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Abstract: Bears are globally threatened by habitat fragmentation, particularly due to roads, which can
act as dispersal barriers. We used noninvasive hair sampling to study the genetic diversity of Asiatic
black bears (Ursus thibetanus) in the Dong Phayayen–Khao Yai forest complex, Thailand, during 2012–
2015. We used 9 microsatellite loci to investigate black bears inhabiting 2 sides of the complex that
have been separated by a highway for 60 years. We genetically identified 49 individuals (31 males and
18 females) in Khao Yai and 45 individuals (25 males and 20 females) in Dong Phayayen. The genetic
diversity level of Dong Phayayen was similar to Khao Yai; low differentiation (FST = 0.035) and no
strong evidence of inbreeding was indicated for both populations (FIS = 0.13 and 0.07, respectively).
However, the pairwise FST between Khao Yai and Dong Phayayen was notably higher (FST = 0.035
and 0.038, respectively) than within Dong Phayayen (0.004), suggesting an observable effect of the
highway on the populations, with a current migration rate of 1% between the 2 forests. Thus, the road
apparently acts as a significant dispersal barrier for the black bear. This population is of conservation
concern because the estimated effective population size (Ne = 178 bears) was below the recommended
size for black bears. The relatively long generation time of Asiatic black bears could be the main factor
contributing to the time lag between placement of the highway and changes in genetic diversity between
the populations. Our simulations indicated a strong negative impact of the highway on the genetics of
this population within the next 10 generations and an increased risk of extinction if there is continued
isolation. Our data also suggest that an assisted migration program via habitat corridors could reduce
the impact of this highway and promote the persistence of bears.
Key words: Asiatic black bear, effective population size, genetic differentiation, genetic diversity, habitat fragmentation,
noninvasive sampling, Thailand, Ursus thibetanus
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Large carnivores have declined in numbers and geographic range worldwide (Ripple et al. 2014). Much
of this is due to habitat fragmentation brought about
by human activities such as deforestation, agriculture,
damming, and roads; all of these can and often do restrict movement and gene flow between fragmented populations (Frankham et al. 2002). Large carnivores are
particularly at risk of the dangers of fragmentation because they naturally have small population sizes, require
large home ranges, and experience high levels of conflict
with humans (Karanth and Chellam 2009, Grilo et al.
2015). The depletion of genetic diversity in small and
fragmented populations is a key factor that increases the
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risk of inbreeding depression and lowers fitness (Smith
and Smith 2001, Keyghobadi 2007), consequently leading to a higher risk of extinction (Ohnishi et al. 2007,
Kopatz et al. 2014). Further, longer isolation times and
smaller population sizes will result in more deleterious
impacts due to genetic drift and inbreeding (Frankham
1996). Roads have been shown to have negative impacts
on species persistence (Coffin 2007, Holderegger and Di
Giulio 2010, van der Ree et al. 2011) because they can
act as barriers to dispersal and gene flow, impeding reproductive and foraging success (Frankham et al. 2002,
Riley et al. 2006, Holderegger and Di Giulio 2010).
Previous studies in Europe and North America provide
empirical evidence of roads reducing the genetic diversity and adaptive potential of small, fragmented populations of large carnivores (Strasburg 2006, Holderegger
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and Di Giulio 2010, Karamanlidis et al. 2012). For example, these studies detected lower genetic diversity and
increased genetic differentiation among fragmented populations of coyotes (Canis latrans; Riley et al. 2006),
brown bears (Ursus arctos; Kendall et al. 2009), and
American black bears (U. americanus; Cushman et al.
2006, Dixon et al. 2006). Gene flow is essential to counteract effects of these genetic threats by maintaining genetic diversity of fragmented populations. Proctor et al.
(2005, 2015) for example indicated that highways and
human settlements had greatly limited migration, thereby
causing the nearly complete genetic isolation among fragmented Canadian brown bear populations.
Although Southeast Asia is relatively rich in large carnivore species, large carnivore populations are generally
in great decline there (Mills and Servheen 1994, Ripple et al. 2014, IUCN 2016). The Asiatic black bear (U.
thibetanus) is widely distributed across Asia, from the
Himalayan foothills to southern Thailand (Garshelis and
Steinmetz 2016), and its ecological role as a seed disperser and a seed predator has also been indicated in
the maintenance of forest ecosystems (Auger et al. 2002,
Koike et al. 2011, Enders and Vander Wall 2012). However, its geographic range has been estimated to have
declined 31% during the past 30 years (Garshelis and
Steinmetz 2016), mainly as a result of illegal international
trade in bears and their parts, habitat loss, and fragmentation (Garshelis and Steinmetz 2016, Livingstone et al.
2018). Thus, the Asiatic black bear is classified as Vulnerable (IUCN 2016) and prohibited from international trade
(Appendix I in Convention on International Trade in Endangered Species of Wild Fauna and Flora, CITES 2015).
In Thailand, poaching of black bears has continued despite the bears being protected under the Wildlife Preservation and Protection Act 1992 (Wildlife Conservation
Office 2003). Recently, a study of Asiatic black bears indicated that relative population sizes were smaller in isolated protected areas than in continuous forest complexes
consisting of several contiguous protected areas (Kanchanasakha et al. 2010). However, the impact of habitat fragmentation from roads and other infrastructure in
Southeast Asia on the genetic diversity remains unknown.
In addition, the impacts of these factors on Asiatic black
bear population health are also unknown.
In this study, we assessed the genetic consequences of
a highway on the spatial genetic patterns of Asiatic black
bear in northeastern Thailand. We used noninvasive genetic sampling and landscape genetic analyses based on
microsatellite genotypes to examine genetic diversity, genetic differentiation, migration, and effective population
size of Asiatic black bears between the Dong Phayayen

