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Abstract The tallgrass prairie of North America
has undergone widespread habitat loss and fragmen-
tation (<4% remains). The Flint Hills region of
Kansas and Oklahoma is the largest tallgrass prairie
remaining and therefore provides an opportunity to
study the population genetic structure of grassland
species in a relatively contiguous landscape and set a
baseline for evaluating changes when the habitat is
fragmented. We adopted a landscape genetics
approach to identify how landscape structure affected
dispersal, population genetic structure, and landscape
connectivity of the Eastern Yellowbelly Racer (Col-
uber constrictor flaviventris) across a 13,500—km2
landscape in northeastern Kansas, USA. The racer
population had high allelic diversity, high heterozy-
gosity, and was maintaining migration-drift equilib-
rium.  Autocorrelation between genetic and
geographic distance revealed that racers exhibited
restricted dispersal within 3 km, and isolation-by-
distance. Significant isolation-by-distance occurred at
broad regional scales (>100 km), but because of
sufficient gene flow between locations, we were
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unable to define discrete subpopulations using Bayes-
ian clustering analyses. Resistance distance, which
considers the permeability of habitats, did not explain
significant variation in genetic distance beyond
Euclidean distance alone, suggesting that racers are
not currently influenced by landscape composition. In
northeastern Kansas, racers appear to be an abundant
and continuously distributed snake that perceives the
landscape as well connected with no cover type
currently impeding snake dispersal or gene flow.
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Introduction

Dispersal is the movement of an individual from its
natal site to the site where it produces its own
offspring or the movement from one breeding site to
another (Greenwood and Harvey 1982). Although
dispersal ability is an important aspect of an organ-
ism’s biology, it is often underestimated due to
logistical difficulties such as the need to mark
numerous individuals, limited size of study areas,
and bias toward animals capable of carrying heavy
satellite-transmitters (Koenig et al. 1996). An alter-
native to observational studies of movement is the
use of genetic data, which permits the detection of
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dispersal and population genetic structure across
broad landscape extents. In addition, genetic metrics
are able to measure low dispersal rates and only
include dispersal events that result in permanent
emigration or breeding (Cushman et al. 2006). Both
landscape structure and movement behavior greatly
influences dispersal success (With and King 1999).
Landscape modifications, such as habitat fragmenta-
tion, have the potential to influence population
genetic structure especially when loss of suitable
habitat has created a hostile matrix in which the
organism cannot disperse (King and With 2002).
Therefore, dispersal is an important life-history trait
for understanding the historical, present, and future
distribution of genetic variation and how population
structure may be impacted by landscape change
(Zellmer and Knowles 2009).

Genetic studies often use allele frequencies (e.g.,
F-statistics; Wright 1943) to quantify genetic differ-
entiation and identify gene flow among isolated and
internally panmictic subpopulations. A drawback to
this approach is the need to group organisms as discrete
subpopulations, which is not realistic for many organ-
isms that have continuously distributed populations or
low densities between population clusters. Recent
advances in measurements of genetic distance between
individuals (Rousset 2000), along with spatial analyses
borrowed from landscape ecology, allow us to detect
the scale of genetic discontinuities and the correlation
between those discontinuities and landscape features
(Manel et al. 2003). For example, autocorrelation can
be used to measure the spatial scale at which individ-
uals shift from being related to unrelated, thus reveal-
ing dispersal range (Sokal and Oden 1978; Epperson
and Li 1996). Techniques in landscape genetics also
permit an assessment of landscape connectivity for an
organism by determining the degree to which the
landscape facilitates or impedes dispersal (i.e., gene
flow) to shape genetic patterns (Holderegger and
Wagner 2006).

Dispersal in snakes is particularly difficult to
observe due to the lack of easily identifiable nesting
sites in which to mark dispersing juveniles. In addition,
mark-recapture methods are often ineffective for
estimating densities or delineating population structure
because snakes are inconspicuous and have extended
periods of inactivity (Parker and Plummer 2001). The
few studies that have been conducted on the population
genetic structure of snakes suggest that snakes possess
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limited dispersal abilities, resulting in genetic subpop-
ulation structure occurring at <6 km (Gibbs et al. 1997;
Lougheed et al. 1999; Clark et al. 2008). The majority
of snake studies involving population genetics evaluate
discrete subpopulations determined by the distribution
of hibernacula (Clark et al. 2008). The genetic structure
of continuously distributed snake populations, or ones
that are not clearly delimited by fidelity to hibernacula
or other patchily distributed resources (e.g., water
bodies, Thamnophis spp.; rock outcrops, Crotalus
horridus), have rarely been studied (Keogh et al. 2007).
Therefore, expanding the scope of research to include a
habitat generalist occupying a relatively contiguous
landscape will give us an understanding of the variety
of constraints influencing population genetic structure
in snakes.

