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Abstract: Habitat loss and overexploitation extirpated American black bears (Ursus americanus) from
most of the Central Appalachians, USA, by the early 20th Century. To attempt to restore bears to the
southwestern portion of this region, 2 reintroductions that used small founder groups (n = 27 and 55
bears), but different release methods (hard vs. soft), were conducted during the 1990s. We collected hair
samples from black bears during 2004–2016 in the reintroduced Big South Fork (BSF) and Kentucky–
Virginia populations (KVP), their respective Great Smoky Mountains (GSM) and Shenandoah National
Park (SNP) source populations, and a neighboring population in southern West Virginia (SWV) to inves-
tigate the early genetic outcomes of bear reintroduction. Despite having undergone genetic bottlenecks,
genetic diversity remained similar between reintroduced populations and their sources approximately
15 years after the founder events (ranges: AR = 4.86–5.61; HO = 0.67–0.75; HE = 0.65–0.71). Effective
population sizes of the reintroduced KVP and BSF (NE = 31 and 36, respectively) were substantially
smaller than their respective SNP and GSM sources (NE = 119 and 156, respectively), supporting
founder effects. Genetic structure analysis indicated that the hard-released (i.e., no acclimation pe-
riod) KVP founder group likely declined considerably, whereas the soft-released BSF founder group
remained mostly intact, suggesting superior effectiveness of soft releases. Asymmetrical gene flow via
immigration from the SWV has resulted in the KVP recovering from the initial founder group reduc-
tion. Sustained isolation, small NE, and small population size of the BSF may warrant continued genetic
monitoring to determine if gene flow from neighboring populations is established or NE declines. For fu-
ture bear reintroductions, we suggest managers consider sourcing founders from populations with high
genetic diversity and soft-releasing bears to locales that are, if possible, within the dispersal capability
of extant populations to mitigate the potential consequences of founder effects and isolation.
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Reintroductions have expedited large carnivore
restoration to historical ranges more rapidly than the rate
at which natural recolonization typically occurs for these
taxa (Hayward and Somers 2009, Bruskotter et al. 2017,
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Wolf and Ripple 2018). Human population growth and
associated habitat loss are expected to continue increas-
ing globally, likely heightening the importance of rein-
troducing large carnivores to remaining suitable habitats.
This may be particularly relevant for ursids, given that 6
of the world’s extant bear species are globally or region-
ally imperiled and all bear species occupy fractions of
their historical ranges (International Union for Conser-
vation of Nature and Natural Resources 2017). Indeed,
multiple bear reintroductions are ongoing or planned on
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multiple continents (Kim et al. 2011, Tosi et al. 2015,
Ma et al. 2016). To inform future bear-restoration ef-
forts and improve the potential for reintroduction success,
studies are needed that evaluate the outcomes of previous
bear reintroductions (Clark et al. 2002, Clark 2009).

Overexploitation and habitat destruction extirpated
American black bears (Ursus americanus; hereafter,
‘black bears’) from most of the Central Appalachian
region of the eastern United States by the early 1900s
(Hall 1981). Remnant isolated bear populations persisted
in parts of the most rugged and inaccessible mountains
of the region through the 1950s, including the areas
now known as Shenandoah National Park (SNP), Great
Smoky Mountains National Park (GSM), and the Monon-
gahela National Forest (Pursley 1974, Hall 1981, Virginia
Department of Game and Inland Fisheries [VDGIF]
2012, Unger et al. 2013). Black bears generally have low
population growth rates and are considered poor colo-
nizers (Clark et al. 2002); consequently, natural recol-
onization of the Central Appalachians was unlikely to
occur quickly because suitable habitat was patchy and
considerable distances separated remnant populations
(van Manen and Pelton 1997).

Beginning in the 1970s, state and federal wildlife man-
agers and university researchers implemented several
black bear reintroductions in an attempt to reestablish
bear populations in parts of the Central Appalachians.
From 1970 to 1997, >600 bears were translocated to
areas of the region that had remained devoid of resi-
dent populations for decades. The majority of bears were
translocated from the remnant SNP population and hard-
released (i.e., without an acclimation period) in north-
western (n = 300 bears) and south-central (n = 221 bears)
Virginia, along the state’s borders with West Virginia and
Tennessee, respectively (Fies et al. 1987, Comly-Gericke
and Vaughan 1997; Fig. 1). Two additional reintroduc-
tions used much smaller founder groups and occurred
concomitantly during the 1990s in the southwestern por-
tion of the Central Appalachians. The first consisted of
55 bears (unknown sex or age ratios) translocated from
SNP and hard-released along the Kentucky–Virginia bor-
der during 1990–1997 (hereafter, the ‘Kentucky–Virginia
Population’ [KVP]; VDGIF 2008, Murphy 2016). The
second consisted of 14 adult females with 13 dependent
cubs translocated from GSM and soft-released in the Big
South Fork area along the Kentucky–Tennessee border
during 1996–1997 (hereafter, the ‘Big South Fork Popu-
lation’ [BSF]; Eastridge and Clark 2001, Murphy 2016).

