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Abstract

The Yellowstone National Park bison herd is 1 of only 2 populations known to have continually persisted on their current
landscape since pre-Columbian times. Over the last centuty, the census size of this herd has fluctuated from around 100
individuals to over 3000 animals. Previous studies involving radiotelemetry, tooth wear, and parturition timing provide
evidence of at least 2 distinct groups of bison within Yellowstone National Park. To better understand the biology of
Yellowstone bison, we investigated the potential for limited gene flow across this population using multilocus Bayesian
clustering analysis. Two genetically distinct and clearly defined subpopulations were identified based on both genotypic
diversity and allelic distributions. Genetic cluster assignments were highly correlated with sampling locations for a subgroup
of live capture individuals. Furthermore, a comparison of the cluster assignments to the 2 principle winter cull sites revealed
critical differences in migration patterns across years. The 2 Yellowstone subpopulations display levels of differentiation that
are only slightly less than that between populations which have been geographically and reproductively isolated for over
40 years. The identification of cryptic population subdivision and genetic differentiation of this magnitude highlights the

importance of this biological phenomenon in the management of wildlife species.
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Genetic isolation among subpopulations affects many
demographic and evolutionary processes. For example, reduced
gene flow can lead to the accumulation of genetic differences
between subpopulations from genetic drift, mutation, and/or
selection. Genetic substructure does not always coincide with
obvious morphological or geographical differences between
subpopulations, and cryptic substructure has only been revealed
in recent decades through analysis of molecular genetic data (e.g.,
Proctor et al. 2005; Yoshio et al. 2009). The recognition of
population substructure is fundamental to the identification of
management units and an important consideration for wildlife
conservation.

Range contraction and landscape fragmentation have led
to the restricion of many terrestrial mammals to isolated
populations, thereby creating artificial population substruc-
ture. For example, the largest extant land mammal in North
Ametica, American bison (Bison bison), ranged actoss the
continent in large intermixing herds of thousands of
individuals in the 19th century (McHugh 1972) but now
exists in isolated populations generally of less than 1000
individuals (Gates et al. 2010). The artificial isolation of these
populations has led to detectable levels of genetic differen-
tiation (Wilson and Strobeck 1999; Halbert and Derr 2008).
Populations of more than 5000 bison are currently supported
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on only 2 landscapes: the Greater Yellowstone Area in
Wyoming/Montana/Idaho, USA (including Yellowstone
and Grand Teton National Parks) and the Greater Wood
Buffalo Area in Alberta/Northwest Territories, Canada (Gates
et al. 2010). The large number of bison on these complex
landscapes provides opportunity for natural population sub-
structure, which could have important implications for the
long-term evolution of these populations.

In this study, we investigate genetic substructure within
the Yellowstone National Park bison population, which is
among the most critical to bison conservation. The Yellow-
stone population is one of only a few “occupying extensive
native landscapes where human influence is minimal and
a full suite of natural limiting factors is present” (Gates et al.
2010), although large numbers have been culled along the
park boundaries intermittently since the 1980s (Cheville et al.
1998; US Department of Interior and US Department of
Agriculture 2000). Additionally, the population is a valuable
genetic resource. Unlike most populations examined to date,
no evidence of domestic cattle genetic introgression has been
identified in Yellowstone bison (Ward et al. 1999; Halbert
et al. 2005; Halbert and Derr 2007). Furthermore, this
population has high levels of genetic diversity and heterozy-
gosity compared with other populations (Wilson and
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Figure I. Map of Yellowstone National Park indicating the locations and genetic types of bison live captured between February
2000 and October 2003. Bison with at least 70% assignment to one of the clusters are indicated by blue (cluster 1) or red (cluster 2)
circles, and green circles indicate bison with less than 70% assignment to a single cluster (mixed). The dashed and solid lines

represent the maximum annual distribution of central and northern herd Yellowstone bison, respectively. Abbreviations: R, river;

Mtn, mountain; and V, valley.

Strobeck 1999; Halbert and Derr 2008), underscoring the
significance of Yellowstone bison in species conservation.
Historically, 3 bison herds within Yellowstone were
documented based on winter distributions (Mary Mountain,
Pelican Valley, and Lamar Valley), although none of
the herds remained isolated year-round (Meagher 1973).
As the total number of bison increased to motre than 3000 in
the mid1990s, 2 herds have been generally recognized: the
central herd consists of the former Mary Mountain and
Pelican Valley herds and the northern herd consists of
the former Lamar Valley herd (Olexa and Gogan 2007). The
smaller northern herd moves northwestward during the
winter toward Gardiner, Montana, and the central herd
moves westward toward West Yellowstone, Montana
(Figure 1). In some winters, segments of the central herd
have been observed moving northward toward Gardiner,
Montana, and the herds may intermingle during these times

(Gates et al. 2005). Radiotelemetry data indicate that the
herds remain isolated duting the summer breeding season
(Olexa and Gogan 2007). However, the question of whether
the recognized herds represent genetically distinct units
remains unanswered. In this study, we use nuclear micro-
satellite matrkers and a multilocus Bayesian clustering
method to evaluate the possibility of genetic substructure
among Yellowstone bison and assess patterns of genetic
vatiation among subpopulations.

Materials and Methods
Genetic Data Collection

Hair, blood, or liver tissue samples were taken from live-
captured bison processed under protocols approved by
a USGS Animal Care and Use Committee and from bison
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Table | Collection details for Yellowstone bison samples included in this study
Location type Location name 1997 1998 1999 2000 2001 2002 2003 Location total
Live capture Central 18 21 39

Northern 14 4 18
Winter cull Gardiner 166 131 297

West Yellowstone 63 1 67 13 141 14 299
Unknown Unknown 7 1 8

Year total 229 1 67 39 18 141 166 661

slaughtered under the authority of the Montana Department
of Livestock. Methods for extracting DNA, marker selection,
and multiplexed PCR assays were previously described
(Schnabel et al. 2000; Halbert et al. 2004). A total of 46
autosomal microsatellite markers were used in this study
(Supplementary Table S1). Separation of PCR products and
genotype analysis were petformed as previously described
(Halbert and Derr 2008). A Microsoft Excel add-in (Park
2001) was used to identify duplicates and prepare data for
downstream analysis.