The population genetic structure of snakes in the
tallgrass prairie and how they perceive the connec-
tivity of habitat are not known, but are important
questions given that many regions within the histor-
ical range of the tallgrass prairie have experienced
declines in snake populations, presumably as a
consequence of the loss and fragmentation of grass-
lands by agriculture and urbanization (Cagle 2008).
The Flint Hills region of Kansas and Oklahoma
represents the largest remaining tract of tallgrass
prairie (Knapp and Seastedt 1998), and appears to be
a contiguous landscape, in that more than half (52%)
of the region is grassland. Understanding the popu-
lation genetic structure of animals in a relatively
contiguous habitat, sets a baseline for evaluating
genetic structure when the habitat is fragmented
(Banks et al. 2005). However, landscape connectivity
is species-specific and may not correspond to our
perception; therefore each habitat in the prairie
landscape (i.e., grasslands, forests, urban areas, water
bodies, and wetlands) may represent different degrees
of permeability for a given species (With et al. 1997).

We used spatial modeling and population genetics
to elucidate the landscape genetics of a relatively
common snake in the tallgrass prairie of Kansas. The
goal of this study was to use spatial and genetic
information to understand the population genetic
structure of the Eastern Yellowbelly Racer (Coluber
constrictor flaviventris) and how habitat heterogene-
ity influenced gene flow. The three main objectives
were to (1) identify population subdivisions (or lack
thereof) using Bayesian clustering procedures to
assign snakes to discrete subpopulations; (2) analyze
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fine-scale genetic structuring within snake popula-
tions and identify the scale at which individuals
within a population are genetically similar, admixed,
and differentiated; and (3) define landscape connec-
tivity of racers in the tallgrass prairie by analyzing if
the resistance distance, which considers the perme-
ability of habitats, better explains genetic distance
between individuals than straight-line distance. By
evaluating landscape connectivity, we will be able to
determine if landscape structure is limiting dispersal
(i.e., gene flow) and impacting genetic structure.

Methods

We collected genetic material from 81 racers in
northeastern Kansas encompassing a 75 x 180 km
extent (13,500 km?). We collected samples of 58
individuals from Riley, Geary, Pottawatomie, and
Marshall Counties in the Flint Hills ecoregion, which
included the Fort Riley Military Reservation (FRMR;
n = 12), Konza Prairie Biological Station (KPBS;
n = 30), and road-killed individuals throughout the
region (n = 16). The Flint Hills ecoregion is predom-
inately tallgrass prairie and contains limestone and
shale hills with steep narrow valleys. We also obtained
samples from 23 individuals from Douglas, Jefferson,
and Leavenworth Counties in the Central Irregular
Plains ecoregion, which included the University of
Kansas Field Station and Ecological Reserves (KSR;
n = 21) and road-killed individuals throughout the
region (n = 2). The Central Irregular Plains ecoregion
also contains native tallgrass prairie, but is a transition
zone representing a grassland/forest mosaic. Tissue
samples were obtained May—October in 2007 and
2008. We collected tissue from road-killed specimens
encountered opportunistically and from live speci-
mens during snake surveys, which included setting out
coverboards (60 x 180 cm plywood; KPBS, KSR)
and overturning rocks (KPBS, KSR, FRMR).

Eastern racers have a broad geographic distribu-
tion that encompasses a variety of habitat types (i.e.,
forests, native grasslands, and old fields) and are
found from Montana to western North Dakota and
from eastern Iowa to southern Texas (Conant and
Collins 1998). Although the subspecies known as
Eastern Yellowbelly Racer is considered a habitat
generalist, in the Great Plains they are mainly found
in grasslands (Fitch 1999). Dispersal in racers occurs

in two ways: (1) during the juvenile stage, when
young establish summer home ranges and hiberna-
cula, and (2) when adults change hibernacula or
summer home ranges, which can occur throughout
their lifetime (Fitch 1963). The average distance from
summer home ranges to hibernacula is 400 m for
snakes in northeastern Kansas, but can range from 0
to 1,225 m (Fitch 1963). Racers breed from May to
June after dispersing from the hibernaculum (Fitch
1999). The female lays eggs near a hibernaculum
different from her own in late June (Fitch 1963).
From long-term data on KSR, racers occur at a
density of 4-6 snakes/ha with a sex ratio of 49%
males (Fitch 1999).

We used microsatellite markers to elucidate genetic
structure of the racer. Microsatellite markers are
selectively neutral, have high mutation rates, and
exhibit high allelic diversity, which is necessary for
genetic studies interested in contemporary, intraspe-
cific population genetic structure as opposed to the
geological timescales of phylogeography (Schlotterer
2000). We employed 12 microsatellite markers devel-
oped for Eastern Yellowbelly Racers (Molecular
Ecology Resources Primer Development Consortium
2009). A full description of the development of these
loci is available on the Molecular Ecology Resources
database (accessions 37758-37769 http://tomato.
biol.trinity.edu/). DNA was extracted from scales or
liver using Dneasy™ Tissue Kit (Qiagen). Products
were amplified using polymerase chain reactions
(PCR), visualized using an ABI PRISM™ 3730 DNA
Sequencer with ROX labeled size standard, and ana-
lyzed using GENEMARKER® (Softgenetics). We statis-
tically tested for genotyping errors and the presence of
null alleles using the Brookfield-1 equation as the null
estimator within MIcROoCHECKER V. 2.2.0 (Van
Oosterhout et al. 2004). All laboratory work was con-
ducted in the KSU Conservation Genetic and Molec-
ular Ecology Lab directed by SMW.

