genetic data using microsatellite

and mitochondrial markers. For microsatellite data, we

used 16 primer sets (Supplemental Table S2) previously

used for swift fox (Kitchen et al. 2005; Cullingham et al.

2007).

Microsatellite primers were divided into three multi-

plexes using the QIAGEN Multiplex Kit (QIAGEN).

Polymerase chain reaction (PCR) conditions for each

multiplex are described in Supplementary Information.

PCR products were run on an ABI 3130xl Genetic Ana-

lyzer (Applied Biosystems, Inc.) and allele size, number of

alleles and individual genotypes were determined using

GeneMapper 3.7 (Applied Biosystems, Inc.). To check for

genotyping errors, we reanalyzed 11 % of tissue samples

(n = 48) and 17 % of hair and blood samples (n = 23).

For mitochondrial DNA analysis, we sequenced a

250-base section of the mitochondrial control region (Ward

et al. 1991). Due to logistic and financial constraints, we

were unable to analyze our entire sample set. Instead, we

conducted analysis in increments of 18–24 samples ran-

domly selected throughout the species’ distribution; we

non-randomly included our oldest samples (e.g., those prior

to 1999, n = 8). We ceased analysis when no new haplo-

types were observed in three consecutive sets of random

samples. We used the vegan package (Oksanen et al. 2013)

in program R v 2.15.1 (R Core Team 2012) to construct a

rarefaction curve which indicated detection saturation for

new haplotypes at *55 samples (Supplemental Informa-

tion Figure S.1). In total, we analyzed 100 samples (17 %;

Fig. 1, right). Our laboratory protocol is provided in Sup-

plementary Information. Sequencing products were run on

an ABI 3130xl Genetic Analyzer (Applied Biosystems,

Inc.). Sequences were aligned using the program Sequen-

cher (Gene Codes Corporation) and grouped into unique

haplotypes using the program MacClade (Maddison and

Maddison 2000). Haplotypes observed \5 times were

resequenced to confirm their identity.

A priori genetic structure hypotheses

Prior to testing for genetic structure, we predicted the

location of genetically distinct groups based on the pre-

sence of landscape features that we hypothesized would be

significant barriers to swift fox dispersal including river

systems, mountain ranges, regions characterized by rugged

topography, urbanized areas, high-traffic roads, and agri-

cultural development. In total, we identified 6 potential

barriers and 8 potentially genetically distinct regions

(Fig. 2).

Analysis of mtDNA genetic structure

We constructed a minimum spanning network using Hap-

Star (Teacher and Griffiths 2010) to assess the phylogenetic

relationship between observed haplotypes. We used the

geographic location of these haplotypes to assess potential

historic patterns of genetic structure in a landscape context.

GenBank; accession numbers for mitochondrial sequences

are JX499137–JX499142.

Analysis of genetic diversity and structure using nDNA

microsatellites

We conducted both spatial and aspatial Bayesian clustering

analyses of our dataset. We chose STRUCTURE v. 2.3

(Hubisz et al. 2009) for aspatial analysis and TESS (Du-

rand et al. 2009) for spatial analysis. Model parameteri-

zation and analytical methods are described in

Supplemental Information. We assigned individuals to

groups using a q value of C0.70, then analyzed each

resulting group individually in STRUCTURE to assess

support for further subdivision (see Supplemental Infor-

mation). We continued with this approach until the

majority of individuals were admixed (i.e., q \ 0.70) or

groups lacked cohesive geographic grouping. We used

XTools Pro (Data East) in ArcMap 9.3 (ESRI, Inc) to

create Thiessen polygons around samples for comparison

to TESS analysis results (see next).