Data Analysis

Each sample was determined to belong to a unique bison
based on genotypes. To minimize bias, the offspring of any
parent—offspring pairs detected in a previous study (Halbert
2003) were excluded from this analysis. Evidence of
subpopulation structure was assessed using all 46 autosomal
microsatellite markers and the multilocus Bayesian clustering
method in the STRUCTURE 2.3 program (Pritchard et al.
2000). This method minimizes the presence of Hardy—
Weinberg and linkage disequilibrium within a collection of
multilocus genotypes by probabilistic assignment of individ-
uals into K populations. After initial testing (Pritchard et al.
2000), a burn-in period of 40 000 replicates and 80 000
Markov chain Monte Catlo replicates was utilized with either
the independent or correlated allele frequency model (Falush
et al. 2003) and accounting for the possibility of admixture
(ALPHAPROPSD = 0.08). The default program values were
used for all other settings.

The entire data set was evaluated across 20 iterations at
each K from 1 to 6, and the assignments of individuals to
various subpopulations by the clustering method were
compared with and without collection site information as
prior information in the model (i.e., a priori and a postetiori
comparisons, trespectively). The most likely number of
clusters within the data set was determined by examining
averages and standard deviations (SDs) at each K for In (D)
(Pritchard and Wen 2004) and using the AK method (Evanno
et al. 2005). Clusters among different replicates were sorted
and aligned using the program CLUMPP 1.0 (Jakobsson and
Rosenberg 2007), and the resultant membership assignments
were visualized using the program DISTRUCT (Rosenberg
2004).

Observed and expected heterozygosity (unbiased gene
diversity; Nei 1987), average number of alleles per locus,
allelic richness (El Mousadik and Petit 19906), and F statistics
(Weir and Cockerham 1984) were calculated using the
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program FSTAT 2.9.3.2 (Goudet 1995, 2001). Allelic richness
and expected heterozygosity are unbiased estimators of the
observed number of alleles per locus and heterozygosity,
respectively, which minimize differences due to sample size
variances. Fach population-marker combination was also
tested for Hardy—Weinberg equilibrium (HWE) in FSTAT
2.9.3.2 using sequential Bonferroni correction for multiple
tests. Genic and genotypic differentiation among populations
were tested in the program GENEPOP 4 (Raymond
and Rousset 1995) using the Markov chain method (Guo
and Thompson 1992) with a 10 000 step dememorization,
150 batches, and 10 000 iterations per batch (P < 0.05
considered significant).

Comparison to Sampling Locations

Sampling locations were divided into 2 categories: live capture
and winter cull. The live capture group included 57 bison
sampled between February 2000 and October 2003 from the
northern or central ranges (Table 1). None of the samples
were collected during the summer breeding season (Gogan
et al. 2005). This group is considered a control sample for the
purposes of assigning individuals to genetic subpopulations.

An additional 596 samples were collected between 1997
and 2003 from bison processed along the park boundaries
under an interagency management plan (US Department of
Interior and US Department of Agriculture 2000). Most of
these samples were collected between January 1 and April 30
(592 of 596; 99.3%). The winter cull group is further divided
into approximate sampling location: Gardiner versus West
Yellowstone. These sites represent the most frequently used
winter exits for bison out of Yellowstone National Park and
are separated by approximately 86 km following the most
frequent routes of bison winter travel (Gates et al. 2005) or
52 km point-to-point.

Results
Description of Subpopulation Structure

Microsatellite genotypes were collected from 661 bison
sampled between 1999 and 2003 (Table 1), and collection
locations were recorded for 653 (98.8%) of these samples.
Both the correlated and independent allele frequency models
were used to evaluate clustering consistency and both gave
similar results (Falush et al. 2003). Only the correlated allele
frequency model is considered hereafter because migration
between any subpopulations within Yellowstone National
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Table 2 Genetic diversity compatison between genetic clusters
identified in this study, including individuals with at least 70%
membership assignment to the indicated cluster

Total Private
Cluster  Range n Ho  He Az alleles alleles®
1 Northern 152 0.596 0.602 4.56 210 6
2 Central 453 0.621 0.623 4.63 218 14
All YNP 661 0.616 0.626 471 224

Abbreviations: 7, number of individuals; /7, observed heterozygosity; /g,
expected heterozygosity; Ag, allelic richness; and YNP, Yellowstone
National Park.

Alleles identified in only 1 of the 2 clusters.

Park is biologically feasible. Evaluation of In P(D) (Pritchard
and Wen 2004) and AK (Evanno et al. 2005) from multiple
STRUCTURE simulations indicate the data set most likely
represents at least 2 genetically defined clusters (Supplementary
Figure ST). Although the In P(D) increases between K = 2 and
K = 3 (Supplementary Figure S1A), indicating a possible third
clustet, the AK values cleatly indicate more suppott for K = 2
(Supplementary Figure S1B). These findings were consistent
regardless of whether collection site information was consid-
ered a priori or a posteriori. As expected, when collection site
information was included as prior information, the likelihood
of the results (In P[D)]) increased (though only slightly).
Furthermore, at K values above 2, the variability in the results
increased substantially, indicting very poor support for 3 or
more subpopulations. Therefore, we will hereafter consider
only the conservative possibility of 2 clusters.