Population genetic characteristics

We calculated genetic diversity and tested for devi-
ations from Hardy—Weinberg equilibrium (HWE) and
linkage disequilibrium with  Genepop  (http://
wbiomed.curtin.edu.au/genepop;  Raymond  and
Rousset 1995). Linkage disequilibrium was tested
with a Fisher’s exact test of contingency tables of
allele frequencies for all pairs of loci (Markov chain:
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1000 dememorizations, 100 batches, and 100 itera-
tions per batch). We tested for heterozygote defi-
ciency using Hardy—Weinberg exact tests for each
locus (Markov chain: 1000 dememorizations, 600
batches, 1000 iterations per batch) within the whole
sample. We also analyzed Riley/Geary counties and
Douglas/Jefferson counties separately because sam-
pling occurred in two ecoregions. If these were two
subpopulations in HWE, treating all samples as one
population could produce a Wahlund effect (Hardy—
Weinberg disequilibrium due to heterozygote defi-
ciency). We qualitatively checked for a Wahlund
effect by comparing the entire sample to the two
discrete sampling sites.

To analyze if the number of loci with heterozygote
excess was significantly higher than expected by
chance (50%) at mutation-drift equilibrium, we used
the Wilcoxon sign-rank test within BoTTLENECK 1.2.02
(Piry et al. 1999). As suggested for microsatellites, we
employed the two-phase mutation model (TPM) with
a variance of 12 and 95% of the stepwise mutation
model in the TPM (Piry et al. 1999). Recent reduc-
tions in effective population size causes a reduction in
the number of rare alleles, which creates heterozygote
excess calculated via HWE compared to heterozy-
gosity calculated from the allele number (Luikart et al.
1998). We did not expect racers to have experienced a
reduction in population size because racers appear to
have been common in the Flint Hills for at least the
past 80 years (Busby and Parmelee 1996). We tested
for a bottleneck given that we do not fully understand
the status of the racer population and are unsure of the
impact of land-management changes that have
occurred within the past few decades.

Assignment tests

Discrete population boundaries could not be distin-
guished a priori for racers because the snakes did not
occur in distinctly patchy habitats where populations
could be defined (Fig. 1). Although we hypothesized
that the distribution of racers is likely continuous
because grassland habitat is relatively intact and
racers are habitat generalists, tissue samples from
racers were ultimately obtained from two distinct
ecoregions (Flint Hills and Central Irregular Plains),
which may give rise to subpopulation structure. We
used Bayesian clustering within STRUCTURE version
2.3.1 (Pritchard et al. 2000) to deduce if
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subpopulations existed or if gene flow was continuous
throughout these two regions. In STRUCTURE, the
probability of a set of allelic frequencies given
K populations (InPr(X/K)) is determined by calculat-
ing posterior probability for each value of K and
producing estimates of log-likelihood, which are used
to discern the optimal number of population clusters
(K). We ran 500,000 steps after a burn-in of 100,000
under the admixture model with correlated gene
frequencies. We ran five separate iterations for each
value of K and used the average value of InPr(XIK) and
the variation to select K in addition to AK (Evanno
et al. 2005). If the results had indicated genetic
population structure, we would have proceeded with
traditional estimates of allele frequencies (Fgr statis-
tics) between populations to describe the genetic
structure of racers. Since the results indicated that the
racers were likely one panmictic population (see
“Results”), we used the individual-based approach to
understand the scale of population genetic structure as
explained in the next section.

Spatial autocorrelation

Spatial autocorrelation was used to analyze fine-scale
patterns of genetic structure, which is valuable in
investigating within-population processes when pop-
ulation boundaries cannot be defined (Peakall et al.
2003; Double et al. 2005). Pair-wise genetic distance
was calculated for each locus and summed across all
loci for total genetic distance (Smouse and Peakall
1999). Geographic distance was the Euclidean dis-
tance between latitude and longitude of each snake on
a UTM-coordinate system. A correlation coefficient
(r) for each distance class was calculated with a pair-
wise matrix of genetic and geographic distance in
GENALEX 6 (Peakall and Smouse 2006).

We created the autocorrelogram by plotting r as a
function of geographic distance to elucidate the scale
at which genetic and geographic distance are no
longer correlated. This transition from positive to no
correlation indicates the approximate scale of the
genetic neighborhood (Sokal and Wartenberg 1983).
The ability to correctly estimate the extent of genetic
structure relies on the extent of the actual structure,
distance class size, and sample size within each
distance class. We chose the size of distance classes
so that each class had approximately equal sample
sizes and varied the number of distance classes,
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Fig. 1 Site map showing
land-cover types from the
Kansas GAP project that
could potentially impact the
connectivity of the
landscape for Eastern
Yellowbelly Racers
(Coluber constrictor
Sfaviventris). The outlines
represent counties: Riley/
Geary (n = 54),
Pottawatomie (n = 3),
Marshall (n = 1),
Leavenworth (n = 1),
Douglas/Jefferson (n = 22).
Boxes represent sampling
areas. For each of the six
habitat types illustrated, no
habitat = gray and

habitat = black
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which effectively changed the size of distance
classes. In reporting results from multiple correlo-
grams, we are assured that distance class intervals
were not greater than the scale of genetic structure or
smaller than necessary as to compromise statistical
power (Peakall et al. 2003).