Both STRUCTURE and TESS produce q values for

each individual indicating percent ancestry associated with

each putative population. We used CLUMPP (Jakobsson

and Rosenberg 2007) to compile two q values for each
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Fig. 2 Geographic location of hypothesized genetically distinct swift

fox groups and suspected gene flow barriers (represented by black

lines). Individual samples are displayed using unique symbols

representing the hypothesized genetic group of membership. Barrier

A corresponds with the Laramie Mountains; Barrier B corresponds

with the South Platte River, scrub and agricultural development;

Barrier C corresponds with agricultural development; Barrier D

corresponds with the Arkansas River and agricultural development;

Barrier E corresponds with a region of rugged topography; Barrier F

corresponds with the Conchas and Canadian Rivers. Groups 1 and 2

are separated by a broad geographic region encompassing several

mountain ranges and rivers
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individual; one for the optimal K in STRUCTURE and one

for TESS. We assigned individuals to source populations

for each clustering method using the corresponding

q value, and considered them admixed if q \ 0.70.

We evaluated isolation by distance (IBD: Wright 1943)

using SpaGEDI (Hardy and Vekemans 2002) to calculate

individual based pair-wise genetic distance (Rousset’s a;

Rousset 2000) and Euclidean distance matrices. We used zt

(Bonnet and Van de Peer 2002) to conduct a Mantel test

(Mantel 1967) to assess the correlation between genetic

and geographic distances in our dataset.

We tested for Hardy–Weinberg equilibrium (HWE) and

linkage disequilibrium (LE) in each group with FSTAT

(Goudet 1995), using a Bonferroni correction (Rice 1989)

at a = 0.05. We calculated rarified allelic richness using

HP-Rare (Kalinowski 2005) and observed and expected

heterozygosity using the program Arlequin 3.5 (Excoffier

and Lischer 2010). We conducted pair-wise comparisons of

within-population Fst in Arlequin 3.5 (Excoffier and Li-

scher 2010) to test the significance of differentiation

between both predicted and observed groups.

Results

Genotyping error

Genotyping error rates were 0.6 % for tissue samples and

2 % for hair and blood samples. All errors in the hair and

blood subsample (n = 6) were associated with a single hair

sample, and 80 % of errors in the tissue subsample (n = 5)

were associated with a single sample.

mtDNA genetic diversity and structure analysis

We detected nine polymorphisms representing six unique

haplotypes in our mtDNA dataset. The majority (n = 5) of

haplotypes were detected in the first increment of 18

samples; rarefaction analysis indicated that it is unlikely

any haplotypes were missed by not analyzing the entire

dataset (Supplemental Information Figure S.1). One hap-

lotype (#5) was distributed throughout the study area

excluding the northernmost region, while the other five

haplotypes were geographically localized to varying

degrees (Fig. 1, right). Most haplotypes were centralized

around haplotype 5, and differed by only one nucleotide

except haplotype 3 (Fig. 3) which differed by 6–8

nucleotides.

Current genetic diversity and structure analysis

The total number of populations detected differed between

STRUCTURE and TESS. Results from STRUCTURE

indicate three hierarchies of genetic structure in our

microsatellite data, representing a shift from coarse to fine-

scale genetic structure with each consecutive hierarchy. At

the coarsest scale (K = 2), we found distinct northern and

southern groups, with high admixture where the two

intersect (Figure S.17, Supplemental Information). At the

median scale (K = 6), each of the groups detected at

K = 2 was subdivided into three distinct groups (Figure

S.18, Supplemental Information). The majority of these

groups were located in the south-central portion of the

species’ range. At the finest scale of genetic structure

(K = 10), the majority of groups were detected in the

south-central portion of the species’ range, specifically

northern New Mexico, Texas, Oklahoma and far southern

Colorado (Fig. 4, left). We detected seven genetic groups

using spatial analysis of genetic structure in TESS (Fig. 4,

right). The majority of groups were located in the south-

central portion of the species’ range.