For all additional analyses, collection site information was
not used as prior information in the model (a posteriori
comparison only) based on the following: 1) This model is
least likely to result in spurious assignments of individuals to 1
of the 2 subpopulations and 2) preliminary analysis indicated
a lack of correlation in some years between collection site and
subpopulation (see also below, Figure 3). Using the same
parameters as above, lambda (A) was estimated for K = 2 at
0.521. This estimate was used to run an additional 20
simulations at K = 2 to assign individuals to clusters because
the lower A value is expected to increase cluster assignments
when many markers have rare alleles (see below). A total of
605 (91.5%) bison had an average assignment of at least 70%
to a single cluster: 152 were assigned to cluster 1 and 453 were
assigned to cluster 2 (Supplementary Figure S2). The remaining
56 individuals were not clearly assigned to a single cluster using
these criteria; these bison did not appear to be I offspring of
any other samples included in this study (Halbert 2003), and no
unique alleles were identified in these bison compared with the
2 clusters. To determine the impact of excluding the 56
individuals (8.5% of the total) of presumed “mixed” ancestry,
Fgy was calculated based on the entire data set by using 0.5 as
the cluster assignment cutoff. With these individuals included,
Fgr is reduced to 0.0269, a 17% reduction compared with Fgr
in the sample that excluded these individuals (0.0321, see
below). Because the 2 clusters are strongly supported, we
assume that the relatively small mixed group represents
descendants of gene flow between the 2 subpopulations.
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Based on the above, the data set including only the 605
bison with at least 70% probability of assignment to a single
cluster was used to evaluate the genetic relationship between
the clusters. Allele frequencies, allelic richness, and heterozy-
gosity values for each group-marker combination are
summarized in Table 2 (detailed data for individual loci
provided in Supplementary Table S1). Each of the genetic
diversity measures indicated slightly less diversity in cluster 1.

A total of 20 “private” alleles were identified. Many of
these alleles were found at very low frequencies (<0.01), and
none had a frequency of more than 0.08. These alleles were
not equally distributed between the clusters: 6 were identified
in cluster 1 and 14 in cluster 2. However, the average private
allele frequency per locus (Hedrick 1971) is similarly low in
each cluster: 0.0037 for cluster 1 versus 0.0049 for cluster 2.
The possibility that one or more of these private alleles are
derived from domestic cattle was not directly assessed here
(see methods of Halbert and Derr 2007). However, 15 of the
20 alleles are found in other US bison populations with no
known direct relationship to Yellowstone National Park
(Halbert and Derr 2008) and ate therefore considered unlikely
to be detived from domestic cattle. Additionally, a previous
evaluation of these samples based on both mitochondrial and
nuclear matkers (14 microsatellites, different from those
utilized here) failed to identify genetic evidence of prior
domestic cattle hybridization (Halbert and Derr 2007).

Of the 46 markers evaluated, 40 (87.0%) have significantly
different distributions of alleles (genic differentiation) and
genotypes (genotypic differentiation) between the 2 clusters
(P < 0.05). The genic and genotypic distributions for the
remaining 6 markers are not significantly different between
the 2 clusters: BL1036, BM4028, BM4440, BMS1074,
BMS1117, and BMS1355. The Fgr (theta) estimate between
the 2 clusters is 0.0321 (Weir and Cockerham 1984), and GS”T,
a Ggr measure standardized for both the average heterozy-
gosity and the number of populations, is 0.0838 (Meirmans
and Hedrick 2010). The s and Frp estimates are 0.0069 and
0.0232, respectively, which indicate that inbreeding does not
occur at high levels within these subpopulations.

The null hypothesis of HWE across all 661 samples for
all markers was rejected, and an overall heterozygote deficit
was observed (P < 0.0001). Conversely, HWE was achieved
within each of the clusters based on the STRUCTURE
analysis; however, this result is expected given that the
clustering algorithm of STRUCTURE secks to minimize
Hardy—Weinberg disequilibrium.

Genetic versus Geographic Clustering

Cluster assignments were compared with live capture data for
57 bison (Figures 1 and 2). Of the 39 bison sampled within the
central range, 3 were assigned to cluster 1, 32 (82.1%) were
assigned to cluster 2 (average membership 0.93 = 0.06 SD),
and 4 appeared to be of mixed origin (<70% assignment to
a single cluster). Of the 18 bison sampled within the northern
range, 14 (77.8%) were assigned to cluster 1 (average
membership 0.96 = 0.02 SD), 2 were assigned to cluster 2,
and 2 appeared to be of mixed origin. From this analysis, there
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Figure 2. Frequency distribution chatt of cluster assignments
for bison live captured and sampled within the central (z = 39)
or northern (# = 18) ranges, indicating a strong association
between sampling location and cluster assignments. The
proportion of individuals within each range for a given
probability class (e.g., 0-0.1, 0.11-0.2, etc.) are indicated with
vertical bars. The majority of bison captured in the central range
(32/39 = 82.1%) were assigned to cluster 2 (assignment
probability < 0.3 to cluster 1), whereas the majority of bison
captured in the northern range (14/18 = 77.8%) were assigned
to cluster 1 (assignment probability > 0.7 to cluster 1).

appears to be a strong association between the genetically
defined clusters and sampling locations within Yellowstone
National Park, with cluster 1 representing bison from the
northern range and cluster 2 representing bison from the
central range (Figure 2).

A similar comparison was performed for the 596
samples collected at the park boundaries as part of the
winter cull protocol (Figure 3). Of the 297 bison sampled
near Gardiner, Montana in 1997 and 2003, 121 (40.7%) were
assigned to cluster 1, 153 (51.5%) to cluster 2, and 23 (7.7%)
appear to be a mixture between the clusters. The proportion
of individuals assigned to each cluster, however, varied
greatly by year (Figure 3A). In 1997, most of the sampled
bison were assigned to cluster 1 (113/166, 68.1%), whereas
in 2003, most were assigned to cluster 2 (115/131, 87.8%)).