Murphy et al. (2015, 2016) found that both the BSF
and KVP populations grew rapidly since the founder
events (λ = 1.14–1.18/yr), reaching population sizes of

BSF � 228 and KVP � 482 bears by 2012 and 2013,
respectively, which indicated short-term reintroduction
success (Murphy 2016). Those studies assumed that pop-
ulation growth was solely the product of the founder
groups, but it remains unclear if immigration from other
bear populations in the region was influential. Although
both reintroductions occurred during a similar temporal
period and habitat conditions were similar in the release
areas, different release methods were used (hard vs. soft).
The winter soft-release method for bears, which was used
for the BSF reintroduction, involves translocating family
groups (adult females with dependent cubs) from natural
dens to artificial dens during winter months (Eastridge
and Clark 2001). This method is thought to have better
potential for population establishment than hard releases
because it mitigates the homing tendency of bears and fo-
cuses on adult females, which are arguably the most crit-
ical cohort to black bear population growth (Eastridge
and Clark 2001, Wear et al. 2005, Benson and Cham-
berlain 2007, Beston 2011). However, a direct compari-
son of the success of hard versus soft releases was pre-
cluded, primarily because none of the KVP founders were
radiomonitored; thus, the settling, survival, and disper-
sal rates that were estimated for the soft-released BSF
founders (Eastridge and Clark 2001) were not quantified
for the hard-released KVP founders.

Population genetic data can elucidate patterns of bear
population structure, isolation, and immigration and em-
igration (Brown et al. 2009, Nowak et al. 2014). Sev-
eral studies have evaluated the genetic effects of natu-
ral and anthropogenic barriers and human exploitation
on American black bear populations (Dixon et al. 2007;
Murphy et al. 2017, 2018; Pelletier et al. 2017). Ad-
ditionally, genetic structure analyses have been used to
identify the source populations of natural recolonization
by bears (Onorato et al. 2007, Malaney et al. 2018). In
comparison, few studies have investigated the genetic
outcomes of bear reintroduction. Puckett et al. (2014)
provided the most comprehensive evaluation, studying
American black bears in the Central Interior Highlands,
USA, to investigate the influence of genetic drift and ad-
mixture on genetic diversity and structure 8 bear gener-
ations after reintroduction. Although the findings from
that study were revealing, bear management and human
landscape alterations that could directly influence pop-
ulation genetics often occur at much shorter intervals
than the 5 decades that elapsed between reintroduction
and that evaluation (Allendorf et al. 2008, Samarasin
et al. 2016). Conservationists have urged that genetic
monitoring of reintroduced populations should occur fre-
quently following founder events to afford managers the
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Fig. 1. Locations at which hair samples were collected from individual American black bears (Ursus ameri-
canus) in 5 populations in the Central Appalachians, USA, during 2004–2016. The reintroduced Big South Fork
(BSF) and Kentucky–Virginia (KVP) populations were established during the 1990s using founders from the
Great Smoky Mountains (GSM) and Shenandoah National Park (SNP) populations, respectively. We also sam-
pled a neighboring population in southern West Virginia (SWV), but we did not sample 2 other reintroduced
populations along the Virginia–West Virginia and Virginia–Tennessee borders.

opportunities to implement timely management actions,
if necessary (Keller et al. 2012, Attard et al. 2016, La
Haye et al. 2017).

Such monitoring may be particularly salient for the
reintroduced KVP and BSF bear populations because
both populations are legally harvested and are relatively
small in number compared with most other bear popu-
lations in the eastern United States (Murphy 2016). Al-
though both populations appeared to retain genetic diver-
sity after the founder events (Murphy et al. 2015, 2016),
those estimates were based on a small number of mi-
crosatellite markers (n = 7), which likely had low power
to detect changes (Hale et al. 2012, Landguth et al. 2012).

If either population is isolated for a prolonged period, the
combination of human-caused mortality (e.g., legal har-
vests, vehicle collisions, and illegal kills; Murphy 2016)
and genetic drift could cause erosion of genetic diver-
sity, effective population size, and thus population fitness
(Allendorf et al. 2008, Frankham et al. 2014, Puckett et al.
2014). Conversely, gene flow between the KVP and BSF
or from other populations in the region could prevent
deleterious genetic effects from developing (Nathan et al.
2017).

