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Abstract: Recent advances in molecular genetic techniques have generated a new and exciting range of possible applications of genetic methods to bear
(Ursus spp.) research, conservation, and management. These advances have led to an explosion in genetic research on bear populations and an increased
interest in genetic technology among researchers working in other scientific disciplines. This paper provides an overview of genetic techniques and
markers, recent publications, and future directions. Five major applications of genetic analyses are addressed: forensics, population structure and gene
flow, genetic diversity, maternity and paternity analysis, and non-invasive genetic sampling.
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Since 1990, molecular genetic research on bear spe-
cies has generated an impressive amount of new data. A
decade ago, very little genetic data existed for natural
populations because of the extreme technical difficulty
and expense of molecular genetic analyses. Because of
recent developments in molecular techniques, genetic
analyses of any organism can be performed cost-effec-
tively with relative ease, and researchers can use this
genetic information to address questions about the biol-
ogy, ecology, and behavior of free-ranging species. Re-
cent genetic studies of bears have provided an increased
understanding of evolutionary relationships (Zhang and
Ryder 1993, 1994; Talbot and Shields 1996a; Waits
1996), population structure (Paetkau et al. 1995, Paetkau
and Strobeck 1996, Talbot and Shields 1996b, Wooding
and Ward 1997, Waits et al. 1998b), genetic variation
(Paetkau and Strobeck 1994, Paetkau et al. 19985, Waits
et al. 1998a), and reproductive success of bears
(Craighead et al. 1995). The goal of this paper is to
summarize recent significant advances, discuss research
in progress, and suggest directions for future study. Five
main areas of research will be discussed: (1) forensics,
(2) population structure, (3) genetic diversity, (4) pater-
nity and maternity analyses, and (5) non-invasive ge-
netic sampling methods.

GENETIC METHODS AND MARKERS

Molecular methods that are used to analyze DNA in-
clude a wide range of techniques such as the polymerase
chain reaction (PCR), restriction enzyme analysis, DNA
sequence analysis, minisatellite analysis, and
microsatellite analysis (for review see Avise 1994, Parker
et al. 1998). Detailed descriptions of each technique are
beyond the scope of this article, but it is important to
note that each technique has inherent strengths and weak-
nesses and provides differing levels of resolution. Thus,

careful consideration is required to couple a particular
research question with the optimal molecular method.
One important distinction among markers (i.e. DNA re-
gions used in genetic analysis) is the differences among
mitochondrial DNA (mtDNA) markers, Y chromosome
markers, and nuclear DNA markers. Mammalian cells
contain 2 types of DNA: nuclear DNA and mtDNA.
mtDNA is a circular DNA molecule of the mitochon-
drion, a cellular organelle found in hundreds to thou-
sands of copies in the cytoplasm of each cell. mtDNA is
inherited uniparentally from mother to offspring (Brown
etal. 1979). Nuclear DNA resides in the nucleus of cells
and is inherited biparentally. Thus, cells have 2 copies
of each nuclear chromosome — one from the mother
and one from the father. For bears, the sex chromosomes,
X and Y, are nuclear chromosomes with XX denoting a
female and XY denoting a male. The Y chromosome is
inherited uniparentally from father to son.

These differences in inheritance patterns have impor-
tant implications for the interpretation of results from
genetic studies. Nuclear DNA markers can provide in-
formation about both maternal and paternal evolution-
ary history, gene flow, genetic diversity and relatedness;
mtDNA markers can provide only information concern-
ing female evolutionary history, gene flow, and genetic
diversity; and Y chromosome markers can only provide
information about paternal evolutionary history, gene
flow, and genetic diversity.