Forest Complex (DP) and adjacent Khao Yai National
Park (KY) within the Dong Phayayen–KhaoYai Forest
Complex (hereafter, DPKY). The goal of this study was
to test the hypothesis that the highway between DP and
KY serves as a significant barrier limiting gene flow, reduces genetic diversity, and increases genetic differentiation between the 2 fragmented populations. Finally, we
used simulations based on allele frequency data to project
the effect of the highway on genetic loss in DPKY over
the next 100 years. Currently, wildlife crossings are being built to facilitate movement between DP and KY. Our
results on genetic diversity and differentiation will serve
as baseline data to assess the long-term effects of such
corridor programs in mitigating highway impacts on population fragmentation and connectivity.

Study areas
The Dong Phayayen–Khao Yai Forest Complex is located in northeastern Thailand and was listed as a United
Nations Educational, Scientific and Cultural Organization [UNESCO] World Heritage Site in 2005. The DPKY
is composed of Khao Yai National Park (2,182 km2 ) and
a larger area of contiguous forest of the Dong Phayayen
Forest Complex (4,007 km2 ), which includes Thap Lan
National Park, Pang Sida National Park, Ta Phraya National Park, and Dong Yai Wildlife Sanctuary (UNESCO
2015). The dominant vegetation is primary evergreen forest (for all 5 protected areas). Deciduous forest occupies a small proportion of the complex (5%). Past human
use areas, such as villages and agricultural areas, are today grassland or secondary forest (18%; Smitinand 1968,
Lynam et al. 2006). The average annual rainfall is 2,200
mm in Khao Yai and 1,070 mm in Thap Lan. Elevations
range from about 100 to 1,350 m at the Khao Rom summit in Khao Yai. Ngoprasert (2012) found ࣙ29 families of
plants were consumed by bears, including 42 genera and
52 species in KY. The top 10 most frequently eaten fruit
were Sandoricum koetjape, Cinnamomum subavenium,
Beilschmiedia glauca, Podocarpus neriifolius, Castanopsis acuminatissima, Mastixia pentandra, Lithocarpus
pattaniensis, Syzygium sp., Nephelium melliferum, and
Platea latifolia. The DPKY had high levels of human disturbance in some areas. The Khao Yai portion of this complex has suffered moderate levels of agarwood (Aquilaria
crassna) poaching and is mostly unlogged, whereas Dong
Phayayen has recently experienced intensive disturbance
from illegal logging of rosewood (Dalbergia cochinchinensis) and past logging, which reduced the abundance
of some of these key fruit trees (Lynam et al. 2006).
The forest complex is completely surrounded by human
Ursus 31:article e3 (2020)
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settlements and is no longer connected to any other forest (Fig. 1a). In general, the landscape just outside the
boundaries of most protected areas in Thailand is now
primarily villages and agriculture (sharp edges).
Construction of Highway 304 bisecting DPKY into
Khao Yai National Park and Dong Phayayen Forest Complex began in 1956 (Department of Highways 2006). It
was improved later in 1966 for the benefit of the military
and to link eastern and northeastern Thailand (Department of Highways 2006). In 2005, the Department of
Highways expanded the highway from 2 to 4 lanes (2
lanes are 12–15 m wide) in order to increase traffic flow
(Wildlife Research Division 2012). In 2006, the traffic
volume was approximately 7,488 vehicles/day (35% container and 10-wheel trucks, 41% pickup trucks, and 24%
others; Srikrajang 2006). In 2015, the traffic volume had
increased to roughly 16,573 vehicles/day (19% container
and 10-wheel trucks, 64% pickup trucks, and 17% others;
Road Safety Policy Foundation 2015). However, there
have been reports of wildlife crossing, even after road
expansion (Wildlife Research Division 2012), as well as
road-killed black bear (Bangkok Post 2018).