We implemented a study to quantify contemporary ge-
netic characteristics of the reintroduced KVP and BSF
bear populations and to investigate the early genetic
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outcomes of bear reintroduction. Specifically, our objec-
tives were to (1) compare genetic diversity and effective
population sizes between reintroduced and source popu-
lations; (2) quantify genetic structure and differentiation
among populations; and (3) determine if the reintroduced
populations are isolated or if admixture has resulted from
gene flow.

Methods
Sample collection

We collected hair samples from black bears �1 year
of age in 5 populations. Analyzing genetic data from
multiple populations with unequal sample sizes can pro-
duce erroneous results from allele-frequency-based anal-
yses (Puechmaille 2016, Wang 2017). Therefore, we ran-
domly selected samples from 20 to 30 individual bears
in each population, which is within the recommended
range of sample sizes needed for accurate parameter es-
timation and comparisons if �20 microsatellite mark-
ers are used for genotyping (Hale et al. 2012, Landguth
et al. 2012, Puechmaille 2016). We used samples that
were collected from bears via noninvasive hair traps or
when live-captured in the KVP (n = 30 bears) and BSF
(n = 30 bears) populations as part of demographic studies
during 2010–2014 (Murphy 2016; Murphy et al. 2015,
2016). We acquired samples that were collected from
bears via noninvasive hair traps in the GSM source pop-
ulation during a 2004 capture–mark–recapture study (n
= 30 bears; Settlage et al. 2008). We also used samples
collected from bears that were live-captured as part of
a demographic study in southern West Virginia (SWV;
n = 30 bears; Ryan 2009) and as part of human–bear
conflict management in the SNP source population in
northern Virginia (n = 20 bears) during 2009 and 2016,
respectively. Bears were live-captured using a combina-
tion of Aldrich spring-activated foothold cable restraints
(Johnson and Pelton 1980), culvert and box traps, and
free-range darting; detailed capture and immobilization
procedures are described by Ryan (2009) and Murphy
(2016). All methods used for obtaining samples were ap-
proved by a University of Kentucky Institutional Animal
Care and Use Committee (protocol #00626A2003).

Laboratory analysis
We sent all samples to Wildlife Genetics International

(Nelson, British Columbia, Canada) for DNA extraction,
polymerase chain reaction amplification, and microsatel-
lite genotyping. Data quality was managed by labora-
tory personnel using the methods described by Paetkau
(2003) for bear hair samples. Genotypes for individual

bears were obtained using the following 20 microsatel-
lite markers (Paetkau and Strobeck 1994, Taberlet et al.
1997, Paetkau et al. 1998, Kitahara et al. 2000, Breen
et al. 2001, Proctor et al. 2002): CPH9, CXX20, CXX110,
G1A, G1D, G10B, G10C, G10H, G10J, G10L, G10M,
G10P, G10U, G10X, MU23, MU50, MU51, MU59,
REN144A06, and REN145P07. To minimize genotyp-
ing error and mitigate incorrect identification of individ-
uals, laboratory personnel discarded samples that failed
at >3 markers on the first pass of amplification. They re-
analyzed samples with 1–3 misidentified pairs, and dis-
carded samples that were without complete genotypes
for all markers. They completed error checking by rean-
alyzing pairs of samples with genotypes mismatching at
1–2 markers to determine if differences existed at each
locus (Paetkau 2003). In addition to the error checking
performed by laboratory personnel, we used MICRO-
CHECKER v2.2.3 (Van Oosterhout et al. 2004) to test
for null alleles, allelic dropout, and scoring errors.

Population genetics
We used the Program R statistical package genepop

(Rousset 2008, R Core Team 2017) to test for deviations
from Hardy–Weinberg equilibrium and to quantify link-
age disequilibrium, applying Bonferroni corrections for
multiple comparisons (α < 0.002 and α < 0.0005, re-
spectively). For both tests, we ran 1,000 Markov chain
iterations for each of 100 batches. We used the R package
diveRsity (Keenan et al. 2013) to identify private alleles
(AP) and estimate allelic richness (AR) via rarefaction,
observed (HO) and expected (HE) heterozygosity, and in-
breeding coefficient (FIS). We calculated 95% confidence
intervals using 1,000 bootstrap iterations.

We followed the methods described by Waples et al.
(2014) to estimate effective number of breeders (NB) and
effective population size (NE) for iteroparous species (i.e.,
overlapping generations) via the linkage disequilibrium
method. We first estimated NB using NEESTIMATOR
v2.01 (Do et al. 2014), to which we applied a 2-vital-rate
adjustment formula to correct for bias caused by iteropar-
ity. We then used a separate 2-vital-rate adjustment for-
mula to estimate NE from corrected NB (Waples et al.
2014; Murphy et al. 2017, 2018). Age at maturity and
adult life span (AL = maximum age − age at maturity
+ 1) are the 2 vital rates that explain a majority of varia-
tion in NB and NE (Waples 2016, Waples et al. 2014); we
used population-specific vital rates in adjustment formu-
lae (Table S1). We used BOTTLENECK v1.2.02 (Piry
et al. 1999) to investigate departure from mutation-drift
equilibrium via a 2-phase model that incorporated 30%
of multi-step mutations to account for uncertainty in the
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mutation process of microsatellites (Luikart et al. 1998b,
Peery et al. 2012). We ran 10,000 replicates and assessed
bottlenecks using Wilcoxon sign-rank tests (Cornuet and
Luikart 1996, Luikart et al. 1998a, Peery et al. 2012).