Likewise, of the 299 bison sampled near West Yellow-
stone, Montana, from 1997 to 2003, 12 (4.0%) were
assigned to cluster 1, 260 (87.0%) were assigned to cluster 2,
and 27 (9.0%) appear to be a mixture between the clusters.
The proportion of individuals assigned to each cluster was
consistent in the West Yellowstone group, with between
84.3% (119/141 in 2002) and 92.3% (12/13 in 2001) in any
given year assigned to cluster 2 (Figure 3B).

Migration between Subpopulations

To give a perspective on the amount of differentiation that
we have documented, let us assume that genetic drift is the
main factor causing the subpopulations to diverge while
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gene flow between them acts to reduce the extent of
divergence. Let us use the “island model” of Wright (1940)
so that the expected amount of differentiation in generation
t+ 1, Fs 4 1y, is the result of the amount of genetic drift
due to the finite effective population size IV, the amount of
gene flow (migration) 7 between the subpopulations, and
the amount of differentiation in the previous generation
(e.g., Hedrick 2011) or

1

+ (1 - Z—M)FST(I)]' (1)

1
Fsrpeny =(1 — M)Z[ZNe

First, let us assume that the Yellowstone population
was not subdivided before 1936 (Meagher 1973) so that
Fsr = 0 at that point. Next, let us assume that on average
our sample was taken around 64 years later (Table 1).
Finally, let us assume that the generation length, the average
age of a parent for their average offspring, is 8 years (Hedrick
2009), so that 64 years constitutes about 8 generations. Using
the above expression, we can then find what combinations of
m and N, result in an Fgy after 8 generations equal to the
observed 0.0321.

Figure 4 gives the expected change in Fgr for
3 combinations of 7 and .. First, if there is no gene flow
(m = 0) between the populations, then N, = 122.6 and Fgr
= 0.0321 in generation 8. In this case, the theoretical value of
Fgr continues to increase to 1 over time. Because gene flow
has been documented between the groups, this example
appeats too extreme. In contrast, the highest rate of gene
flow illustrated in Figure 4 occurs when N, = 50 and » =
0.107. In this case, Fgr in generation 8 is only slightly lower
than the eventual expected equilibrium value of 0.0378.
However, this combination is unlikely because it requires
a very high rate of gene flow (10.7%) each generation. The
thitd combination given in Figure 4, where N, = 100 and
m = 0.0230 and intermediate between these 2 extremes, is
more consistent with what is known about movements
between the 2 groups, particularly during the rutting season
(Olexa and Gogan 2007). In this case, Fgr continues to
increase and asymptotes at 0.0950.

Let us assume that values of NV, = 100 and » = 0.0230
are reasonable working estimates of these parameters. First,
this means that the number of migrants into and out of each
subpopulation each generation is about 2 (N.z = 2.3) or
approximately 1 every fourth year. (Analysis with the
software MIGRATE [Beerli and Palczewski 2010] gave an
estimate of /N out of the northern and central populations
of 22 and 1.5, respectively) Second, the level of
differentiation, given these levels of genetic drift and gene
flow, is expected to increase approximately 3-fold beyond
that observed to a value of 0.095.

In this discussion, we have made a number of
simplifying assumptions. First, we have assumed a constant
level of genetic drift and gene flow each generation, though
it is possible that these parameters vary over time. For
example, the amount of genetic drift may have been larger in
some generations, particularly early generations, because of
low effective population size. Because the effective
population size over generations is the harmonic mean of
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Figure 3. Cluster assignments of 596 bison sampled at the park boundaties as part of the winter cull protocol from 1997 to

2003. Panel (A) illustrates assignments for 297 bison sampled near Gardiner, Montana. Distinct differences in the distribution of

cluster assignments were noted between 1997 and 2003. Panel
Yellowstone, Montana. The breakdown by year from this group
2 (87.0% overall).

the effective population size in a given generation (Hedrick
2011), early low numbers can greatly reduce the overall
effective population size. Second, we have assumed that the
observed value of Fgy is the true value of differentiation.
This value, however, may be overestimated due to the

(B) illustrates assignments for 299 bison sampled near West
is fairly consistent, with the majority of samples assigned to cluster

exclusion of the 56 individuals that were not placed in 1 of
the 2 clusters (see discussion above).

Although the observed value of differentiation is low
compared with the Fgr value of 0.2 that is sometimes used
to indicate strong differentiation (Mills and Allendorf 1996;
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Figure 4. The level of Fgr expected over time for 3
combinations of genetic drift resulting from finite effective
population size IV, and gene flow  that give the observed level
of Fgr after 8 generations (solid circle).

Wang 2004), these 2 subpopulations have differentiated in
a relatively short period of approximately 8 generations.
Furthermore, Fgr for neutral microsatellite loci provides an
indicator of the potential for differential adaptation. In other
words, it appears that the isolation between these 2 groups is
significant—8.4% of the maximum possible from the
calculation of Gy above—and could lead to divergence of
adaptively important genetic attributes given that their
environments are significantly different (Christianson et al.
2005; Olexa and Gogan 2007).