FORENSICS

Forensics is the application of laboratory analyses to
legal issues or cases. Currently, DNA analysis can pro-
vide 4 types of information to forensic studies: species
identification, identification of geographic origin, sex
identification, and individual identification. Species iden-
tification is accomplished by using PCR amplification to
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examine mtDNA regions with defined genetic identifi-
ers unique to each species (Waits 1996). Forensic iden-
tification of species has been used for 2 types of studies:
(1) identifying illegally harvested bears, and (2) differ-
entiating American black bear (Ursus americanus) and
brown bear (U. arctos) samples collected using non-in-
vasive sampling of hair and scat. Large numbers of bears
are killed thoughout the world because of the value of
their body parts (Servheen 1990). For some species, this
source of mortality may be the most important threat to
survival. Reducing or eliminating the poaching of bears
will require complex cultural, economic, and legal
changes and forensic methods to identify the species and
geographic region of origin. Different groups have re-
ported genetic methods to differentiate bear species, and
the U.S. Fish and Wildlife Forensics Laboratory reports
that confiscated gall bladders have been identied to spe-
cies using such methods (S. Fain, U.S. Fish and Wildlife
Service, Ashland, Oregon, personal communica-
tion,1998).  Species identification has become a very
important forensic tool for projects using non-invasive
genetic sampling methods to count bears in geographic
areas where the range of brown bears and black bears
overlap (Woods et al. 1996, 1999).

In addition to identifying the species, the geographic
region of origin can also be determined. This informa-
tion could be used to determine if a forensic sample origi-
nated from a region closed to hunting or to determine

geographic regions where many bears are illegally har-
vested. The major requirement for determining the geo-
graphic origin of samples using genetic methods is the
collection of genetic data from a large number of indi-
viduals across the range of a species. Large data sets of
mtDNA sequences from brown bears (Taberlet and
Bouvet 1994, Kohn et al. 1995, Talbot and Shields 1996b,
Waits 1996, Waits et al. 1998b) and American black bears
(Byun et al. 1997, Wooding and Ward 1997) have iden-
tified discrete phylogeographic groupings (Figs. 1, 2) that
can be used to classify geographic origins of individuals.
Preliminary analyses of sloth bears (U. ursinus) and sun
bears (U. malayanus) (Fain et al. 1995) suggest that more
phylogeographic groupings can be assigned for these
species after additional analyses. Using several nuclear
markers also can provide information about the origin of
samples at a finer geographic scale. For example, a popu-
lation genetic survey of polar bears (U. maritimus) in the
Canadian arctic using nuclear DNA microsatellite mark-
ers traced the origin of an individual to the eastern or
western side of the Canadian arctic with 93% accuracy
(Paetkau et al. 1995). Large nuclear DNA microsatellite
data sets now exist for the polar bear and North Ameri-
can and Scandinavian brown bear (Paetkau et al. 1995,
1998a, 1998b; Waits et al. 2000); additional baseline data
are needed for Asian and European brown bear popula-
tions and all other bear species.

Molecular forensic identification of sex is accomplished
using PCR to amplify DNA regions specific to the Y
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Fig. 1. Geographic distribution of 5 clades (genetic groups) of brown bears defined by mitochondrial DNA sequence analysis (n

= 455; Waits 1996).
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Fig. 2. Geographic distribution of 2 clades (genetic groups) of the American black bear defined by mitochondrial DNA analysis
(n= 140;from Wooding and Ward 1997, Byun et al. 1997). Each circle is a pie graph describing the proportion of clade | (black)

and clade Il (white) bears found in each geographic area.

chromosome. Numerous methods have been used to iden-
tify sex in mammalian species (Akane et al. 1991, 1992;
Serrat and De Herreros 1993). Similar methods have been
used to identify sex in polar bears (Amstrup et al. 1993),
brown bears (Taberlet et al. 1993), American black bears
(Woods et al. 1999), and sun bears (Wasser et al. 1997).

Another application of molecular genetics to forensic
studies is identifying individuals. Twenty nuclear DNA
microsatellite loci have been identified for bears (Paetkau
and Strobeck 1994, Paetkau et al. 1995, Taberlet et al.
1997), and genotypic data from 6 to 10 loci are gener-
ally sufficient to identify individual bears except on is-
land populations with low heterozygosity (Fig. 3). There
are 2 main uses for individual identification in the con-
servation and management of bear populations: (1) iden-
tifying illegally killed animals for law enforcement, and
(2) determining the number of individuals sampled us-
ing non-invasive sampling of hair and scat. Identifying
illegally killed individuals using molecular genetic tech-
niques is frequently used in Canada (J. Coffin, Univer-
sity of Alberta, Edmonton, Alberta, Canada, personal
communication, 1998) and the United States (S. Fain,
U.S. Fish and Wildlife Service, Ashland, Oregon, USA,
personal communication, 2000). Genetic analyses of scat
and hair collected in the field have been used to obtain
minimum population estimates, mark-recapture esti-

mates, and general home range estimates in brown bear
populations (see section entitled Non-invasive Genetic
Sampling).