Population structure and gene flow
We analyzed population genetic structure using

Bayesian assignment in STRUCTURE v2.3 (Pritchard
et al. 2000). Using the admixture model with correlated
allele frequencies, we conducted 10 Markov chain Monte
Carlo (MCMC) repetitions of each population cluster (K)
between 2 and 10 for 1,000,000 iterations, and discarded
the first 100,000 iterations as burn-in. To identify the most
probable K, we used CLUMPAK (Kopelman et al. 2015)
to calculate the rate of change in second-order derivatives
of the log probability between successive K values (�K;
Evanno et al. 2005). We also used CLUMPAK to aver-
age the repetitions within each value of K and to display
results. To estimate pairwise genetic differentiation (FST

[Weir and Cockerham 1984] and G’ST [Hedrick 2005];
Whitlock 2011), we used the fastDiv function in the R
package diveRsity and calculated 95% confidence inter-
vals using 1,000 bootstrap iterations. We conservatively
considered FST statistically significant if the lower bound
was �0.05 (Hartl and Clark 1997).

We used BAYESASS v3.0.4 (Wilson and Rannala
2003) to estimate genetic migration rates (m) between
populations, or the per-generation proportion of individ-
uals in a population that are migrants from another popu-
lation (Rannala 2015, Samarasin et al. 2016). We adjusted
the mixing parameters for m, allele frequency, and FIS to
0.50, 0.70, and 0.70, respectively, to achieve optimal ac-
ceptance rates (0.2–0.4; Rannala 2015). We performed
5 MCMC repetitions, each with a different starting seed
between 1,000 and 3,000, and ran 2,000,000 iterations
with the first 200,000 discarded as burn-in (Meirmans
2014). We used TRACER v1.6 (Rambaut et al. 2014) to
assess MCMC convergence via trace plots and to cal-
culate effective sample size; we considered an effective
sample size of 400 as a minimum acceptable threshold.
We calculated Bayesian deviance (D; Faubet et al. 2007)
for each of the 5 runs and produced m estimates from
the run with the lowest D (Meirmans 2014). We also
used the divMigrate function in the R package diveRsity
to estimate relative directional migration rates (mD) be-
tween populations, based on Alcala et al.’s (2014) effec-
tive number of migrants statistic (Sundqvist et al. 2016).
This method produces reliable estimates for the sample
sizes that we used if global FST is moderate to high (i.e.,
>0.05; Sundqvist et al. 2016). We constructed migration

networks using 3 filter thresholds: mD > 0.0, >0.3, and
>0.5 (Farrell et al. 2016).

Results
We detected deviation from Hardy–Weinberg equilib-

rium at locus G10B in the KVP, but no deviations were
detected in any other populations. Nonrandom associa-
tion of alleles existed at 1.1% and 0.5% of 190 pairwise
comparisons in the KVP and BSF, respectively. Null alle-
les were suggested at locus REN144A06 in SWV, but we
found no evidence of null alleles, allelic dropout, or scor-
ing errors in the other populations. No consistent patterns
of Hardy–Weinberg disequilibrium, linkage disequilib-
rium, or null alleles were found at the same loci in >1
population; therefore, we did not exclude any loci from
analyses (Morin et al. 2010).

Private alleles (AP) were detected in all 5 populations;
GSM had the most (n = 9), whereas BSF and KVP had
the least (n = 2; Table S2). Measures of genetic diversity
(AR, HO, and HE) were similar among populations (Fig.
2). Estimates of NB and NE for SNP, GSM, and SWV were
substantially larger (NE range = 82–156 bears) than for
KVP and BSF (NE = 31 and 36, respectively). We found
strong support for genetic bottlenecks in all 5 popula-
tions (P = 0.00003–0.00129), but none of the popula-
tions had FIS estimates that were significantly different
from that expected under random mating (i.e., all 95% CIs
included 0).