Finally, the observed Fgr for the same microsatellite loci
between Badlands National Park and Theodore Roosevelt
National Park (South Unit) is 0.042, and the observed Fgr
between Badlands National Park and Fort Niobrara
National Wildlife Refuge is 0.045 (Halbert and Derr
2008). Both of these pairs of populations have been isolated
from each other since 1963 (Halbert and Derr 2007), and
the samples were taken in 2000-2002. In other words, over
5 generations of isolation, these pairs have accumulated
a level of differentiation only slightly larger than we
observed for the 2 Yellowstone subpopulations. If we
assume that 7z = 0, then the expected differentiation is

Fsrgr1y =1 — e~/ (2a)

so that
—17
N=——-—- 2b
ZIn(l - FST) ( )

Therefore, to explain the observed Fgr, IV, values of
58.3 and 54.3 over 5 generations would be sufficient. The
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present day census numbers for these populations ate
smaller than that for Yellowstone National Park (Halbert
and Derr 2008), and these populations were founded with
fewer bison (Halbert and Derr 2007). Given no gene flow
and these estimated effective population sizes, this level of
differentiation after 5 generations appeats reasonable and is
congruent with our Yellowstone subpopulation calculations.

The relative amount of male to female gene flow can be
estimated from nuclear (biparental) and mitochondrial DNA
(mtDNA) (female) Fgr values, Fsr and Fgrg, respectively
(Gonzalez-Suarez et al. 2009). First, the amount of male
differentiation, Fsrqy,y can be estimated as

_ FsrFsr(r) _
Fsry-Fst + 3Fstlsr)

FSr(m) (3a)

Then, if it is assumed that population is at or near
equilibrium under the island model, the expected numbers
of female and male migrants per generation for maternally
inherited and paternally inherited genes are

1-F
N = 25100
2Fsr(s)
and
1P
Ny, = ——1m)
2F$T(m)

The ratio of these equations can then be solved for the
ratio of the male and female gene flow rates as
e Fsr(e)(1-Fsr(m))

Pm _ ST\ 7 ST(m)/ 3b
me Fsr(m)(1-Fsr(e)) (3b)

Between the 2 populations of Yellowstone bison
identified above, the estimate of Fgy for nuclear markers is
0.0321. Gardipee (2007) examined mtDNA variation in
samples from the northern population from Lamar Valley
(2006) and from the central populations from Hayden Valley
(2005 and 2006). The 2 estimated Fgrg values between
these 2 locations were 0.218 (Hayden Valley 2005 and Lamar
Valley 2006) and 0.367 (Hayden Valley 2006 and Lamar
Valley 2006) for an average of 0.2925. Using the equation
above and this mean estimate, the estimate of Fgrgy is
0.0325, neatly equal to the overall estimate of 0.0321,
suggesting that nearly all of the gene flow is from males. The
ratio of male to female gene flow was then estimated to be
12.31, also suggesting that most of the gene flow is from
males. This difference in male and female gene flow is
consistent with significantly higher female philopatry than
male philopatry in bison, as discussed by Gardipee (2007).

Discussion

The genetic analyses presented support the hypothesis of
2 genetically distinct subpopulations of bison within Yellow-
stone National Park. As a metapopulation, the Yellowstone
bison appear to be nonrandomly mating with fewer
heterozygotes observed than predicted under HWE, which
is expected if more than one distinctive breeding population
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is sampled (Wahlund effect). To investigate this possibility,
a Bayesian method was used to identify genetic clustets. The
2 clusters identified by this method are genetically distinct
based on the distribution of both genotypes and alleles. In
fact, a high number of private alleles were identified between
the 2 clusters compared with that found for other federal
herds (Halbert and Derr 2008), which may be the result of
chance differences when the subpopulations were established
or loss due to genetic drift.

Furthermore, the identified clusters appear to be
biologically significant. When the individual cluster assign-
ments were compared a posteriori with live capture sampling
locations, a strong association was identified between the
clusters and sampling location (Figures 1 and 2) despite
the fact that none of the samples were collected during
the summer breeding season when site fidelity is expected to
be the strongest. Bison from the northern range were
assigned primarily to cluster 1 and bison from the central
range were assigned mostly to cluster 2 (hereafter Northern
subpopulation and Central subpopulation, respectively).
These differences are consistent with demographic compat-
isons of culled bison from each location. Analyses of both
tooth wear patterns (Christianson et al. 2005) and parturition
timing and synchrony (Gogan et al. 2005) have demonstrated
significant differences between northern and central range
bison, which are expected only when bison tremain isolated
for much of their lives.

Although the Northern subpopulation appears to have
somewhat lower levels of genetic diversity (Table 2) and
fewer private alleles compared with the Central subpopu-
lation, it is not clear whether the observed differences are
significant. For example, the larger number of private alleles
in the Central subpopulation may reflect the larger sample
size (n = 453) compared with the Northern subpopulation
(n = 152).

A third distinctive herd in the Pelican Valley was
previously proposed based on historical observations
(Meagher 1973). Only 2 live capture samples from bison in
the Pelican Valley were available for this study (Figure 1), and
the possibility of a third genetic cluster cannot be completely
discounted at this time. Direct sampling and genetic analysis
of larger numbers of bison from the Pelican Valley would be
useful in evaluating this possibility. However, radiotelemetry
data indicate bison move continuously between the Pelican
Valley and other portions of the central range during the
winter (Olexa and Gogan 2007). Therefore, it is likely that
bison from the Pelican Valley were included in the winter cull
samples for this study, and comparatively low support for
3 clusters was identified in our analysis (Supplementary
Figure S1). Furthermore, radiotelemetry data demonstrate
constant movement of bison between the Pelican Valley and
the Hayden Valley during the summer breeding season
(Olexa and Gogan 2007), which suggests high levels of
genetic exchange between these locations.

Although Yellowstone bison are subjected to a range of
naturally limiting forces such as predation and forage
competition, bison numbers are also reduced in many yeats
through culling. Bison move to and beyond the park
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boundaries primarily from January through April when
population numbers are high and weather conditions most
severe (Gates et al. 2005). These bison are culled, sometimes
in large numbers, along the park boundaries to reduce the
probability of transmission of brucellosis to livestock on
adjacent lands (Cheville et al. 1998; US Department of
Interior and US Department of Agriculture 2000).