Materials and methods
Hair sampling
We collected hair samples from noninvasive springbarb hair traps nailed onto trees (Fig. 2), as reported
by Ngoprasert et al. (2015). A station consisted of 20–
30 spring barbs, depending on the tree size. We nailed
the spring barbs in a grid pattern about 80 cm above the
ground, and painted each tree station with 250 mL of fish
oil as a lure. The trapping area was approximately 187
km2 in KY (14°27 –38 N, 101°55 –74 E) and 457 km2
in DP (14°17 –35 N, 101°96 –122 E; Fig. 1). For DP, the
study area comprised DP-west (249 km2 ) and DP-east
(208 km2 ). We set up 20 stations in KY and 45 stations
in DP and spaced each station approximately 4 km apart.
The study sites in KY and DP-west were 26 km from each
other, and each site was approximately 10 km away from
highway 304; areas adjacent to the highway also included
villages and agricultural fields. The edge of DP-west was
>14 km from DP-east. In DP, we visited hair stations
4 times at 38–68-day intervals from December 2012 to
May 2013 in DP-west (23 stations) and from November
2013 to August 2014 in DP-east (22 stations). In KY,
we visited hair stations 5 times at 20–30-day intervals,
from December 2014 to April 2015. We burned any possible remaining hair on the trap using a cigarette lighter
to prevent mixing of samples between sampling intervals.
Prior to transfer to the laboratory, we stored hair samples

at room temperature in separate paper envelopes (Woods
et al. 1999). In the laboratory, we kept hair samples in
95% ethanol at −20°C until use.
Laboratory procedures
Prior to DNA extraction, we washed hair samples with
50 µL of 2% sodium dodecyl sulfate, 50 µL of purified
water, 50 µL of 95% ethanol, and finally 50 µL of TE
buffer (10 mMTris-HCl pH 8.0 and 1 mM EDTA pH 8.0).
We extracted only samples that contained ࣙ4 hair roots
with hair follicles. We used the QuickExtractTM DNA
Extraction Solution Kit (Epicentre, Madison, Wisconsin,
USA) according to the manufacturer’s instructions to extract genomic DNA. Then we used the DNA as a template,
kept at −20°C, for polymerase chain reactions (PCR).
The DNA template was likely degraded by the harsh
weather conditions in the field (Foran et al. 1997, Mowat
and Strobeck 2000, Dumond et al. 2015, Lamb et al.
2016), so we used primers specific for the sex chromosome to screen for DNA templates suitable for subsequent
microsatellite genotyping. We amplified the amelogenin
region: amelogenin Y-linked, AMELY; and amelogenin
X-linked, AMELX (Pilgrim et al. 2005). The PCR product size was 214 base-pairs (bp; AMELX) for females,
and 194 bp (AMELY) and 214 bp (AMELX) for males.
For the PCR, we used a primer pair (0.5 µM for each
primer) and 20–100 ng DNA template in a final 10-µL reaction volume (1× QIAGEN Multiplex PCR Master Mix
[QIAGEN GmbH, Hilden, Germany], 0.5× Q-solution,
RNase-free water) that we modified from the manufacturer’s instructions. The PCR amplification profile consisted of an initial heat-activation at 95°C for 15 minutes,
40 cycles of denaturation at 94°C for 30 seconds, annealing at 51°C for 90 seconds, extension at 72°C for 60
seconds, and the final extension at 72o C for 10 minutes
in a MastercyclerR Gradient Thermal Cycler (Eppendorf
AG, Hamburg, Germany). We used the DNA templates
that showed consistent results from 3 duplicates for sex
identification for PCR amplification of microsatellite loci.
For the microsatellite genotyping, we selected microsatellite loci previously developed from brown bears
(Paetkau et al. 1998), polar bears (U. maritimus; Paetkau
et al. 1995), American black bears (Paetkau and Strobeck
1994, Meredith et al. 2009) and Asiatic black bears (Wu
et al. 2010, Zhang 2014). We selected suitable markers
based on the following criteria: 1) ease of amplification,
2) clear allele peaks, and 3) relatively high polymorphism. The selected dinucleotide markers included g10H
(Paetkau et al. 1998; Supplemental Material 1), ABB4,
ABB5, g10M, g10P, g10L, and ABB2 (Zhang 2014), and
the tetranucleotide markers included B7, D2, A107, B8,

Ursus 31:article e3 (2020)
Downloaded From: https://bioone.org/journals/Ursus on 27 Mar 2020
Terms of Use: https://bioone.org/terms-of-use Access provided by International Association for Bear Research and Management

4 GENETIC DIVERSITY OF ASIATIC BLACK BEAR r Vaeokhaw et al.

Fig. 1. (a) Locations of hair traps for Asiatic black bear (Ursus thibetanus) in the Dong Phayayen–Khao Yai
Forest Complex, Thailand. Khao Yai was surveyed from December 2014 to April 2015. Dong Phayayen was
surveyed from December 2012 to May 2013 in the western portion of the park and November 2013 to August
2014 in the eastern portion. (b) Changes in the cover of human settlements and forest area between Dong
Phayayen and Khao Yai forests between 1988 and 2018. The 2 squares in year 2018 indicate corridor project
locations implemented by the Thai government. PA = protected area.
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the service for accuracy. We checked allele characterization and microsatellite alleles scored using Peak Scanner
Software, Version 1.0 software (Applied Biosystems). Finally, we scored allele sizes with loci for which we were
highly confident (i.e., clear peaks with consistent patterns). Samples that performed poorly, such as those that
showed ࣙ3 alleles, were excluded.
Data analysis
To exclude samples with low DNA quality, we carried out 3 PCR amplifications for each sample during
the sexing process (Taberlet and Luikart 1999, Taberlet et al. 1999). During the microsatellite genotyping,
if results from a sample yielded no alleles (null allele)
or >2 alleles/locus (false alleles), then we considered
the locus of that individual to be missing data “0”. We
also excluded samples with low-quality DNA (Paetkau
2003) if they were missing data from >4 loci. We finally
examined all genotypes for errors due to peak stuttering and null alleles using Micro-Checker version 2.2.3
(van Oosterhout et al. 2004).
We used the “allelematch” package (Galpern et al.
2012) in Program R (R Core Team 2017) to identify the
number of consensus genotypes (or unique genotypes)
in the population. The program was used to compare
similarities among all samples using the dynamic tree
cut approach to identifying clusters of samples (Galpern
et al. 2012). The samples that matched at all alleles received a score of one using the Hamming distance matrix
(Hamming 1950), and those samples that were either mismatched or were missing alleles received a proportionally
lower score. We used scores of 0.77 to 1.00 to identify
the final unique genotypes. We also calculated the probability of identity (P(ID) ) and the probability of identity of
siblings (P(ID)sib ) for the individual multilocus genotypes
(Waits et al. 2001) using the GenAlEx program version
6.5 (Peakall and Smouse 2006, 2012).
Fig. 2. Spring barb prototype (a), and the spring
barbs at a baited station with bear hairs (b).