For K = 2 from STRUCTURE analysis, bears in SNP,
SWV, and KVP grouped as a unique cluster, and bears in
BSF and GSM grouped as a unique cluster (Fig. 3). The
SNP source and SWV each formed a unique cluster at
K � 3, whereas the BSF and its respective GSM source
represented a single cluster at K � 2. For K = 4 and
K = 5, additional clusters formed through further mixed
assignment of individual bears, not individual sampling
locales as distinct clusters, which was indicative of over-
splitting of the data (Pritchard et al. 2000, Puechmaille
2016). Estimates of �K supported K = 3 as most probable
(Fig. S1), for which the KVP was admixed, primarily
between SNP and SWV ancestry, with SWV ancestry
comprising the majority of KVP bears. Approximately
23% of bears in the KVP had at least partial ancestry
from the BSF–GSM cluster, whereas 10% of bears in the
BSF had partial ancestry from the SNP or SWV clusters.

Both the reintroduced BSF and GSM source were mod-
erately differentiated from KVP, SWV, and SNP (FST �
0.09; G’ST � 0.25), whereas the KVP was nominally dif-
ferentiated from the SNP source and neighboring SWV
(FST = 0.04–0.05; G’ST = 0.13–0.15; Table 1). From
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Fig. 2. The number of private alleles (AP) and estimates of allelic richness (AR), observed (HO) and expected
(HE) heterozygosity, effective number of breeders (NB), and effective population size (NE) for 5 American black
bear (Ursus americanus) populations in the Central Appalachians, USA, from which hair samples were col-
lected during 2004–2016. The reintroduced Big South Fork (BSF) and Kentucky–Virginia (KVP) populations
were established during the 1990s using founders from the Great Smoky Mountains (GSM) and Shenandoah
National Park (SNP) populations, respectively. We also sampled a neighboring population in southern West
Virginia (SWV). Point estimates and 95% confidence intervals are presented for AR, HO, HE, NB, and NE; infinity
is denoted by �.
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Fig. 3. Results from genetic structure analysis of
140 American black bears (Ursus americanus) that
were sampled during 2004–2016 in 5 populations in
the Central Appalachians, USA, which were assigned
to genetic clusters (K) based on genotypes at 20
microsatellite loci. The reintroduced Big South Fork
(BSF) and Kentucky–Virginia (KVP) populations were
established using founders from the Great Smoky
Mountains (GSM) and Shenandoah National Park
(SNP) populations, respectively, during the 1990s.
We also sampled a neighboring population in south-
ern West Virginia (SWV) population. Each vertical bar
represents an individual bear’s estimated ancestry
from the discrete Ks (colored groupings); results for
K = 3 were most probable.

the most supported run in BAYESASS (D = 11,776;
effective sample size = 809), m estimates were gener-
ally low among the 5 populations; however, m from SNP
and SWV to KVP and from GSM to BSF were moderate
(Table 2). Significant asymmetrical m was supported from
GSM to BSF, from SNP to KVP, from SWV to KPV, and
from KVP to BSF. Relative directional migration net-

works produced similar results as BAYESASS: mD was
highest between GSM and BSF, from SNP to KVP, and
from SWV to KVP (Fig. 4).

Discussion
Our findings reflect the considerable influence that hu-

man activities had on American black bears in the Central
Appalachians during the 20th Century. The detection of
genetic bottlenecks in the SNP and GSM source popula-
tions may confirm that the areas that are now Shenandoah
and Great Smoky Mountains national parks served as iso-
lated refugia for bears in a landscape with considerable
forest loss and fragmentation (Hall 1981, Unger et al.
2013). National parks and national forests were estab-
lished in the region by the 1930s, and game laws to protect
bears or regulate their harvest were implemented by the
1950s (Unger et al. 2013). Most black bear mortality is
generally caused by humans, so those federally protected
areas were likely critical for allowing the SNP and GSM
populations to grow in number over the past half-century.
This protection and subsequent growth likely retained ge-
netic diversity in the SNP and GSM populations (Puckett
et al. 2014, Murphy et al. 2015). Indeed, our results sug-
gested that, despite being bottlenecked, both the SNP and
GSM source populations had genetic diversity (AR, HO,
and HE) similar to large black bear populations elsewhere
in North America, such as in Minnesota, USA, and por-
tions of Canada (Puckett et al. 2014, Pelletier et al. 2017,
Murphy et al. 2018).

Selecting populations that have high genetic diversity
as sources for reintroduction can mitigate some of the ge-
netic consequences of reintroduction (Groombridge et al.
2012). We found that 15 years (or approx. 2 bear gen-
erations; Onorato et al. 2004, Puckett et al. 2014) after
the founder events, both the reintroduced KVP and BSF

Table 1. Estimates of genetic differentiation (FST [bottom diagonal] and G’ST [top diagonal]) among 5 American
black bear (Ursus americanus) populations in the Central Appalachians, USA, from which hair samples were
collected during 2004–2016. The reintroduced Big South Fork (BSF) and Kentucky–Virginia (KVP) populations
were established during the 1990s using founders from the Great Smoky Mountains (GSM) and Shenandoah
National Park (SNP) populations, respectively. We also sampled a neighboring population in southern West
Virginia (SWV). Confidence intervals (95%) are presented in parentheses and statistical significance of FST (*)
was assigned if the lower bound was �0.05.