We found evidence of IBD (Mantel r = 0.18,

P = 0.01). Pair-wise Fst comparisons between hypothe-

sized groups and groups identified in TESS and each

hierarchy of STRUCTURE were all highly significant

Fig. 3 Minimum spanning network demonstrating the relationship

between 6 unique swift fox haplotypes detected in a 250 base

mitochondrial control region sequence. The size of the circle

represents the frequency of each haplotype, and the small circles

between haplotypes 1 and 3 represent undetected haplotypes. Each

link in the network indicates one nucleotide difference
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(P B 0.001; Table 1), but differentiation varied from low

to moderately high (Fst range = 0.02–0.25; Table 1). Our

analysis of HWE and LE showed few violations of equi-

librium assumptions; no groups and no individual loci or

locus–locus comparisons were consistently out of equilib-

rium (Table 2). Allelic richness and heterozygosity ranged

from 3.50 to 4.90 and 0.53 to 0.73, respectively, and were

comparable across genetic groupings.

A priori genetic structure hypothesis

We found varying support for hypothesized dispersal bar-

riers. For example, while mtDNA analysis indicated a

primarily panmictic population, local clusters of rare hap-

lotypes are found north and south of Barriers A, B, D, E

and F (Fig. 1). Nuclear DNA results (Fig. 4) consistently

support the existence of Barriers E and F. However, we

found no support for Barrier A while support for Barriers

B, C and D varied between analyses. Higher than predicted

subdivision was observed in the south-central portion of the

species’ range, indicating additional dispersal barriers or

other factors may shape genetic structure in this region.

Both mitochondrial and nuclear DNA results support

hypothesized isolation of the Montana population from the

rest of the species’ distribution.

Discussion

We found evidence of extensive genetic structure

throughout the swift fox distribution in the United States.

We are confident our results do not reflect sampling biases

(e.g., Schwartz and McKelvey 2009), given that (1) the

majority of our samples were collected within a single

generation, (2) sampling is distributed relatively evenly

across the study area and (3) genetic groups do not corre-

spond to spatially grouped samples except where such

groups represent isolated habitat patches. The existence of

IBD in our dataset and kinship clustering in portions of the

species’ range (Kitchen et al. 2005, 2006), may cause

STRUCTURE to overestimate K (Schwartz and McKelvey

2009). However, the TESS model without admixture is

Fig. 4 Geographic location of unique swift fox genetic groups

identified using Bayesian clustering analysis. Shown are the results

for STRUCTURE analysis at K = 10 and TESS analysis at K = 7,

which represent emergent and long-term genetic structure, respec-

tively. Hypothesized barriers, as described in Fig. 2, are shown for

reference. Barriers A, B, E and F represent naturally occurring

barriers, whereas barrier C represents an anthropogenic barrier and

barrier D represents a barrier of both natural and anthropogenic

origin. Full color versions of these figures as well as STRUCTURE

results at K = 2 and K = 6 are provided in Supplemental Information
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robust to IBD (Chen et al. 2007), a result which Safner

et al. (2011) also observed when organisms exhibit large

dispersal distances and barriers are impermeable. In our

study area, most barriers have existed since the Pleistocene

and are largely impermeable to swift fox dispersal. How-

ever, Bayesian clustering methods may not readily detect

emergent recent or semi-permeable barriers. For these

reasons, we suggest the best representation of long-term

Table 1 Pairwise Fst between a priori hypothesized groups plus putative groups detected using the programs STRUCTURE and TESS

Hypothesized K = 8 Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8

Group 1 (42) – 0.06 0.06 0.05 0.06 0.07 0.09 0.25

Group 2 (43) – – 0.02 0.03 0.05 0.06 0.09 0.23

Group 3 (85) – – – 0.04 0.03 0.02 0.06 0.17

Group 4 (119) – – – – 0.03 0.02 0.06 0.17

Group 5 (98) – – – – – 0.03 0.03 0.19

Group 6 (55) – – – – – – 0.04 0.16

Group 7 (132) – – – – – – – 0.16

Group 8 (15) – – – – – – – –

STRUCTURE K = 2 Group 1 Group 2

Group 1 (314) – 0.04

Group 2 (275) – –

STRUCTURE K = 6 Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Group 1 (45) – 0.05 0.04 0.25 0.09 0.05