and D103 (Zhang 2014). Then we set a panel comprising the 12 loci for microsatellite genotyping. The PCR
profile, primers, and conditions are described in Supplemental Material 2.
We used the automated DNA sequencing service of
First BASE Laboratories of Malaysia (First BASE Laboratories Sdn Bhd; ABI 3730 Applied Biosystems, Foster City, California, USA) for fragment analysis. The
genotyping data were critical for the subsequent analysis; therefore, 2 people (SV and AS, with AS having
extensive experience) rechecked all alleles received from

Gene diversity
We calculated deviations from Hardy–Weinberg equilibrium, heterozygote deficiency, heterozygote excess,
and linkage disequilibrium in GENEPOP (Raymond and
Rousset 2013). We applied Markov chain parameters for
Hardy–Weinberg and linkage disequilibrium tests with
10,000 dememorizations, 10,000 batches, and 10,000 iterations/batch and the sequential Bonferroni correction
for multiple tests (Rice 1989).
We used the MICROSATELLITE TOOLKIT (Park
2008) to calculate the number of alleles per locus (A),
observed heterozygosity (HO ), and unbiased heterozygosity (expected heterozygosity; HE ). We calculated the
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allelic richness (Ar ), genetic differentiation among subpopulations (pairwise FST ), and inbreeding within local
subpopulations (FIS ) using FSTAT (Goudet 2005). FIS is
0 where a subpopulation follows a random mating model,
whereas a FIS of 0.3 indicates a high degree of inbreeding, meaning that individuals in a population are more
related than expected under a model of random mating
(Allendorf and Luikart 2007).
Barrier effects
We used the 2 portions of DP (DP-east and DP-west)
to observe the pairwise FST —in this case between the 2
parts of DP and between DP and KY. We determined the
statistical significance of the genetic differentiation using
GENEPOP. We also used the individual assignment test
implemented in GENECLASS2 (Piry et al. 2004) to determine the number of first-generation migrants between
KY and DP. We applied a frequency-based criterion for
likelihood computations (Paetkau et al. 1995), with a frequency of 0.01 for missing alleles (Paetkau et al. 2004).
We set up a Monte-Carlo resampling algorithm of 10,000
simulated individuals with a threshold significance of
P < 0.01. We estimated the ratio of the highest likelihood
value (L_home/L_max) to detect migrants. We estimated
the migration rate as the number of migrants detected
from GENECLASS analysis divided by the number of
bears sampled in both areas (rate per generation).
We based our analyses on simulating different levels
of gene flow to test the hypothesis that Highway 304
serves as a barrier to gene flow, resulting in significant
genetic differentiation between KY and DP. We used the
forward-time simulations “skeleSim” package (Parobek
et al. 2017) in Program R to investigate the effect of different levels of migration for predicting heterozygosity and
genetic differentiation (FST ) over the next 10 generations
(100 yr, based on a generation time of 10 yr; Garshelis
and Steinmetz 2016). We based the initial adult population size on a recent study, which used photographic spatial capture–recapture: 235 individuals in KY and 268
individuals in DP, 503 individuals in total (95% CI =
346–723, Ngoprasert et al. 2015). We set up model parameters by assuming an isolated population migration
allowing an equal migration rate between populations.
We also assumed the 9 microsatellite loci had a constant
mutation rate per generation of 10−4 (Dallas 1992, Weber and Wong 1993). We used the default settings of the
survival matrix (from KY to DP) of 0.5, 0.2, 0.2, 0.5,
meaning that the survival rates of residents within KY
and within DP were both 50%, while the survival rates of
migrants dispersing in the direction of KY to DP or DP
to KY were both 20%. For the population growth rate,