BSF GSM KVP SWV SNP

BSF – 0.12 (0.06–0.17) 0.30 (0.23–0.37) 0.41 (0.36–0.46) 0.33 (0.28–0.38)
GSM 0.04 (0.02–0.07) – 0.25 (0.20–0.31) 0.30 (0.25–0.35) 0.27 (0.22–0.33)
KVP 0.09 (0.07–0.11)* 0.11 (0.08–0.13)* – 0.13 (0.08–0.18) 0.15 (0.09–0.21)
SWV 0.15 (0.13–0.17)* 0.10 (0.08–0.13)* 0.04 (0.02–0.06) – 0.20 (0.15–0.25)
SNP 0.12 (0.10–0.15)* 0.10 (0.08–0.12)* 0.05 (0.03–0.07) 0.08 (0.06–0.10)* –
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Table 2. Genetic migration rates (m) among 5 American black bear (Ursus americanus) populations in the Cen-
tral Appalachians, USA, from which hair samples were collected during 2004–2016. Estimates of m represent
the per generation proportion of individuals in row populations that are migrants from column populations.
The reintroduced Big South Fork (BSF) and Kentucky–Virginia (KVP) populations were established during the
1990s using founders from the Great Smoky Mountains (GSM) and Shenandoah National Park (SNP) popu-
lations, respectively. We also sampled a neighboring population in southern West Virginia (SWV). Bayesian
credible intervals (95%) are presented in parentheses and significant estimates (i.e., CIs > 0) are indicated
with an asterisk.

BSF GSM KVP SWV SNP

BSF – 0.28 (0.22–0.34)* 0.02 (0.00–0.04) 0.02 (0.00–0.04) 0.03 (0.00–0.07)
GSM 0.01 (0.00–0.03) – 0.01 (0.00–0.03) 0.01 (0.00–0.03) 0.01 (0.00–0.03)
KVP 0.05 (0.01–0.09)* 0.01 (0.00–0.03) – 0.19 (0.13–0.25)* 0.10 (0.06–0.14)*
SWV 0.01 (0.00–0.03) 0.01 (0.00–0.03) 0.01 (0.00–0.03) – 0.01 (0.00–0.03)
SNP 0.01 (0.00–0.03) 0.02 (0.00–0.06) 0.02 (0.00–0.06) 0.02 (0.00–0.06) –

populations retained genetic diversity similar to that of
their respective SNP and GSM source populations. Prior
studies that used a small number of microsatellite mark-
ers (n = 7) posited that the retention of genetic diver-
sity in the KVP and BSF populations was influenced by
rapid population growth after the founder events (Mur-
phy et al. 2015, 2016). Based on a substantially larger
number of markers (n = 20), and thus improved reso-
lution and power, our results provide further support for
this conclusion.

Results from our genetic structure analysis suggest
that population growth was likely the outcome of differ-
ent processes in each reintroduced population. Multiple
bears in the KVP population had complete ancestry from
the SNP source, suggesting those bears were either sur-
viving founders or first-generation offspring of founders;
approximately 60% of KVP bears also had at least par-
tial ancestry from the SNP. Surprisingly, however, bears
with partial ancestry from the neighboring SWV popu-
lation comprised the majority of the contemporary KVP

Fig. 4. Relative directional migration rate (mD) networks among 5 American black bear (Ursus americanus)
populations in the Central Appalachians, USA, from which hair samples were collected during 2004–2016.
The reintroduced Big South Fork (BSF) and Kentucky–Virginia (KVP) populations were established during the
1990s using founders from the Great Smoky Mountains (GSM) and Shenandoah National Park (SNP) popula-
tions. We also sampled a neighboring population in southern West Virginia (SWV). Filter thresholds were mD
>0.00 (A), >0.30 (B), and >0.50 (C). Lighter gray and thinner arrow bars denote lower mD, whereas darker and
wider arrow bars denote higher mD.
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population. This suggests that considerable immigration
of bears from SWV into the KVP occurred, which was
strongly supported by m and mD estimates. In contrast,
the BSF population remains primarily the product of the
GSM-sourced founders. Although 10% of bears in the
BSF population had partial ancestry (�50%) from the
SWV or SNP populations, this was most likely the result
of 2 male bears that were translocated to BSF from the
admixed KVP for human–bear conflict management (J.T.
Hast and J.H. Plaxico, Kentucky Department of Fish and
Wildlife Resources, unpublished data). Thus, growth of
the BSF population has likely resulted solely from the
founder group, whereas growth of the KVP population
was influenced by immigration of bears from the SWV
population. This may help explain why the KVP popu-
lation has an estimated population size that is twice as
large as the BSF population. Although estimated popu-
lation growth rates were similar between the 2 popula-
tions, those calculations were based on the number of
founders released and resulting population sizes 14–16
years later; thus, the intrinsic rate of growth for the BSF
founder group was approximately 28% higher than for
the KVP, in part because no or limited immigration oc-
curred to bolster the smaller BSF founder group (Mur-
phy et al. 2015, 2016). These findings collectively sug-
gest that spatial proximity of release locations to extant
populations may be an important consideration for bear
reintroductions.