POPULATION GENETIC STRUCTURE
AND GENE FLOW

Genetic structure of a population is defined by the geo-
graphic distribution of genetic diversity within a species
and describes the genetic relationships between individu-
als that are distributed across the landscape. This com-
plex area of study can be examined at many levels. For
example, we can examine the historical population ge-
netic structure across the range of a species using mtDNA
genetic analyses or we can examine breeding units within
a geographic region such as the Yellowstone ecosystem.
For some geographic regions, such as in Alaska and the
Canadian arctic, it is difficult to delineate where one
population starts and another begins. Numerous studies
have addressed patterns of historical population genetic
structure using mtDNA genetic analyses in brown bears
(Cronin 1993, Randi et al. 1994, Taberlet and Bouvet
1994, Kohn et al. 1995, Talbot and Shields 19965, Waits
1996, Waits et al. 1998b), American black bears (Cronin
et al. 1991, Byun et al. 1997, Wooding and Ward 1997),
and polar bears (Cronin et al. 1991).
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Fig. 3. Average expected heterozygosity of brown, American black, and polar bear populations estimated using 8 nuclear DNA
microsatellite loci (from Paetkau and Strobeck 1998, Paetkau et al. 1995, Paetkau et al. 1998b). Abbreviations (sample sizes): BR
— Brooks Range (153); NC — Northern Continental Divide Ecosystem (51); SC — Scandinavia (328); CR — Canadian Rockies (55);
PA — Paulatuk (58) NWT; YE — Yellowstone Ecosystem (54); KI — Kodiak Island (34); LM — La Mauricie National Park (32); FP
— Fundy National Park (11); NI— Newfoundland Island (23); WHB — West Hudson Bay (30); NBS — North Beaufort Sea (30); SBS

— South Beafort Sea (22).

One of the major goals of such studies is to identify
evolutionary significant units (ESUs) to provide a guide
for prioritizing populations for conservation and for trans-
plantation or reintroduction efforts (Ryder 1986; Moritz
1994, 1995). ESUs are populations that are genetically
distinct because they have evolved independently for
many generations. The results from comprehensive stud-
ies in brown bears (Waits 1996) and American black bears
(Byun et al. 1997, Wooding and Ward 1997) are summa-
rized in Figures 1 and 2, respectively. mtDNA analyses
of the polar bear have not revealed any population struc-
ture. Preliminary analyses of the sloth bear and sun bear
(S. Fain and L. Waits unpublished data) suggest that such
structure may exist, but additional analyses of samples
from a broader geographic range are necessary. It is
important to note that these studies reflect female popu-
lation structure only; thus, additional analyses using
nuclear or Y chromosome markers are necessary to un-
derstand the complete population structure.

Nuclear DNA microsatellite data also can be used to
address questions of population structure and gene flow,
and these data sets provide information concerning male
and female gene flow. Using 8 highly polymorphic
microsatellite loci, Paetkau et al. (1995) observed sig-

nificant differences in allele frequencies among 4 polar
bear populations collected in the Canadian Arctic, indi-
cating that population structure does exist. Addition-
ally, assignment tests based on an individual’s 8-locus
genotype placed individuals in the correct region 94% of
the time and in the correct population 60% of the time.

Historical population structure identified in the mtDNA
analyses also has been examined using nuclear DNA
microsatellite markers, and some interesting differences
were detected. mtDNA analyses suggested that coastal
Alaska brown bears and the bears of the Admiralty,
Baranof, and Chichagof islands have not interbred (Tal-
bot and Shields 1996b, Waits et al. 1998b), but nuclear
DNA microsatellite data indicate that gene flow (pre-
sumably male-mediated) has occurred (Paetkau et al.
1998a). Similarly, mtDNA analyses indicated that gene
flow was not occurring between the southern subpopula-
tion of brown bears and three northern subpopulations
in Scandinavia (Taberlet and Bouvet 1994, Taberlet et
al. 1995), yet nuclear DNA data indicated that gene flow
has occurred (Waits et al. 2000). In contrast, nuclear
DNA microsatellite analyses indicate that the Kodiak
Island population has been isolated from the mainland
population since the last glaciation (Paetkau et al. 1998a,
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1998b), yet mtDNA analyses did not detect this isolation
(Talbot and Shields 1996b, Waits et al. 1998b). These
results demonstrate the importance of addressing ques-
tions of population genetic structure using different types
of genetic markers. This also demonstrates that the clas-
sification of mtDNA clades as ESUs without consider-
ing the morphological, behavioral, or nuclear DNA data
may be premature.