we used a discrete-time growth rate of 0.99 (Laufenberg
et al. 2016). We simulated 3 scenarios for the KY and
DP populations using 1,000 iterations. The current estimated migration rate was 0.01 (1%/generation), based
on the detection of one migrant in our data (see Results),
but simulations using this current migration did not converge. Thus, we used a minimum of 2% for the lowest
migration scenario. Scenario 1 (S1—low migration) assumed a migration rate of 0.02. For Scenario 2 (S2—
medium migration), we defined a migration rate of 0.04,
which assumed a migration rate 4 times higher than our
observed data. For Scenario 3 (S3—high migration), we
assumed a maximum migration rate of 0.08, which was
8 times higher than our observed data. In addition, we
investigated a no-migration scenario, where the highway
effectively blocked all migration. We used simulation results of the number of alleles, allelic richness, expected
heterozygosity, and observed heterozygosity to compare
among scenarios to predict genetic drift impacts on the
simulated KY and DP populations.
Effective population size (Ne ) estimation
We estimated the effective population size (Ne ) using
the linkage disequilibrium (LD) method with correction
for bias (Waples and Do 2008) and missing data (Peel
et al. 2012) in NeEstimator V2.1 software (Do et al.
2014). Linkage disequilibrium has a generally higher accuracy and precision compared with heterozygote excess
and co-ancestry methods (Gilbert and Whitlock 2015).
We assumed our sample populations followed random
mating assumptions for the LD estimator (Whiteley et al.
2012). Therefore, we used the single-sample LD method
to calculate the effective population size of the DPKY
population. We explored the cutoff values based on criteria for excluding rare alleles from 0.01, 0.02, and 0.05,
and used a minimum allele frequency of 0.02 to control
for possible biases from low-frequency alleles. We also
estimated the effective population size for each area separately for Khao Yai and Dong Phayayen. We calculated
the 95% confidence intervals of the estimates from both
parametric and jackknife methods. In addition, we used
Ne and the estimated adult population (Nc ) from previous
research (Ngoprasert et al. 2015), to estimate the ratio of
effective size to population size (Ne /Nc ratio).

Results
We obtained hairs from bear rubs at 19 of 20 stations (95%) in KY. From these 19 stations, 1,565 spring
barbs provided 747 hair samples (48%). We randomly
chose 266 hair samples (36% of those available) for DNA
Ursus 31:article e3 (2020)
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number (A), observed heterozygosity (HO ) and expected heterozygosity (HE ) within each population across 9 loci. Allelic richness (based on 39 diploid individual
resamplings; AR ).
b P-values for H–W equilibrium test across 9 loci; populations remained significantly different from equilibrium after sequential Bonferroni correction (K = 9).

a Allele

P < 0.001
9.22
0.80
0.70
9.33
20
25
45
27
45

P < 0.001
8.42
0.78
0.73
8.67
18
31
49
19
20

Dec 2014 to Apr
2015
Dec 2012 to
May 2013
Nov 2013 to Aug
2014
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Dong Phayayen

Location

Khao Yai

HWE
testb
Microsatellite diversitya
A
HO
HE
Ar
Sex identification
Male
Female
Unique
genotypes
No. of stations
obtaining
samples
No. of
stations

Genetic diversity and differentiation
We detected heterozygote deficiency (i.e., null allele
signal) in g10H, D103, and B8 loci in both KY and DP.
Therefore, we excluded these 3 loci from further analyses because of the high possibility of null allele occurrence and interference with the test of population equilibrium. We reran samples for unique genotypes based
on the remaining 9 loci. The P(ID) was 4.1 × 10−11 and
1.8 × 10−11 , and P(ID)sib was 1.6 × 10−04 and 1.3 × 10−04 ,
in KY and DP, respectively. The linkage disequilibrium
was not significant (P > 0.05) for either KY or DP. The
Hardy–Weinberg test indicated highly significant deviation from an equilibrium population for both KY and
DP, after the sequential Bonferroni correction (K = 9;
Table 2).
The 9 microsatellite loci contained 6–13 alleles/locus
in both populations. The highest concentration of polymorphisms was at the g10P locus. The HO and HE across
loci were 0.73 and 0.78 in KY and 0.70 and 0.80 in DP, respectively. Therefore, the levels of genetic diversity in the
KY and DP populations were similar (HO Mann–Whitney
U-test = 45, P = 0.7; HE Mann–Whitney U-test = 40,
P = 1.0). Among these 9 loci, genotyping and scoring
errors due to the presence of null alleles or dropouts of
larger alleles were not detected using Micro-Checker. Genetic differentiation between KY and DP populations was

Sampling
period

extraction. We identified 107 (40%) female samples and
107 (40%) male samples, whereas for 52 samples (20%),
we failed to identify the sex (Table 1).
Of the 45 stations in DP (23 traps in the western section
and 22 traps in the eastern section of the park), there were
hair samples from 27 stations (60% of available stations).
From these 27 stations, 1,077 spring barbs provided 413
hair samples (38%). Of the extracted 402 samples, we obtained 124 female samples (31%) and 111 male samples
(28%), whereas 167 samples could not be PCR-amplified
for sex determination (41%).
Based on the gender analyses, we selected 95 samples
in KY and 109 samples in DP for fragment analysis of microsatellite loci. To maximize the likelihood of obtaining
samples from as many bears as possible, we avoided using
multiple samples from the same hair-trap station and the
same trapping session. We processed 90 and 86 samples
for fragment analysis in KY and DP, respectively, and
then excluded replicated genotypes. From allelematch,
we identified 49 unique genotypes (individual bears) in
KY and 45 unique genotypes (individual bears) in DP.
From the 49 unique genotypes from KY there were 31
male and 18 female bears. We identified 25 male and 20
female bears from DP (Table 1).