Bears were also reintroduced to northwestern and
south-central Virginia, along the state’s borders with West
Virginia and Tennessee, neither of which we sampled nor
included in our analyses (Fies et al. 1987, Comly-Gericke
and Vaughan 1997). The distances separating those popu-
lations from the KVP and BSF populations (approx. 120–
400 km) are within the dispersal capability of black bears
(Stratman et al. 2001, Liley and Walker 2015), but the ex-
pansive and mostly non-forested Great Appalachian Val-
ley (James 1920) likely represents a formidable barrier
to natural bear movement from those populations and the
GSM population to the KVP and BSF populations (van
Manen and Pelton 1997). Additionally, because the rein-
troduced populations in northwestern and south-central
Virginia were also established using founders from the
SNP population, ancestry from those populations in the
KVP or BSF likely would be indistinguishable from an-
cestry of the KVP founders (Puckett et al. 2014, Mur-
phy et al. 2018). Consequently, we do not exclude the
possibility that some bears from the other reintroduced
populations in Virginia may have emigrated to the KVP
population, but the potential thereof was likely low and,
given the common source population used for reintroduc-

tions, such gene flow may be presently undetectable using
microsatellite markers.

The methods used to release founders for popula-
tion establishment can also influence reintroduction out-
comes. For example, hard-released bears often attempt
to return to their original capture location, exhibit long-
distance dispersals, and have low survival rates, all of
which can reduce founder group size in reintroductions
(Comly-Gericke and Vaughan 1997, Mukesh et al. 2015,
Milligan et al. 2018). The KVP founders were hard-
released, but a smaller proportion of ancestry from the
SNP source population exists in the contemporary KVP
population than ancestry from the neighboring SWV pop-
ulation. Conversely, the BSF population was primarily
established using the winter soft release of fewer bears,
but this population remained largely identical to its GSM
source for reintroduction. Approximately 2 bear gener-
ations have elapsed since the KVP founder event and,
considering the low differentiation between the SNP and
SWV populations, genetic swamping is unlikely to have
occurred. Thus, the lower proportion of SNP ancestry
compared with SWV ancestry in the KVP population sug-
gests that its founder group likely declined more than the
approximately 33% reduction (from 27 to 18 founders)
that the BSF founder group experienced (Eastridge and
Clark 2001, Murphy et al. 2015). Assuming the KVP
founders had a low survival probability similar to the
hard-released founders of the other reintroductions in Vir-
ginia (S = 0.23; Comly-Gericke and Vaughan 1997), as
few as approximately 13 of the 55 founders may have
persisted in the KVP reintroduction area. Our findings,
therefore, provide genetic evidence to support the greater
effectiveness of soft-releasing bears for reintroduction.

Founder groups for both recolonization and reintro-
duction often succumb to genetic bottlenecks that re-
duce NE because only a subset of alleles from the source
population is retained (i.e., founder effect; Puckett et al.
2014, Malaney et al. 2018, Murphy et al. 2018). Both
the KVP and BSF populations were established using
small founder groups and consequently had substan-
tially smaller NE than their respective SNP and GSM
sources. We importantly note that the linkage disequilib-
rium method that we used to estimate NB and NE results
in negatively biased point estimates with poor precision
when population abundance is large (�1,000 individuals;
Waples and Do 2010). Demographic data indicate that the
SNP and GSM populations are indeed large in number
(Settlage et al. 2008; VDGIF 2012; U.S. National Park
Service 2015, 2017), so our NB and NE estimates for those
2 source populations are likely underestimates, which is
further supported by the lack of confidence interval upper
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bounds. Nonetheless, NE of the KVP and BSF populations
were perhaps smaller than necessary to prevent inbreed-
ing depression (NE � 50–100; Jamieson and Allendorf
2012, Frankham et al. 2014). Although FIS estimates did
not support nonrandom mating in either population, given
the small founder group sizes, inbreeding may have oc-
curred but be difficult to detect so few generations after
the founder events (Keller and Waller 2002, Hasselgren
et al. 2018). Because of the relatively moderate rate of im-
migration from the SWV population, we suspect NE of the
KVP population likely will improve over time if gene flow
is sustained. However, genetic diversity and NE can pre-
cipitously erode in isolated populations as a consequence
of heightened genetic drift (Nei et al. 1975, Jamieson and
Allendorf 2012, Frankham et al. 2014). Our collective
results suggest that the BSF population likely remains
isolated, which, given the smaller number of bears in this
population, could potentially become problematic in the
future if sufficient gene flow from other populations does
not occur (Dixon et al. 2007, Murphy et al. 2018).