As with the live capture group, most of the winter cull
bison were assigned to 1 of the 2 identified clusters (546,596
= 91.6%). Bison sampled near West Yellowstone appear to
be nearly exclusively from the Central subpopulation (cluster
2). This observation was consistent across all 6 years in which
samples were obtained (Figure 3B).

Winter cull samples were obtained from bison near
Gardiner in only 2 years of the study (1997, 2003), and the
distribution of cluster assignments was strikingly different
between these years. Most of the bison sampled near
Gardiner in 1997 appear to be from the Northern sub-
population (68.1% assigned to cluster 1) and those sampled
in 2003 appear to be primarily from the Central sub-
population (87.8% assigned to cluster 2). These findings are
consistent with observations that the entire northern herd
moved toward the Gardiner boundary during the winter of
1996-1997 (Taper et al. 2000) but not 20022003 (Geremia
et al. 2009).

Although there is clear evidence for genetically distinct
subpopulations among Yellowstone bison, the subpopula-
tions do not appear to be completely isolated. Of the bison
sampled in this study, 8.5% (56,/661) were estimated to have
less than 70% probability of being assigned to either cluster.
Although it is possible that common genotypes prevented
conclusive assignment probabilities, some of this fraction
may also be due to admixture between the 2 subpopulations.
Overall, the level of genetic differentiation observed
between the 2 subpopulations is consistent with an average
effective population size of around 100 within each
subpopulation since they diverged about 64 years ago and
a successful (breeding) migrant both into and out of each
subpopulation every fourth year (this assumes that there is
not too much variation over time in effective population
size and gene flow). The level of differentiation between the
2 subpopulations is only slightly lower than between some
of the other federal herds that have been completely isolated
for over 40 years and have smaller population sizes. Given
these estimates, the level of divergence is expected to
continue to increase, and there is a potential for adaptive
differentiation in the different environments inhabited by
the Yellowstone subpopulations.

The effective population size of 100 suggested for each
of the subpopulations is the average (ca. the harmonic mean,
Hedrick 2011) over 8 generations and includes the years
immediately following establishment and years with low
numbers in one or both subpopulations. In a given
generation, the effective population size may be around
only 25% of the census population number (Nunney 1993),
although it may be higher (Berger and Cunningham 1994) or
lower (Wilson et al. 2005). Furthermore, the estimated
effective population size of 100 is not related to what
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effective population sizes should be recommended for the
subpopulations in the futute. To determine the appropriate
effective population size for the long-term sustainability of
the subpopulations, a thorough population viability analysis
should be conducted.

Population subdivision theoretically leads to decreased
genetic variation within individual subpopulations due to
genetic drift, although overall variation is expected to increase
due to differential drift of alleles and the establishment of new
mutations within subpopulations (Lande and Barrowclough
1987). Therefore, the high levels of genetic variation observed
among Yellowstone bison compared with other populations
(Wilson and Strobeck 1999; Halbert and Derr 2008) may be
explained by the maintenance of subpopulations and
comparatively large effective size of the Yellowstone National
Park population. Nonetheless, the identification of genetic
subpopulations in this study raises serious concerns for the
management and long-term conservation of Yellowstone
bison.

Yellowstone bison have long been treated as a single
metapopulation whereby the total number of bison is
assumed to be the most important factor in determining
appropriate winter cull levels (US Department of Interior
and US Department of Agriculture 2000; Plumb et al. 2009).
However, the unequal census sizes of the 2 subpopulations
call this strategy into question: The Northern subpopulation
ranges from 16% to 31% of the total population (US
Department of Interior and US Department of Agriculture
20005 Gates et al. 2005). It is highly likely, therefore, that the
2 subpopulations have been disproportionately culled in
some years. For example, approximately 735 bison were
culled near Gardiner at the patk’s northern boundary during
the 1996-1997 winter. Applying our estimate that around
68% of the bison culled near Gardiner that year originated
from the Northern subpopulation (Figure 3A), we calculate
that approximately 500 of the bison culled during the
1996-1997 winter were from the Northern subpopulation.
Given the prewinter estimate for the Northern subpopula-
tion of 877 bison (US Department of Interior and US
Department of Agriculture 2000; Gates et al. 2005), the 500
culled bison represent approximately 57% of the entire
subpopulation.

In contrast, combining the remaining 235 bison culled at
the park’s northern boundary with the 363 culled at the
western boundary during the winter of 1996-1997 results in
an estimated 600 bison culled from the Central subpopula-
tion. These bison represent approximately 20% of the
prewinter estimate of 2928 bison in the Central subpopula-
tion (US Department of Interior and US Department of
Agriculture 2000; Gates et al. 2005). Therefore, the rate of
loss of genetic diversity may be quite different between the
2 subpopulations. Although the winter movement of bison
from the central herd to the northern range may be density
dependent (Fuller et al. 2009) and therefore somewhat
predictable, it is not possible to separate bison at the northern
boundary (Gardiner) based on subpopulation origin (Central
vs. Northern) without invasive methods (e.g., permanent
identification methods or on-site genetic analysis).
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It is not clear at this point how the subpopulations may
be changing over time or how the current bison management
plan (US Department of Interior and US Department of
Agriculture 2000) might influence the genetic integrity of the
subpopulations. For example, when the total census size is
less than 3000 bison, the curtent plan calls for holding 125
bison that test negative for brucellosis at a facility near
Gardiner throughout the winter and then releasing the bison
into the park in the spring. Such seronegative bison are most
commonly calves (Rhyan et al. 2009). Being young, these
bison may join the Northern subpopulation rather than
return to the central range, which would erode the genetic
distinctiveness between the 2 groups. Additional sampling
and genetic analyses are needed to assess changes in genetic
composition between the 2 subpopulations.