Table 1. Locations, sampling periods, sample sizes, sex identification, microsatellite diversity estimates, and Hardy–Weinberg equilibrium
(HWE) tests for the Asiatic black bear (Ursus thibetanus) from Khao Yai National Park and the Dong Phayayen Forest Complex, Thailand.
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a A,

no. of alleles; HO , observed heterozygosity; HE , expected heterozygosity; Ar , allelic richness; P(ID) , probability of identity; FIS , inbreeding coefficient.

−0.066
0.212
0.247
0.193
0.157
0.037
0.098
0.087
0.179
0.125
9.967
6.875
10.884
5.867
13.000
12.636
6.924
10.872
5.976
9.621
7.754
9.958
6.000
8.740
10.744
6.592
9.807
6.590
10
8
10
6
9
11
7
10
7
8.7
ABB4
ABB5
g10M
B7
g10P
g10L
D2
A107
ABB2
Means

0.792
0.776
0.531
0.776
0.551
0.896
0.674
0.875
0.694

0.806
0.775
0.875
0.811
0.593
0.861
0.750
0.879
0.702

0.067
0.090
0.032
0.067
0.191
0.038
0.109
0.031
0.131

0.017
−0.001
0.396
0.045
0.072
−0.040
0.103
0.005
0.012
0.070

10
7
11
6
13
13
7
11
6
9.3

0.889
0.591
0.628
0.622
0.718
0.841
0.667
0.796
0.591

0.835
0.748
0.832
0.770
0.850
0.873
0.738
0.870
0.719

0.051
0.104
0.051
0.094
0.043
0.032
0.110
0.035
0.135

FIS
P(ID)
Ar
HE
Ar
A
Loci

HO

HE

P(ID)

FIS

A

HO

Dong Phayayen
Khao Yai

Table 2. Characteristicsa of microsatellite loci in Asiatic black bear (Ursus thibetanus) from Khao Yai National Park (Dec 2014 to Apr 2015) and
Dong Phayayen (Dec 2012 to May 2013 and Nov 2013 to Aug 2014) Forest Complex, Thailand.
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low (pairwise FST = 0.035, P < 0.001). However, when
DP was separated into 2 sections, the pairwise FST value
was 0.035 (P < 0.001) between KY (N = 49 individuals) and DP-west (N = 17 individuals), and 0.038 (P
< 0.001) between KY and DP-east (N = 28 individuals), but between DP-west and DP-east it was only 0.004
(P = 0.06). In the other words, the FST value was 10 times
greater between KY and DP than between DP-west and
DP-east. Thus, there was strong evidence that the highway is fragmenting these 2 populations. The FIS across
loci was 0.07 and 0.13 in KY and DP populations, respectively. The inbreeding in both KY and DP was thus
still low (FIS ࣘ 0.13).
Barrier effects
The individual assignment analysis revealed that one
male bear migrated from DP into KY. This suggested
that the current migration rate was approximately 1% (1
individual out of 94 individuals) between DP and KY. In
addition, within Dong Phayayen, our data suggested that
one female individual who originated in DP-west moved
to DP-east.
Our 3 simulated scenarios showed high levels of genetic differentiation and low genetic diversity as migration rates between DP–KY decreased. The number of
alleles (A), allelic richness (Ar ), expected heterozygosity (HE ), observed heterozygosity (HO ), and proportion
of private alleles declined dramatically for simulated KY
and DP populations. These polymorphism indices were
lowest under the low migration rate (Scenario S1, migration rate 0.02) and highest for Scenario S3 (migration
rate 0.08; Fig. 3). Under the scenario with the highest gene
flow, the population structure was not strong, as indicated
by low global FST ; a decrease in the inbreeding coefficient
was also observed (Fig. 4). With the no-migration scenario, one population or both populations went extinct,
therefore prematurely halting the simulations.
Effective population size (Ne ) estimation
The estimated effective population size for the DPKY
population, based on genotypes of 9 loci, was 178 black
bears. The 95% confidence intervals of population estimates were based on the parametric (122–305 bears) and
jackknife methods (100–532 bears) at the lowest allele
frequency 0.02. The other allele frequency cutoff estimated an unrealistic upper limit (infinite) of the confidence interval (Waples and Do 2010); thus, we discarded
these results. The ratio of effective size to population
for the DPKY population was 0.35 (Ne = 178/Nc = 503
individuals).
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Fig. 3. Forward-time simulation results showing the effect of different levels of migration on the number of
alleles (No.alleles), allelic richness (allelic.richness), expected heterozygosity (HE ), observed heterozygosity
(HO ), and number of private alleles (No.priv.allele) over the next 100 years (10 generations) of Asiatic black
bear (Ursus thibetanus) in Khao Yai (gray dots) and Dong Phayayen (black dots) Forest Complex, Thailand, in
3 scenarios with varying migration rates per generation (1 = 0.02, 2 = 0.04, and 3 = 0.08).