Group 2 (131) – – 0.03 0.22 0.09 0.05

Group 3 (113) – – – 0.18 0.06 0.02

Group 4 (14) – – – – 0.16 0.17

Group 5 (153) – – – – – 0.03

Group 6 (133) – – – – – –

STRUCTURE K = 10 Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9 Group 10

Group 1 (45) – 0.05 0.05 0.25 0.09 0.07 0.13 0.09 0.13 0.06

Group 2 (131) – – 0.03 0.22 0.10 0.05 0.12 0.08 0.10 0.05

Group 3 (113) – – – 0.17 0.07 0.02 0.09 0.05 0.07 0.03

Group 4 (14) – – – – 0.17 0.15 0.19 0.16 0.25 0.19

Group 5 (56) – – – – – 0.05 0.05 0.02 0.10 0.04

Group 6 (42) – – – – – – 0.04 0.03 0.07 0.03

Group 7 (41) – – – – – – – 0.02 0.12 0.05

Group 8 (46) – – – – – – – – 0.09 0.03

Group 9 (16) – – – – – – – – – 0.09

Group 10 (86) – – – – – – – – – –

TESS K = 7 Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

Group 1 (135) – 0.05 0.02 0.04 0.04 0.17 0.07

Group 2 (45) – – 0.06 0.05 0.09 0.25 0.13

Group 3 (99) – – – 0.04 0.04 0.15 0.08

Group 4 (131) – – – – 0.09 0.22 0.13

Group 5 (169) – – – – – 0.16 0.04

Group 6 (14) – – – – – – 0.20

Group 7 (56) – – – – – – –

The number of individuals per group is shown in parenthesis

P \ 0.001 for all comparisons
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genetic differentiation is shown by the TESS K = 7 value,

while the STRUCTURE K = 10 value, which is associated

with high agricultural development and kinship clustering,

represents recent landscape change and behavioral influ-

ences on genetic structure. We, thus, use inferences from

these two genetic groupings in the following sections and

discuss implications in terms of SMGP connectivity and

swift fox conservation.

A priori genetic structure hypotheses

Prior to analysis, we identified potential gene flow barriers

which represent both anthropogenic and natural sources of

grassland fragmentation (Fig. 2). Naturally occurring bar-

riers were more frequently supported by mitochondrial

and/or nuclear DNA analyses. Although mtDNA results

indicate a dominant pattern of genetic panmixia, corre-

spondence of clusters of rare haplotypes to hypothesized

barriers is particularly strong (Fig. 1, right). Barriers con-

current with regions of topographic complexity (e.g. Bar-

rier A and E), waterways (e.g., Barrier B and D), and

regions with both factors (e.g., Barrier F and the gap in

distribution between Montana and the rest of the species

range) were all supported, although the panmictic distri-

bution of haplotype 5 indicates that these barriers are

permeable. We found no evidence of support for agricul-

ture barriers (e.g., Barrier C) using mtDNA, except where

agriculture occurs in concert with natural barriers (e.g.,

Barrier D). These results indicate a pattern of long-term but

incomplete isolation between Great Plains regions.

Using nuclear DNA, we found support for most

hypothesized barriers with much less evidence of panmixia

compared to mtDNA. We detected admixed individuals

infrequently, particularly where genetic structure aligned

with natural barriers (K = 7). The number of admixed

individuals and putative migrants (i.e., individuals assigned

to a different population than where they were sampled)

increased where support for anthropogenic barriers was

more prevalent (K = 10), implying that anthropogenic

barriers have had less impact then natural barriers on gene

flow in swift fox populations. We did not observe support

for Barrier A at either level of genetic structure (Fig. 4),

while Barrier B was only supported at the finest level of

genetic structure (K = 10, Fig. 4 right). Both barriers are

natural in origin and supported by mtDNA analysis,

implying that these barriers have less impact on female-

mediated gene flow in contemporary time scales, poten-

tially resulting from population expansion following

human-mediated range retraction in the 1900’s.