We tested significance at each distance class using
1000 random permutations in which individual
genotypes were shuffled between the geographic
locations to achieve a recalculated estimate of r. The
upper and lower bounds of the 95% confidence
intervals (CI) were defined by the 5th and 95th values
of the estimated r, sorted in ascending order. The
random permutations generated an estimate of
r around the null hypothesis (no genetic structure).
Where r was greater than the 95% CI, significant
positive autocorrelation occurred, which is expected
if dispersal is restricted (Peakall et al. 2003). We also
estimated r using 1000 bootstraps and used ranked
r-values to define the 95% CI. We confirmed
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significance if r exceeded the 95% CI around the
null hypothesis (permutation test) and if the 95% CI
around r did not overlap zero (bootstrapping).

Landscape connectivity

Population genetic structure was correlated to land-
scape heterogeneity using isolation-by-distance (i.e.,
genetic vs. geographic distance between individuals)
to define the functional landscape connectivity and
assess the influence of land cover type on dispersal in
racers. We calculated genetic distances between
individuals (a,) as described by Rousset (2000) in
which high values indicate dissimilarity between
individuals. Previously, we used linear genetic
distance (Smouse and Peakall 1999) for the spatial
autocorrelation analyses. Therefore we employed a
Mantel test to compare the genetic distance measures;
a significant correlation (r = 0.999, P < 0.001) indi-
cated that both measures would give similar results.
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We modeled landscape connectivity using CIr-
CUITSCAPE, which calculates resistance distances
between racers on a raster landscape (McRae and
Shah 2009). The resistance distance is the distance
between two snakes and takes into account all
possible pathways (i.e., uses circuit theory to create
a graph-theoretic distance metric). For example,
multiple routes and wider habitat swaths allow
greater dispersal between snakes (i.e., analogous to
multiple and wider conductors connecting electrical
nodes allowing for greater electrical current; McRae
and Beier 2007). Resistance distances in CIRCUITSCAPE
may better evaluate genetic isolation-by-distance
than Euclidean distance because the metric is based
on assumptions regarding the permeability of land-
scape features to dispersal, which ultimately impacts
gene flow.

We used the Kansas GAP Analysis (Egbert et al.
2001), which included 43 land-cover classes at a
spatial accuracy of 30 m, to determine landscape
composition. We condensed land-cover categories
into seven categories: native prairie (never culti-
vated), restored grasslands (Conservation Reserve
Program [CRP] fields), forests, wetlands/marshes,
cultivated fields, water (rivers, lakes, and reservoirs),
and urban areas. To assess how racers might respond
to landscape heterogeneity, we constructed resistance
values for each habitat type by creating multiple
hypotheses of the influence of land cover on snake
dispersal. Resistance grids were constructed by
coding each pixel based on the habitat’s resistance
to dispersal (1 = most permeable, 100 = least per-
meable, barrier = not permeable). We exported
eight,  hypothetical  landscape  grids  (cell
size = 150 m?) from ArcMap 9.0 that varied in the
resistance values for each habitat type (Table 1).
Although we hypothesize that movement in racers
would be tied to grasslands, it is not known what type
of habitat racers prefer to move through during
dispersal. Therefore, six of the grids had one habitat
as more permeable than all others because we did not
want to limit dispersal to one habitat a priori
(Table 1). The other two grids comprised a gradient
of resistance values depending on the presumed
degree of human alteration. The ‘Gradient’ hypoth-
esis coded all natural land cover as least resistant,
cultivated fields as intermediate, and urban and water
as high resistance. The ‘Barrier’ hypothesis was
similar to ‘Gradient’ but had urban and water as
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Table 1 Resistance values for each land-cover type for cal-
culating resistance distances between individual racers.
Resistance distances derived from these eight maps were used
to correlate geographic distance (Euclidean or resistance dis-
tance) and genetic distance (a,)

Resistance maps

Native prairie
Native prairie-10
CRP/restored-100
Forests-100
Wetlands/marshes-100
Cultivated-100
Water-100
Urban-100

Forest
Native prairie-100
CRP/restored-100
Forests-10
Wetlands/marshes-100
Cultivated-100
Water-100
Urban-100

Water
Native prairie-100
CRP/restored-100
Forests-100
Wetlands/marshes-100
Cultivated-100
Water-10
Urban-100

Urban
Native prairie-100
CRP/restored-100
Forests-100
Wetlands/marshes-100
Cultivated-100
Water-100
Urban-10

Grassland
Native prairie-10
CRP/restored-10
Forests-100
Wetlands/marshes-10
Cultivated-100
Water-100
Urban-100

Cultivated
Native prairie-100
CRP/restored-100
Forests-100
Wetlands/marshes-100
Cultivated-10
Water-100
Urban-100

Gradient
Native prairie-10
CRP/restored-10
Forests-10
Wetlands/marshes-10
Cultivated-50
Water-100
Urban-100

Barrier
Native prairie-10
CRP/restored-10
Forests-10
Wetlands/marshes-10
Cultivated-50
Water-0
Urban-0

complete barriers to racer movement (Table 1). We
ran each grid separately in CIRCUITSCAPE to calculate
resistance distances between individual racers for a
total of eight resistance distances.