Discussion
This is the first study attempting to assess the impacts of a highway on levels of population genetic diversity and differentiation for Asiatic black bear populations in Southeast Asia. The results indicated that the
Asiatic black bear populations in DPKY had moderate
levels of genetic diversity. The genetic data showed that
the 2 populations were not in Hardy–Weinberg equilibrium, most likely due to the small population sizes, as
also indicated by the estimated effective population size
of 178 bears in DPKY. The genetic structure was weak
(FST = 0.035) between Dong Phayayen and Khao Yai.
However, the genetic differentiation between Khao Yai
and Dong Phayayen was nearly 10 times higher than that
within Dong Phayayen (between DP-east and DP-west).

This is most likely due to gene flow limitation by Highway
304. Our simulation results support our hypothesis that
migration rates have a strong effect on the genetic differentiation between Dong Phayayen and Khao Yai. It was
congruent with high genetic distinctiveness of the number of private alleles in our scenario with no migration.
However, connectivity between DP and KY population
would help mitigate the fragmentation effects on these
bears.
Genetic diversity and differentiation
This study showed that the level of genetic diversity of
the Asiatic black bear population in Khao Yai was similar
to the population in Dong Phayayen, although the populations have been separated for 60 years by Highway
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Fig. 4. Forward-time simulation results showing the
effect of different levels of migration on FST and FIS
over the next 100 years (10 generations) for Asiatic
black bear (Ursus thibetanus) between Khao Yai and
Dong Phayayen Forest Complex populations in Thailand using 3 scenarios with varying migration rates
per generation (1 = 0.02, 2 = 0.04, and 3 = 0.08).

304. The short period of isolation (approx. 6 generations
of the Asiatic black bear) may not yet be sufficient to create significant impacts on the genetic diversity. Genetic
drift causes genetic differentiation, but genetic drift can
be a slow process in populations that are not that small,
such as DPKY (Nc = 346–723 individuals); therefore,
even though these populations are fragmented, a genetic
differentiation signal may not develop very quickly and
may not mean that genetic problems are occurring. Genetic differentiation may be driven in part by inbreeding
caused by a lack of connectivity, but our results indicated
no inbreeding pressure, probably because of the relatively
large populations and/or long generation times. Changes
in the demographic processes of large mammals were previously reported to be difficult to detect from genotype
data within <15 generations (Landguth et al. 2010). In
the case of species that have short generation times, however, reduced genetic diversity can be observed within
only a few generations following habitat fragmentation
(Crow and Aoki 1984, Keyghobadi 2007).
We did not detect the effect of fragmentation by loss
of genetic diversity or inbreeding, but we detected fragmentation based upon FST , which is driven by genetic
drift. We conclude that the fragmented populations were
large enough to not have experienced much inbreeding
yet, but the combination of a relatively small size and the
length of time since fragmentation has allowed genetic
drift to occur at detectable levels. Furthermore, we found
no loss of genetic diversity at this time, so immediate
conservation urgency is not apparent.
However, conservation concern may arise if fragmentation continues and/or mortality of bears increases as
a result of road mortality and hunting pressure. Here
we suggest that we have detected a warning signal
indicating the need to mitigate the fragmentation effects
(both genetic and direct mortality) from the highway. For
example, increased bear mortality occurs around the forest edge near agricultural areas (Ngoprasert et al. 2011),
and there is also human disturbance from illegal logging
inside the forest (D. Ngoprasert, personal observation),
but the actual number of bears killed through poaching by loggers is currently unknown. Between 2009 and
2014, 2 cases of bear poaching were reported in DPKY
based on criminal cases recorded by the Department of
National Parks, Wildlife and Plant Conservation, Thailand (2018). Although we detected no significant depletion of genetic diversity in DPKY, our results strongly
suggested that DPKY requires a conservation action plan
to establish a long-term population monitoring program
necessary to detect the loss of genetic diversity and gene
flow across the landscape. For example, Landguth et al.
Ursus 31:article e3 (2020)
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(2010) showed that genetic differentiation declines as a
result of genetic exchange through migration. Migration
of a few individuals (1–10 successful migrants) per generation crossing between fragmented forests would help
maintain genetic variation (Mills and Allendorf 1996).
Levels of genetic diversity (HE and HO ) in DPKY were
relatively similar to other Asiatic black bear populations
reported previously. The genetic variation (mean number of alleles per locus) of our data was higher (8.7 in
Khao Yai and 9.3 in Dong Phayayen; Table 2) than in the
Zabolochenaya Watershed in Russia (6.3; Latham et al.
2012). The mean estimate from Latham et al. (2012) was
lower than the effective population size and estimated
population size (503 bears) of DPKY (Ngoprasert et al.
2015). However, all such comparisons among studies
should be interpreted with caution because direct comparisons may be limited by the set of microsatellite loci
used.
Barrier effects
Our results supported the hypothesis that the highway was a barrier to gene flow between Dong Phayayen
and Khao Yai. Although the genetic differentiation was
low, it was detectable between the 2 forests, indicating
barrier effects. We assumed the differentiation between
the 2 forests should be very low (FST ∼ 0.004), similar
to the differentiation between DP-east and DP-west, if
black bears were moving freely across the highway. Our
simulations supported the hypothesis that the highway
was responsible for the genetic differentiation between
Dong Phayayen and Khao Yai populations. For example,
our simulated populations with a migration rate slightly
higher than what we observed (0.02) clearly displayed
the long-term genetic consequences of habitat fragmentation, as seen elsewhere (Dixon et al. 2007, Ohnishi et al.
2007, Karamanlidis et al. 2012, Dutta et al. 2015). We
then showed that a migration rate of 0.08 would be sufficient to maintain low (FST = 0.03) genetic differentiation between Dong Phayayen and Khao Yai (Fig. 4).
However, the human settlements between the 2 forests
are now a particular concern (Fig. 1b). In the past 30
years, although the amount of forest cover has remained
relatively unchanged, the human settlements between the
forests and along the highway have changed from farmland to become more urban. Human-caused mortality
associated with crop-raiding by bears is also occurring
around the DPKY (Ngoprasert et al. 2011), as well as
road-killed bears on the highway (Bangkok Post 2018).
This human activity may also be greatly limiting the
movements of bears (Lamb et al. 2017). For example,
Proctor et al. (2012) found human-caused mortality as-