We also found evidence of additional barriers using

nuclear DNA. For example, both clustering algorithms

indicate swift fox immediately north of the Canadian River

in New Mexico are separated from populations in far north-

eastern New Mexico, Oklahoma and Texas (Fig. 4). Bar-

riers are also indicated between regions in southern Colo-

rado (e.g., between groups 6, 9 and 10, Fig. 4 right) and in

the Texas and Oklahoma panhandles (between groups 7

and 8, Fig. 4 right). Cushman et al. (2013) also reported a

high degree of fragmentation in swift fox populations in

this area, including a complete lack of connected grassland

habitat in most of north-eastern New Mexico.

Table 2 Number of samples (N), mean observed (Ho) and expected

(He) heterozygosity, allelic richness (A), and results of Hardy–

Weinberg Equilibrium (HWE) and linkage disequilibrium (LE) tests

per population defined by STRUCTURE and TESS

Population N Ho He AR HW LE

STRUCTURE (K = 2)

Group 1 314 0.53 0.59 8.59 (7)

Group 2 275 0.63 0.65 9.10 (7)

STRUCTURE (K = 6)

Group 1 45 0.53 0.59 3.77 (1) (1)

Group 2 131 0.63 0.65 4.26 (1)

Group 3 113 0.66 0.68 4.64

Group 4 14 0.50 0.53 3.95

Group 5 153 0.66 0.70 4.50 (2)

Group 6 133 0.66 0.69 4.60

STRUCTURE (K = 10)

Group 1 45 0.53 0.59 3.77 (1) (1)

Group 2 131 0.63 0.65 4.26 (1)

Group 3 113 0.66 0.68 4.64

Group 4 14 0.50 0.53 3.95

Group 5 56 0.66 0.68 4.34

Group 6 42 0.71 0.73 4.90

Group 7 41 0.66 0.67 4.16

Group 8 46 0.66 0.72 4.59 (2)

Group 9 16 0.63 0.60 3.50

Group 10 85 0.66 0.67 4.41

TESS (K = 7)

Group 1 135 0.65 0.67 4.53

Group 2 45 0.53 0.59 3.70 (1)

Group 3 99 0.68 0.71 4.73

Group 4 131 0.63 0.65 4.34

Group 5 109 0.67 0.69 4.42 (1)

Group 6 14 0.50 0.53 3.95

Group 7 56 0.61 0.66 4.13

The number of loci (HWE) or locus to locus comparisons (LE) sig-

nificantly (P \ 0.05) deviant from expectations are shown in paren-

thesis. Observed and expected heterozygosity were calculated using

the program Arlequin v. 3.5; HWE, and LE were calculated using

FSTAT using a Bonferroni correction at a nominal P value = 0.05,

and AR was calculated using the program HP-Rare, which uses rar-

efaction to adjust for differing samples sizes
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Habitat fragmentation and gene flow in the Great Plains

SMGP

We found that gene flow in Great Plains species is impacted

by a complex suite of landscape influences, and, impor-

tantly, that these factors are not universal across the SMGP.

Connectivity conservation in the SMGP will require strat-

egies which reflect this complex relationship. Genetic

structuring frequently occurred in association with agri-

cultural development; this includes pre-hypothesized

influences (e.g., Barrier C and D, Fig. 1) and potential

additional barriers (e.g., between groups 7, 8 and 10, Fig. 4

left). Agriculture is a relatively recent but spatially exten-

sive landscape feature in the SMGP, indicating the potential

for widespread reduction in SMGP connectivity. This result

is especially critical given predicted extensive future native

grassland loss (Sohl et al. 2012). Assessing genetic diversity

and structure in other grassland species may further eluci-

date the current and potential future impact of agriculture

and other forms of anthropogenic disturbance (e.g., oil, coal

and natural gas extraction, wind energy development, and

urbanization) on gene flow in the Great Plains.

Our results indicate restricted gene flow and genetic

substructure also occur naturally in the SMGP. The Concho

and Canadian rivers (i.e., Barrier F) appear to represent a

particularly strong long-term barrier to gene flow. Groups

experiencing restricted gene flow over long time periods,

especially those at the periphery of a species range, often

contain unique genetic variation (Hampe and Petit 2005;

Diekmann and Serrão 2012.); conserving this variation

may be critical for species resilience and recovery as

grasslands are disrupted by land use and global climate

change (Hampe and Petit 2005; Cobben et al. 2011).