Management implications
Our genetic results support that survival and set-

tling rates of founder groups and subsequent popula-
tion growth are improved if bears are soft-released to
areas with sufficient habitat of high quality; therefore,
we suggest that soft releases of founders are preferable
to hard releases for bear reintroduction. Regardless of the
method used to release founders, subsequent augmenta-
tion may be necessary for genetic restoration if popula-
tions remain isolated for multiple generations (Murphy
et al. 2018). Bears exhibit male-biased dispersal; there-
fore, selecting release locations that are within the disper-
sal capabilities of male bears in extant populations may
facilitate natural gene flow. Implementing reintroduction
in this stepping-stone process, if possible, could provide
the opportunity for bears to overcome the consequences
of founder group reductions or isolation via immigration
without the need for additional translocations (Karaman-
lidis et al. 2018, Murphy et al. 2018). Nevertheless, we
caution that immediately reduced NE should be expected
in reintroduced bear populations even if genetic diver-
sity is retained and population growth is rapid, which has
implications for inbreeding depression (Jamieson and Al-
lendorf 2012, Keller et al. 2012, Frankham et al. 2014). To
our knowledge, inbreeding depression has not been doc-
umented in any wild bear populations, though it has not
been explicitly investigated either (but see Laikre et al.
[1996] for an example in a captive bear population). Such
an investigation would require concurrent monitoring of

population genetics and demographics to identify a link
between inbreeding and the decline in �1 vital rate that
influences fitness (e.g., survival or fecundity; Hedrick and
Garcia-Dorado 2016). Given the long generation times
of bears, multiple decades of such monitoring may be
needed to collect sufficient data (Pemberton 2004, 2008;
Hasselgren et al. 2018); thus, perhaps it is not surpris-
ing that inbreeding depression has not been documented
in wild bear populations. However, inbreeding depres-
sion has been confirmed in small populations of other
large carnivores that had NE similar to the KVP and BSF
populations (e.g., wolves [Canis lupus; Åkesson et al.
2016] and cougars [Puma concolor; Johnson et al. 2010]).
Therefore, we suggest that implementing early and fre-
quent monitoring of reintroduced bear populations at pre-
defined time intervals is prudent and would likely allow
managers to detect genetic deficiencies that may warrant
conservation action. Given the small NE and isolation of
the BSF population, we suggest that managers consider
implementing genetic monitoring at 5–7-year intervals,
or approximately once every bear generation, to detect if
gene flow into the BSF occurs or NE declines further.
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Supplemental material
Table S1. Population-specific vital-rate estimates

that were used in adjustment formulae to correct for
overlapping generations and estimate effective num-
ber of breeders and effective population sizes of 5
American black bear (Ursus americanus) populations
in the Central Appalachians, USA, via the linkage
disequilibrium method. Vital rates were maximum
known age (ω), age at maturity (α; i.e., primipar-
ity), and adult life span (AL) for the reintroduced
Big South Fork (BSF) and Kentucky–Virginia (KVP)
populations, their respective Great Smoky Mountains
(GSM) and Shenandoah National Park (SNP) source
populations, and a neighboring population in south-
ern West Virginia (SWV). Hair samples were col-
lected from individual bears in each population dur-
ing 2004–2016 for genetic analyses.

Table S2. The number of private alleles (AP)
and estimates of allelic richness (AR), observed het-
erozygosity (HO), expected heterozygosity (HE), ef-
fective number of breeders (NB), effective population
size (NE), and inbreeding coefficient (FIS) with 95%
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confidence intervals for 5 American black bear (Ur-
sus americanus) populations in the Central Appalachi-
ans, USA: the reintroduced Big South Fork (BSF)
and Kentucky–Virginia (KVP) populations, their
respective Great Smoky Mountains (GSM) and
Shenandoah National Park (SNP) source populations,
and a neighboring population in southern West Vir-
ginia (SWV). Based on analysis of genotypes obtained
from hair samples that were collected from individual
bears in each population during 2004–2016.

Fig. S1. Results for the rate of change in second-
order derivatives of the log probability between suc-
cessive values (�K) for identifying the most prob-
able number of genetic clusters (K) from STRUC-
TURE analysis of American black bears (Ursus
americanus) in 5 populations in the Central Ap-
palachians, USA. Based on analysis of genotypes
obtained from hair samples that were collected
from individual bears in each population during
2004–2016.
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