We used Mantel tests (Mantel 1967) to compare
the correlation between the pair-wise genetic and
pair-wise geographical matrices to test for the impact
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of landscape heterogeneity on gene flow (Smouse
et al. 1986). We analyzed isolation-by-distance in
two analyses including the entire study region and the
Flint Hills alone. We did not perform a separate
analysis for the Central Irregular Plains owing to
small sample size (n = 23). The Mantel tests were
performed in library VEGaN version 1.6-7 (Dixon
2003; Oksanen 2005) of R (R Development Core
Team 2005). The nine models tested included the
Euclidean distance and each of the eight resistance
maps. After assessing significance of the Mantel test
for all nine models, we then ran a partial Mantel test,
which compared the genetic and resistance matrices
while controlling for Euclidean distance. We also ran
a partial Mantel test comparing genetic and geo-
graphic distance while controlling for ecoregion
(1 = individuals in same region or 2 = individuals
in different regions). We acknowledge the debate
over whether the partial Mantel test produces biased
estimates of P values (Raufaste and Rousset 2001;
Castellano and Balletto 2002; Rousset 2002). Cush-
man and Landguth (2010) have shown through
simulation modeling that partial Mantel tests have
high power and low error when testing drivers of
genetic differentiation. Therefore, we considered
significant partial Mantel tests an indication of
whether resistance maps explained variation in
genetic distance beyond Euclidean distance alone. If
the resistance distance was a better estimator than

Table 2 Microsatellite loci in Eastern Yellowbelly Racers
(Coluber constrictor flaviventris) with allele number and
expected and observed heterozygosity for all samples (Total),

Euclidean distance, we can conclude that landscape
structure may have been affecting gene flow, such
that habitats were differentially permeable and the
landscape was functionally fragmented for racers.

Results
Population genetic characteristics

We sampled 81 racers, with intensive sampling
within the Flint Hills ecoregion (1,000 km?; Fig. 1).
All 81 samples were genotyped at 12 microsatellites
with no redundant genotypes (i.e., no pairs had
completely matching genotypes). Allelic variation
ranged from 8 to 51 alleles per locus (mean = 20.8,
SD = 11.2). Expected and observed heterozygosities
ranged from 0.29 to 0.97 and 0.31 to 0.88, respec-
tively, for the entire sample (Table 2). No pairs of
loci exhibited linkage disequilibrium. We found
consistent evidence of deviation from HWE for one
microsatellite (i.e., GQ371178; Table 2). We found
evidence for null alleles at two microsatellites (i.e.,
GQ371178 and GQ371183; nf > 0.10). Racers in
northeastern Kansas apparently have not experienced
population numbers low enough to have caused a
founder’s effect because there were not more hetero-
zygotes than expected based on mutation-drift equi-
librium using either the sign test (P = 0.32) or the

the Flint Hills ecoregion (Riley/Geary Counties), and the
Central Irregular Plains ecoregion (Douglas/Jefferson Coun-
ties) in northeastern Kansas

GenBank accession # Allele no. Total Hg/Hop Flint Hills ecoregion Central Irregular Plains
(n = 81) Hg/Hp (n = 54) ecoregion Hg/Hp (n = 22)

GQ371177 13 0.75/0.75 0.77/0.78 0.72/0.73

GQ371178 21 0.89/0.54" 0.86/0.59" 0.93/0.45"

GQ371179 20 0.87/0.81 0.88/0.83 0.84/0.73

GQ371180 21 0.92/0.86 0.92/0.85 0.91/0.95

GQ371181 14 0.90/0.86 0.87/0.81 0.89/0.95

GQ371182 15 0.90/0.72* 0.92/0.80 0.77/0.50

GQ371183 29 0.92/0.67° 0.93/0.57* 0.91/0.86

GQ371184 8 0.29/0.31 0.29/0.30 0.21/0.23

GQ371185 14 0.86/0.88 0.88/0.89 0.76/0.82

GQ371186 51 0.97/0.85 0.97/0.87 0.96/0.82

GQ371187 18 0.80/0.74 0.83/0.76 0.78/0.73

GQ371188 27 0.93/0.81 0.93/0.81* 0.91/0.77

? Locus deviated significantly from Hardy—Weinberg equilibrium
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Wilcoxon test (P = 0.30; two-tailed) within BOTTLE-
NECK. The expected number of loci displaying hetero-
zygote excess (7.27) was not substantially different
from the observed number of loci displaying hetero-
zygote excess (6) or heterozygote deficiency (6).

Assignment tests

We found evidence for population subdivision at
K = 1-2 (Fig. 2). When StTrRUCTURE finds clustering
solutions with similar probabilities at multiple K, the
K with the highest InPr(X/K) and lowest variation is
chosen, which would be K =1 (mean = —4781.4,
SE = 0.36) or K = 2 (mean = —4763.5, SE = 1.26;
Pritchard et al. 2000, 2009). When evaluating the
percent membership of each racer in the two clusters
with the plot of ancestry estimates, we observed a
separation between snakes found in the Flint Hills and
those in the Central Irregular Plains (Fig. 2¢). Due to
uncertain results using clustering methods, we con-
tinued with individual-based methods to evaluate the
scale at which racers exhibit genetic differentiation.