Swift fox genetic structure and diversity

Our assessment of genetic structure in the mitochondrial

genome showed haplotype sharing across the range with

some localized genetic structure. These results indicate

historical connectivity and gene flow across the range as

well as restrictions to female-mediated gene flow in some

geographic regions. Interestingly, the most common hap-

lotype (i.e., haplotype 5) was absent from Montana. The

presence of a rare haplotype in Montana and neighboring

Wyoming indicates gene flow between regions, thus one

would expect this common haplotype to also be present.

The star-shaped morphology of the neighbor-joining tree

implies rapid and recent demographic expansion (Slatkin

and Hudson 1991). This result could reflect recent

(\75 years) population growth and expansion as the swift

fox repatriated areas from which it was extirpated, or

deeper patterns of range expansion occurring during the

swift foxes’ initial colonization of grassland systems.

For nuclear DNA analysis where K = 7, group bound-

aries primarily corresponded to naturally occurring sources

of habitat fragmentation (Fig. 4, left), indicating that swift

fox have likely experienced restricted gene flow for some

time. Conversely, where K = 10, anthropogenic influences

(e.g., roads, agricultural development) gain prevalence.

Evidence of admixed individuals and putative migrants

implies that these barriers are semi-permeable, or that there

is a lag time between the impact of these factors and

subsequent genetic structuring (Landguth et al. 2010).

Despite persisting in cropland in some portions of the

species range (Matlack et al. 2000), swift fox are known to

avoid agriculture in other areas (Kamler et al. 2003; Finley

et al. 2005); agricultural development has also been

implicated as one of several factors driving genetic struc-

turing in a reintroduced swift fox population (Cullingham

and Moehrenschlager 2013). Using a landscape genetics

approach, Schwalm et al. (in prep) also found that agri-

cultural development was negatively related to gene flow,

but only at local scales, while non-agricultural human

disturbance disrupted gene flow at regional scales. Overall,

however, anthropogenic impacts were less important in

explaining genetic differentiation than climate and distance

(Schwalm et al. in prep) regardless of spatial scale, sup-

porting the weak signal of anthropogenic influence on

genetic structure in this study.

Some of the fine scale genetic structuring we detected

may be an artifact of swift foxes’ variable breeding regimes

(Storz 1999). Cooperative breeding has been documented

in swift fox (Kitchen et al. 2006; Kamler et al. 2004);

Kitchen et al. (2005) also detected kinship clustering. The

study areas of both Kitchen et al. (2005, 2006) and Kamler

et al. (2004) are represented by unique groups, but only at

the finest scale of genetic structure (K = 10). This illus-

trates the importance of considering the potential for

diverse breeding behaviors to influence genetic structuring

patterns when interpreting genetic studies of swift fox and

other species with similar strategies.

Differentiation between groups, based on Fst values, was

generally moderate. However, the group located in south-

ern New Mexico shows very high Fst values. The region is

separated from the rest of the species’ distribution by the

Conchas and Canadian Rivers and their drainage system,

which may form an impermeable dispersal barrier. Cush-

man et al. (2013) also observed reduced connectivity

between populations in this area. The unique local mito-

chondrial haplotype (i.e., haplotype 3) was more similar to

kit fox (Vulpes macrotis) haplotypes than swift fox hap-

lotypes in GenBank (99 vs. 97 %, respectively) suggesting

that hybridization may occur in this area and impact allele

frequencies, potentially explaining the unusually high Fst

values. The two species are believed to hybridize locally

(Mercure et al. 1993), thus detection of this haplotype may
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represent interbreeding, while the Canadian and Conchas

Rivers may limit its transfer to northern swift fox

populations.