In conclusion, we have presented strong evidence for the
existence of 2 genetically distinct subpopulations of bison
within Yellowstone National Park. Our study has also
revealed longitudinal differences in migration patterns
among Yellowstone bison, as it appears that bison moving
to the park boundary in the vicinity of West Yellowstone are
consistently from the Central subpopulation, whereas those
moving to the park boundary in the vicinity of Gardiner
may originate from either the Central or Northern sub-
population. These observations warrant setious reconsidet-
ation of current management practices. The continued
practice of culling bison without regard to possible
subpopulation structure has the potentially negative long-
term consequences of reducing genetic diversity and
permanently changing the genetic constitution within
subpopulations and across the Yellowstone metapopulation.
Population subdivision is a critically important force for
maintaining genetic diversity and yet has been assessed in
only a handful of species to date. The identification of
cryptic population subdivision of the magnitude identified in
this study exemplifies the importance of genetic studies in
the management of wildlife species.

Supplementary Material

Supplementary material can be found at http://www.jhered.
oxfordjournals.org/.

Funding

National Park Service (00CRAG0036) and Ullman
Professorship (P.W.H.).

Acknowledgments

The authors thank N. Kuhn and ]. Churchill for technical assistance in
collecting genotypic data; E. M. Olexa, K. M. Podruzny, and others for
assistance in collecting samples from live-captured and slaughtered bison;
L. Landenburger for preparing Figure 1; and former Montana State
Veterinarians A. Gertonson and T. Linfield for permission to collect
samples from slaughtered Yellowstone bison. We are especially grateful to
J. A. Mack, National Park Service, for providing invaluable support
throughout this study.

1202 JoquIBAoN Z0 U0 1senb Aq 01Z618/09€/€/€0 L /SI01He/PpaIaYl/L0o-dno-oiWepeoe)/:sdiy Wo.y pepeojumoq


http://www.jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esr140/-/DC1
http://www.jhered.oxfordjournals.org/
http://www.jhered.oxfordjournals.org/

References

Beerli P, Palczewski M. 2010. Unified framework to evaluate panmixia and
migration direction among multiple sampling locations. Genetics. 185:
313-320.

Berger ], Cunningham C. 1994. Bison: mating and conservation in small
populations. New York: Columbia University Press.

Cheville NF, McCullough DR, Paulson LR. 1998. Brucellosis in the greater
Yellowstone area. Washington (DC): National Academy Press.
Christianson DA, Gogan PJP, Podruzny KM, Olexa EM. 2005. Incisor
wear and age in Yellowstone bison. Wildl Soc Bull. 33:669-676.

El Mousadik A, Petit RJ. 1996. High level of genetic differentiation for
allelic richness among populations of the argan tree [Argania spinosa (L.)

Skeels] endemic to Morocco. Theor Appl Genet. 92:832-839.

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol Ecol.
14:2611-2620.

Falush D, Stephens M, Pritchard JK. 2003. Inference of population
structure using multilocus genotype data: linked loci and correlated allele
frequencies. Genetics. 164:1567—-1587.

Fuller JA, Garrott RA, White PJ. 2009. Emigration and density dependence
in Yellowstone bison. ] Wildl Manag. 71:1924-1933.

Gardipee FM. 2007. Development of fecal DNA sampling methods to
assess genetic population structure of greater Yellowstone bison [MS
thesis]. [Missoula (MT)]: University of Montana.

Gates CC, Freese CH, Gogan PJP, Kotzman M. 2010. American bison
status survey and conservation guidelines 2010. Gland (Switzerland):
International Union for Conservation of Nature and Natural Resources.
Gates CC, Stelfox B, Muhly T, Chowns T, Hudson RJ. 2005. The ecology
of bison movements and distribution in and beyond Yellowstone National
Park. Calgary (Canada): University of Calgary.

Geremia C, White PJ, Wallen RL. 2009. Migration and disease-related
removals of Yellowstone bison: effects of density and snow pack.
Mammoth (WY): Yellowstone Center for Resources, National Park Service.
Gogan PJP, Podruzny KM, Olexa EM, Pac HI, Frey KL. 2005. Yellowstone
bison fetal development and phenology of parturition. ] Wildl Manag.
69:1716-1730.

Gonzilez-Suiarez M, Flatz R, Aurioles-Gamboa D, Hedrick PW, Gerber
LR. 2009. Isolation by distance among California sea lion populations in
Mexico: redefining management stocks. Mol Ecol. 18:1088-1099.

Goudet J. 1995. FSTAT (version 1.2): a computer program to calculate F-
statistics. ] Hered. 86:485—486.

Goudet J. 2001. FSTAT, a program to estimate and test gene diversities and
fixation indices (version 2.9.3). [cited 2010 Jul 1]. Available from: http://
www.unil.ch/izea/softwares /fstat.html.

Guo SW, Thompson EA. 1992. Performing the exact test of Hardy-
Weinberg proportions for multiple alleles. Biometrics. 48:361-372.
Halbert ND. 2003. The utilization of genetic markers to resolve modern
management issues in historic bison populations: implications for species
conservation [PhD dissertation]. College Station (TX): Texas A&M
University. p. 213.

Halbert ND, Derr JN. 2007. A comprehensive evaluation of cattle
introgression into US federal bison herds. ] Hered. 98:1-12.

Halbert ND, Derr JN. 2008. Patterns of genetic vatiation in US federal
bison herds. Mol Ecol. 17:4963-4977.

Halbert ND, Raudsepp T, Chowdhary BP, Derr JN. 2004. Conservation
genetic analysis of the Texas State Bison Herd. ] Mammal. 85:924-931.
Halbert ND, Ward T], Schnabel RD, Taylor JF, Detr JN. 2005. Conservation

genomics: disequilibrium mapping of domestic cattle chromosomal segments
in North American bison populations. Mol Ecol. 14:2343-2362.