Spatial autocorrelation

We present multiple correlograms to assure the
chosen distance classes do not influence the scale of
genetic structuring but reflect the true genetic struc-
ture (Fig. 3). For example, correlogram A gives the
first three distance classes as 0-2, 2-3, and 3-7 km,;
correlogram B gives 0-1, 1-3, and 3-7 km; and
correlogram C gives 0-1, 1-2, and 2-3 km. Com-
parisons among these correlograms enabled us to
pinpoint the scale at which positive genetic structure
occurred below 7 km. For correlogram A, the
r-values are significantly positive at 3 km (Fig. 3a).
For correlogram B, the r-values are significantly
positive at 1 km (Fig. 3b). For correlogram C, the r-
values are significantly positive at 1 and 3 km
(Fig. 3c). Through the use of multiple correlograms,
we deduced that snakes within 3 km of each other
showed significant genetic similarity. The correlo-
grams maintain positive genetic structure with few
95% CI and few r-values dropping below r = 0 until
a distance class of 117 km (i.e., distance between
Central Irregular Plains and Flint Hills samples),
where r-values become consistently negative.
Although pair-wise comparisons between 40 and
100 km are underrepresented due to a discrete
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Fig. 2 In StrucTURE we used the average of 5 iterations for
K = 1-10. (a) Plot of the log-likelihood value (InPr(XIK) versus
the number of potential subpopulations (K). (b) The Evanno
et al. (2005) AK method to evaluate the most supported
K based on the rate of change in the likelihood as a function of
K. (¢) The plots of ancestry estimates, which represent the
estimated membership for each racer in each of the K-inferred
clusters

sampling distribution, the correlograms indicate
restricted dispersal within 3 km and a cline of genetic
differentiation where genetic distances increase with
geographic distance.

Landscape connectivity
Mantel tests indicated that isolation-by-distance par-

tially explained the genetic structure of racers when
considering all samples (n =81, r = 0.075,
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P = 0.006; Table 3a) at the broadest landscape scale
(75 x 180 km), but not when considering only those
samples in the Flint Hills (25 x 40 km; n = 57,
r = 0.042, P = 0.286; Table 3b). The genetic dis-
tance was also partially explained by distance in
space for the eight resistance distances when consid-
ering the entire data set (Table 3a) but not the
restricted data set (Table 3b). None of the resistance
maps explained further variation in genetic distance
after controlling for Euclidean distance (Table 3). In
addition, ecoregion did not explain genetic distance
indicating one population experiencing isolation-by-
distance (Table 4). Although low r-values from the
Mantel tests do not appear to explain a large amount
of the variation, this is a common finding in
individual-based models (Rousset 2000). Therefore,
racers in this study are exhibiting a gradient of
genetic differentiation as a function of distance even
when potential habitat resistance is considered. These
finding are likely due to the resistance distances being
highly correlated with Euclidean distance (r > 0.6),

Distance Class (km)

which indicates a permeable landscape across a large,
functionally ~ contiguous  geographical  extent
(Table 3).

Discussion

We adopted a landscape genetics approach to explore
how habitat heterogeneity at a regional scale influ-
enced gene flow, population genetic structure, and
landscape connectivity for racers in the largest
tallgrass prairie in North America. A large number
of individuals in a near-continuous distribution must
exist for a population with dispersal-limited individ-
uals to show isolation-by-distance as observed in this
population of racers in northeast Kansas (Table 3,
Fig. 3).

A large number of individuals are likely contrib-
uting to the gene pool given the population exhibited
a high number of alleles per locus (range = 8-51
mean = 20.9, SE = 3.2). This is higher than values
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Table 3 Correlation
coefficient and

Correlation with Euclidean dist.

Mantel test Partial Mantel

corresponding significance r P-value r P-value r P-value

for Mantel test comparing

Euclidean distance and (A) All samples

resistance distance as well Euclidean _ _ 0075  0.006 _ _

as Mantel tests and partial Barri 0.811 0.001 0084 0013 0041 0.139

Mantel tests comparing arrer ) ’ ’ ) ’ ’

genetic and geographic Gradient 0.865 0.001 0.084 0.009 0.040 0.127

distance for racers assuming Prairie 0.790 0.001 0.076  0.014 0.029 0212

cither the Euclidean model Forest 0.736 0.001 0073 0.002 0026  0.149

or one of the eight

resistance models (cf. Urban 0.735 0.001 0.070  0.002 0022 0.161

Table 1). The partial Grassland 0.789 0.001 0.071  0.033 0.021  0.305

Mantc.:I test compares Water 0.737 0.001 0.069  0.001 0.021  0.183

genetic and resistance Cultivated  0.666 0.001 0059  0.010 0013 0302

distance while controlling i

for Euclidean distance. (A) (B) Riley/Geary

81 samples (B) Flint Hills Euclidean - - 0.042  0.286 - -

region Gradient 0.759 0.001 0.051  0.198 0.030  0.326
Prairie 0.741 0.001 0.046 0.246 0.022 0.369
Barrier 0.632 0.001 0.038  0.272 0.016  0.422
Grassland 0.750 0.001 0.039  0.301 0.011  0.412
Forest 0.559 0.001 —0.002  0.530 —0.031 0.763
Water 0.656 0.001 —0.003 0.517 —0.040 0.828
Urban 0.646 0.001 —0.006 0.555 —0.042 0.840
Cultivated 0.563 0.001 —0.016 0.615 —0.047 0.875