sociated with settlements along highways is an important cause of subpopulation fragmentation. Therefore, we
suggest that conservation measures that facilitate bear dispersal across Highway 304 would largely alleviate the
effects of habitat fragmentation and prevent both populations from becoming genetically fixed and possibly
locally extinct. A corridor program was approved by the
Thai government in 2015 and completed in 2019. However, the narrow width of the corridors (250 m and 570 m;
Fig. 1b right panel) may be inadequate because both corridors are surrounded by human settlements (Ford et al.
2017). The importance of wider corridors is to make sure
that the short dispersal distances and incremental female
dispersal can be accommodated. In DPKY, relatively narrow corridors may not allow female dispersal to promote
inter-subpopulation movement (Proctor et al. 2015). Any
future corridor programs will need to focus on increasing
rates of female dispersal.
We found a low migration rate (1%) between the
2 forests, based on assignment analysis. However, this
might be an underestimate due to the possible effects of
the placement of sampling points (Fig. 1a). Our 2 sampling areas on either side of the highway were approximately 26 km apart; thus, the migration rate was probably higher, given that some bears could cross the road
but remain undetected. Future study designs should further consider trap placement because it might affect estimates of migration rate, and consequently, the simulation
results.
Our Ne estimated from the pooled data from both Dong
Phayayen and Khao Yai populations was still relatively
small, suggesting that Asiatic black bears in DPKY would
need connectivity to conserve the present gene pool. For
example, some studies suggest that with a Ne < 500, our
population may have limited evolutionary potential for
persistence and therefore should be of conservation concern regarding retention of genetic diversity (Frankham
et al. 2002). Our estimated Ne of 178 bears and the Ne /Nc
ratio 0.35 of DPKY was congruent with values observed
in the Yellowstone grizzly bear (0.27–0.66; Miller and
Waits 2003, Kamath et al. 2015) and suggested an actual population of about 500 bears. However, our Ne estimate had relatively low precision (95% CI = 100–532
bears) because of the limited sample size, suggesting that
managers of DPKY should not assume that our bear population was sufficiently large for the long-term maintenance of genetic diversity. However, Dixon et al. (2006)
indicated that a population size ࣙ200 individuals would
maintain and preserve enough genetic variation. With the
current effective population size, managers should have
enough time to mitigate the fragmentation. Ne can decline
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even when estimated population sizes remain stable or
large, if variance in reproductive success increases (e.g.,
as a result of male-biased dispersal if the highway is a barrier to the movement of female bears). Thus, long-term
monitoring of Ne and Nc will be crucial to assess trends
in the population size relative to management approaches
and human disturbance so that park managers are able to
select appropriate strategic plans to ensure sustainable
populations of Asiatic black bear.
In summary, our baseline genetic diversity data are
likely to be critical for the long-term monitoring of the
genetic consequences of Highway 304 on Asiatic black
bear populations and for monitoring the effectiveness
of recently constructed, as well as future, corridors for
DPKY. Furthermore, these DPKY bear populations and
their genetic diversity will need to be monitored after
the corridors are completed, and our genetic information
and the genetic forecasts from our simulations would
make it possible to evaluate the corridors’ relative success in assisting black bear migration across the highway.
These impending corridors (as well as future ones) will
be particularly important because the number of cars and
trucks on the highway will almost certainly increase as
economic development in this region increases (Eastern
Economic Corridor; https://www.eeco.or.th/en); and it is
also likely that more or wider corridors will be necessary
because successful migration across the road unassisted
will become increasingly unlikely as development continues. Moreover, human settlements are likely to become
more developed around the current corridor areas; thus,
human–wildlife (bear) conflict will probably increase as
well. Therefore, corridors would almost certainly be more
effective when combined with outreach from Thai Department of National Parks, Wildlife and Plant Conservation and other stakeholders to further manage the wildlife
using such corridors.
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