Halbert et al. » Population Structure of Yellowstone Bison

Hedrick PW. 1971. A new approach to measuring genetic similarity.
Evolution. 25:276-280.

Hedrick PW. 2009. Conservation genetics and North American bison (Bison
bison). ] Hered. 100:411-420.

Hedrick PW. 2011. Genetics of populations. 4th ed. Boston: Jones and
Bartlett.

Jakobsson M, Rosenberg NA. 2007. CLUMPP: a cluster matching and
permutation program for dealing with label switching and multimodality in
analysis of population structure. Bioinformatics. 23:1801-1806.

Lande R, Barrowclough GF. 1987. Effective population size, genetic
variation, and their use in population management. In: Soulé ME, editor.
Viable populations for conservation. Cambridge: Cambridge University
Press. p. 87-123.

McHugh T. 1972. The time of the buffalo. Lincoln (NE): University of
Nebraska Press.

Meagher MM. 1973. The bison of Yellowstone National Park. Washington
(DC): National Park Service. Scientific Monograph Series.

Meirmans PG, Hedrick PW. 2011. Measuring genetic differentiation: Fgr
and related measures. Mol Ecol Resour. 11:5-18.

Mills LS, Allendorf FW. 1996. The one-migrant-per-generation rule in
conservation and management. Conserv Biol. 10:1509—1518.

Nei M. 1987. Molecular evolutionary genetics. New York: Columbia
University Press.

Nunney L. 1993. The influence of mating system and overlapping
generations on effective population size. Evolution. 47:1329-1341.

Olexa EM, Gogan PJP. 2007. Spatial population structure of Yellowstone
bison. ] Wildl Manag. 71:1531-1538.

Park SDE. 2001. Trypanotolerance in West African cattle and the
population genetic effects of selection [PhD thesis|. Dublin (Ireland):
University of Dublin.

Plumb GE, White PJ, Coughenour MB, Wallen RI.. 2009. Carrying capacity,
migration, and dispersal in Yellowstone bison. Biol Conserv. 142:
2377-2387.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population
structure using multilocus genotype data. Genetics. 155:945-959.
Pritchard JK, Wen W. 2004. Documentation for STRUCTURE software,
version 2. [cited 2010 Jul 1]. Available from: http://pritch.bsd.uchicago.edu.
Proctor MF, McLellan BN, Strobeck C, Barclay RM. 2005. Genetic analysis
reveals demographic fragmentation of grizzly bears yielding vulnerably
small populations. Proc R Soc B Biol Sci. 272:2409-2416.

Raymond M, Rousset F. 1995. GENEPOP (version 1.2): population
genetics software for exact tests and ecumenicism. | Hered. 86:248-249.
Rhyan JC, Aune K, Roffe T, Ewalt D, Hennager S, Gidlewski T, Olsen S,
Clarke R. 2009. Pathogenesis and epidemiology of brucellosis in Yellow-
stone bison: serologic and culture tesults from adult females and their
progeny. ] Wildl Dis. 45:729-739.

Rosenberg NA. 2004. DISTRUCT: a program for the graphical display of
population structure. Mol Ecol Notes. 4:137—138.

Schnabel RD, Ward T], Detr JN. 2000. Validation of 15 microsatellites for
patentage testing in North American bison, Bison bison and domestic cattle.
Anim Genet. 31:360-366.

Taper ML, Meagher M, Jerde CL. 2000. The phenology of space: spatial
aspects of bison density dependence in Yellowstone National Park.
Bozeman (MT): US Geological Service, Biological Resources Division.

US Department of Interior and US Department of Agriculture. 2000. Final
environmental impact statement for the interagency bison management plan
for the state of Montana and Yellowstone National Park. Washington (DC).
Wang J. 2004. Application of the one-migrant-per-generation rule to
conservation and management. Consetv Biol. 18:332-343.

369

1202 JoquIBAoN Z0 U0 1senb Aq 01Z618/09€/€/€0 L /SI01He/PpaIaYl/L0o-dno-oiWepeoe)/:sdiy Wo.y pepeojumoq


http://www.unil.ch/izea/softwares/fstat.html
http://www.unil.ch/izea/softwares/fstat.html
http://pritch.bsd.uchicago.edu

Journal of Heredity 2012:103(3)

Ward TJ, Bielawski JP, Davis SK, Templeton JW, Derr JN. 1999.
Identification of domestic cattle hybrids in wild cattle and bison species:
a general approach using mtDNA matkers and the parametric bootstrap.
Anim Conserv. 2:51-57.

Weir BS, Cockerham CC. 1984. Estimating F*-statistics for the analysis of
population structure. Evolution. 38:1358-1370.

Wilson GA, Nishi JS, Elkin BT, Strobeck C. 2005. Effects of a recent
founding event and intrinsic population dynamics on genetic diversity in an
ungulate populations. Conserv Genet. 6:905-916.

Wilson GA, Strobeck CM. 1999. Genetic variation within and relatedness
among wood and plains bison populations. Genome. 42:483—496.

370

Wright S. 1940. Breeding structure of populations in relation to speciation.
Am Nat. 74:232-248.

Yoshio M, Asada M, Ochiai K, Goka K, Miyashita T, Tatsuta H. 2009.
Evidence for cryptic genetic discontinuity in a recently expanded sika
deer population on the Boso Peninsula, central Japan. Zoolog Sci. 26:
48-53.

Received September 20, 2010; Revised November 8, 201 1;
Accepted November 17, 2011

Corresponding Editor: C. Scott Baker

1202 JoquIBAoN Z0 U0 1senb Aq 01Z618/09€/€/€0 L /SI01He/PpaIaYl/L0o-dno-oiWepeoe)/:sdiy Wo.y pepeojumoq