Table 4 Correlation coefficient and corresponding signifi-
cance for partial Mantel test comparing genetic and geographic
distance for racers assuming either the Euclidean model or one
of the eight resistance distance models and controlling for
ecoregion

Geographic distance Partial Mantel test

r P-value
Euclidean 0.027 0.224
Barrier 0.047 0.211
Gradient 0.060 0.083
Prairie 0.063 0.106
Forest 0.040 0.086
Urban 0.046 0.070
Grassland 0.059 0.128
Water 0.043 0.088
Cultivated 0.021 0.270

observed in snakes of restricted distribution such as
garter snakes (Thamnophis spp.), massasauga rattle-
snakes (Sistrurus catenatus), and water snakes
([Nerodia sipedon]; Gibbs et al. 1997; Prosser et al.
1999; Manier and Arnold 2005), but comparable to

@ Springer

black rat snakes ([Elaphe obsoleta]; Lougheed et al.
1999) which are abundant and widely distributed. In
addition, the population showed no signs of a
bottleneck and was maintaining migration-drift equi-
librium, indicating no subpopulation structure due to
limited gene flow. Genetic evidence, in conjunction
with survey data (i.e., racers were 47% of total snake
captures, Klug et al. 2010), indicates the racer is
relatively abundant and has a continuous distribution
across this predominantly grassland region. At pres-
ent, the tallgrass prairie of Kansas seems capable of
maintaining high rates of genetic exchange for racers
across a broad extent and could serve as a baseline for
evaluating genetic structure where grassland habitat
is extremely fragmented.

As STRUCTURE uses the frequency of alleles,
limited gene flow is necessary between subpopula-
tions for genetic drift to occur and allele frequency to
change (and be detected in STrucTURE). We found
that gene flow occurred throughout the study area, as
we were unable to confidently define discrete sub-
populations in STRUCTURE (i.e., K could have been
1-2). The inability to assign discrete subpopulations
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using Bayesian clustering methods for a species that
shows limited dispersal is surprising, especially given
the size of the study area (13,500 km?; Fig. 2). In
previous studies on snakes, genetic differentiation
was found between populations of massasauga
rattlesnakes within 2 km (Gibbs et al. 1997), timber
rattlesnakes (Crotalus horridus) within 8 km (Clark
et al. 2008), and black rat snakes within 6 km
(Lougheed et al. 1999), all of which were attributed
to limited dispersal ability. A shared characteristic of
these snakes is that they are habitat specialists or
exhibit high philopatry to communal hibernacula. For
example, population divisions were evident in water
snakes and garter snakes, which are strongly associ-
ated with patchily distributed water sources (Prosser
et al. 1999, Manier and Arnold 2005). On the
contrary, a lack of genetic differentiation between
subpopulations was found in the small-eyed snake
(Rhinoplocephalus nigrescens), a habitat generalist
(Keogh et al. 2007). Given that the racer is a habitat
generalist and does not exhibit philopatry to summer
home ranges or hibernacula (Fitch 1963), perhaps it is
not surprising that subpopulations were not evident,
despite limited dispersal. Likewise, Gauffre et al.
(2008) have shown that recent barriers to dispersal
are difficult to detect in clustering methods employ-
ing Fst when effective population size is large, as
might be the case for racers. Schwartz and McKelvey
(2009), have also shown that STRUCTURE may report
K = 2 as equally likely as K = 1 when patterns of
isolation-by-distance are present, such as found in our
study. Due to these uncertainties, we also used
individual-based methods to evaluate population
genetic structure of racers.

Further support for the existence of a large and
continuous population comes from the Mantel tests
for isolation-by-distance, in which we found a
significant positive relationship between genetic and
geographic distance when using the entire study area,
but not when the analysis was limited to the Flint
Hills (25 x 40 km). The fact that isolation-by-dis-
tance was not significant within the Flint Hills
suggests the 1,000-km” extent of that study area
was not large enough to observe isolation-by-dis-
tance. The results from the genetic autocorrelation
analyses show a genetic gradient where the r-value
became negative around 117 km, which indicates the
point at which individuals become more genetically
different than average. Therefore, genetic

dissimilarity occurring between individuals from
different sampling locales (i.e., Flint Hills and
Central Irregular Plains) contributed to the signifi-
cance of isolation-by-distance. Although racers in the
Flint Hills and Central Irregular Plains are genetically
differentiated (i.e., isolation-by-distance from Mantel
tests and genetic neighborhoods from autocorrela-
tion) enough gene flow must occur in the large and
continuous population of racers for migration to
offset drift and subpopulations not to be detected in
Bayesian clustering analyses (i.e., STRUCTURE).