Nuclear genetic diversity was relatively uniform across

groups, excluding allelic richness measures for K = 2,

which were considerably higher. Population size and geo-

graphic extent are positively related to allelic richness

(Frankham 1996), thus it is not surprising allelic richness

was higher at K = 2. In general, our results are similar to

those of other fox species (Schwartz et al. 2005) including

swift fox in Colorado (Kitchen et al. 2005), but are lower

than reported values for the reintroduced swift fox popu-

lation along the Canada/Montana border (Cullingham and

Moehrenschlager 2013). Genetic diversity measures are

influenced by marker identity and sample size (Hedrick

2011), thus these results are not directly comparable, but

illustrate that values observed in this study fall within the

range of genetic diversity measures reported in fox species.

In a study of donor, recipient and native swift fox popu-

lations using the same loci analyzed here, Sasmal et al.

(2013) reported allelic richness and heterozygosity mea-

sures higher than observed in this study, although differ-

ences may result from mixing multiple source populations

during translocation.

Conservation implications

While genetic diversity in swift fox populations does not

generally appear to be of conservation concern at present,

the negative influence of anthropogenic disturbance, par-

ticularly agriculture development, on gene flow implies the

potential for future reduction of genetic diversity, espe-

cially in light of predicted increases to the anthropogenic

footprint in the Great Plains (Mehaffey et al. 2012; Sohl

et al. 2012). Thus, implementing strategic grassland con-

servation and restoration efforts may help maintain existing

connectivity, improve permeability where anthropogenic

influences are observed, and avert the potential negative

ramifications of future anthropogenic development. The

results of this study and Cushman et al. (2013) provide

valuable baseline information for undertaking such mea-

sures, and genetic diversity could be assessed periodically

to evaluate effectiveness of management actions.

Lower genetic variability, high levels of differentiation,

and reduced habitat connectivity, coupled with low popu-

lation density, may indicate populations in the southern

portion of the swift fox range require increased conserva-

tion action. Further, rear-edge populations may be dispro-

portionately important for species adaptation under global

climate change scenarios (Hampe and Petit 2005; Cobben

et al. 2011). For these reasons, we suggest that swift fox

populations in the south receive greater conservation effort.

Evidence of unique genetic groups may indicate the

presence of evolutionary significant units (ESUs; Moritz

1999; Waples 1995). The appropriate method for defining

an ESU remains a topic of considerable discussion in the

conservation community (Taylor and Dizon 1999; Fraser

and Bernatchez 2001; Frankham 2010). We support the

argument that ESUs should be defined in terms of

exchangeability using both genetic and ecologic data

(Crandall et al. 2000), ideally informed with adaptive

genetic data (Allendorf et al. 2010; Funk et al. 2012).

While our data are from neutral loci, they provide pre-

liminary insight into the potential location of ESUs within

the swift fox distribution. Following the ranking system

devised Crandall et al. (2000), we reject the hypotheses of

genetic exchangeability where we observe evidence of

restricted gene flow between populations in mitochondrial

and nuclear DNA results. In all cases, mitochondrial DNA

shows signs of historic genetic exchangeability, with some

weak signal of limited exchangeability where rare haplo-

types are grouped. Using the conservative estimate of

genetic structure in nuclear DNA (K = 7), contemporary

genetic exchangeability is not supported for all hypothe-

sized groupings except southern Colorado and northern

Wyoming, which are exchangeable with central Colorado

and southern Wyoming, respectively. Therefore, areas for

which there is some evidence of both historic and con-

temporary genetic distinctiveness are: southern New

Mexico; far north-eastern New Mexico and the Texas and

Oklahoma panhandles; and central to south central Colo-

rado. These regions may represent adaptively distinct

ESUs. However, we stress the need for further research

which incorporates measures of ecological distinctiveness

and uses adaptive loci (Allendorf et al. 2010; Funk et al.

2012) prior to making firm conclusions on ESUs for swift

fox. We suggest that the approach taken by Malaney and

Cook (2013), which uses an innovative combination of

ecological niche models, interchangeability tests and

molecular analysis to explore ESUs in Prebele’s meadow

jumping mouse (Zapus hudsonius preblei), serves as a good

example of an approach to resolving conservation units for

the swift fox.
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