Our results indicated that population genetic
structure was not influenced by landscape composi-
tion in northeastern Kansas. We found no natural or
anthropogenic land cover currently limiting snake
dispersal or gene flow. Although the resistance
distances obtained from maps describing the land-
scape as a gradient of permeability (i.e., “Barrier”
and “Gradient”; Table 1) had correlation coefficients
that were slightly stronger than Euclidean distance,
the partial Mantel tests were not significant. There-
fore, it can be inferred the landscape is functionally
connected, and gene flow is not limited by landscape
structure. This does not mean that racers are
unresponsive to land cover but that limited gene
flow has not been experienced to elicit a distinguish-
able effect in terms of the composition and scale of
habitat measured. It is possible that areas with greater
grassland fragmentation or future changes to the
Kansas landscape (e.g., increased urban or forest
cover) could result in impeded dispersal and therefore
gene flow (Fitch 1999; Short Bull et al., in press).

The greatest challenge in landscape genetics is
matching the temporal scale of the observed genetic
patterns to the temporal scale of landscape modifica-
tion (Balkenhol et al. 2009). Although, we are unable
to identify the temporal scale at which the observed
genetic patterns occurred, general land cover within
the Flint Hills has changed relatively little during the
past 50 years and we feel our results are robust to
past changes in land cover at the scale examined. For
example, barriers such as urban centers (e.g., Man-
hattan, Kansas) have been well established for the
past 50 years, the conversion to row crop agriculture
was mostly completed by the 1940s (Waisanen and
Bliss 2002), and water bodies such as the Tuttle
Creek Reservoir was established in the early 1960s.
Landguth et al. (2010) found that in using individual-
based statistics (e.g., Mantel’s r) a lag time of only
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1-15 generations was needed to establish a genetic
signal to a landscape barrier. Therefore, a time frame
of 50 years is reasonable for genetic patterns to
respond to landscape change given we used individ-
ual-based analysis and racers experience a generation
time of about three years (Fitch 1963). A corre-
sponding lag time ranging from 3 to 45 years could
be sufficient to alter the genetic signal of the racer
population despite a large effective population size.

Although the general land cover categories have
changed little over the past 50 years, land-manage-
ment practices within grasslands have experienced
more recent changes. Currently, 86% of the Flint
Hills is grassland and managed for cattle production
(With, unpubl. data). Season- or year-long grazing
has been in practice since the late 1800s and still
occupies 65% of the Flint Hills landscape, but more
recent changes in land management have occurred
since the 1980s (With et al. 2008). The practice of
annual burning coupled with early-intensive stocking
(i.e., cattle stocked at twice the rate for half the
season) now makes up 25% of managed grasslands
(With et al. 2008). This intensive use of fire and
grazing has resulted in reduced vegetation structure
that has proven detrimental to many native species
(With et al. 2008). A reduction in vegetative cover
could potentially expose dispersing racers to temper-
ature extremes and higher predation risk (Wilgers and
Horne 2007) during emergence from hibernacula
after spring burns. In addition, racers have an affinity
for increased vegetation structure (Klug et al. 2010),
and thus may avoid grasslands managed with annual
burns and early-intensive stocking. Although this
land-management may negatively impact racer pop-
ulations, it may not act as a complete barrier to
dispersal, given these intensively managed grasslands
are left to recover after cattle are removed mid-July.
Previous studies in the Flint Hills have shown that
racers avoid recently burned areas but are able to
recolonize later in the growing season (Cavitt 2000).
In addition, female racers lay eggs in early August
and hatching occurs in September (Fitch 1963), after
the peak of the growing season when sufficient
vegetation is present to facilitate juvenile dispersal to
a hibernaculum. Had we the resolution to include
grassland management as a variable, we may have
been better able to deduce the impact of land
mangement on gene flow in racers by evaluating
the genetic structure under both current land use and
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historical land use within the past 100 years (e.g.,
Zellmer and Knowles 2009).

At the other extreme, increased exurban develop-
ment curtails burning and grazing, which promotes
shrub encroachment and the succession of grasslands
to forests. In addition to grasslands, racers are able to
use other habitats (e.g., forests) to disperse and may
actually prefer a mosaic of habitats, which offer a
variety of environments for thermoregulation
(Wilgers and Horne 2006). Therefore, the increased
woody cover in the Flint Hills (Briggs et al. 2005)
and the mosaic of forest and grasslands in the Central
Irregular Plains may benefit racer populations and
facilitate dispersal until a threshold at which grass-
lands have converted to forests and grassland species
(e.g., racers) are excluded (Fitch 1999). Currently, we
have not shown forests to restrict gene flow in racers,
but if the intensity and scale of forest cover increases
beyond the scale of a racer’s ability to disperse,
forests could become a barrier. The same could be
said for other land-cover types that are not preferred
habitat (i.e., cultivated fields and urban centers).
Future research should evaluate the influence of shifts
in grazing regimes, increased woody cover, exurban
expansion, and increased fragmentation on gene flow
to deduce how land modification may alter the
connectivity and population genetic structure of
native species like the racer.
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