GENETIC DIVERSITY

Molecular genetic analyses can play a major role in
bear conservation by addressing questions concerning loss
of genetic diversity in isolated populations. Genetic di-
versity levels are generally compared among populations
using the average number of alleles per locus and aver-
age expected heterozygosity. Concerns with genetic di-
versity have both short- and long-term implications for
conservation and management. A short-term concern is
that inbreeding depression will cause fitness problems
that will threaten the immediate survival of the popula-
tion. Also, long-term population viability and evolution-
ary potential will decrease as genetic diversity decreases.
These concerns are particularly important for bears be-
cause populations generally have low densities with small
effective population sizes compared to other mammals.

Early attempts to assess genetic diversity in bear popu-
lations were largely ineffective because of the low levels
of diversity detected using protein and mtDNA markers
(Allendorf et al. 1979, Larsen et al. 1983, Cronin et al.
1991). Recent analyses of nuclear DNA microsatellite
loci in brown bears (Paetkau et al. 1998b; Waits et al.
2000), polar bears (Paetkau et al. 1995, Paetkau et al.
1998a), and the American black bear (Paetkau and
Strobeck 1994, 1998) have revealed much higher levels
of genetic diversity, allowing evaluations of genetic varia-
tion in bear populations at higher levels of resolution.
These data were collected using the same set of 8 loci;
thus, 2 indicators of diversity, average number of alleles
and average expected heterozygosity, can be compared
across populations and species (Fig. 3). Expected het-
erozygosity is the probability of obtaining 2 different al-
leles when sampling 2 alleles from a particular locus at
random from the population (Nei 1978).

The results from these analyses indicate that genetic
diversity at the species level can be summarized as fol-
lows: on average American black bear populations are
more diverse than brown bear populations, which are
more diverse than polar bear populations (Paetkau and
Strobeck 1998). These differences may reflect differences
in evolutionary age, density, abundance of each species,
as well as other life history traits. Within species, levels

of genetic diversity may depend greatly on connectivity
to other bear populations and degree of human impact.
Thus, maintaining current levels of genetic diversity in
the face of increasing human development will require
corridors for gene flow or genetic augmentation through
transplanting animals (Paetkau et al. 1998b, Craighead
et al. 1998). The extremely low levels of genetic diver-
sity detected on Kodiak Island are interesting because
this population has apparently persisted and thrived in
isolation for approximately 1,000 bear generations. How-
ever, the persistence of 1 brown bear population with
low genetic diversity does not mean that any brown bear
population can thrive under such conditions. The loss of
genetic diversity on Kodiak Island represents a loss of
genetic options for response to future environmental
change, and each brown bear population will have a dif-
ferent combination of environmental challenges to face.
From a sample size of one population, it is difficult to
predict such persistence in ecosystems such as Kodiak
Island, and it is impossible to extrapolate these results to
the vast majority of brown bear populations that inhabit
drastically different ecosystems.

PATERNITY-MATERNITY STUDIES

Long-term conservation and management of bears re-
quires an understanding of the reproductive success and
mating strategies of males and females. Estimates of
female reproductive success are possible through system-
atic collection of demographic data and tracking animals
using radiotelemetry. However, assessment of male re-
productive success was not possible until the develop-
ment of DNA fingerprinting techniques. Using these
techniques, it is now possible to identify the father of
known mother—offspring pairs and to identify parents of
unmarked offspring. The first study of male reproduc-
tive output and success in brown bears was completed in
the Western Brooks Range of arctic Alaska (Craighead
et al. 1995). This study demonstrated that a large num-
ber of males were producing offspring, and no male was
siring more than 11% of the known offspring (Fig. 4).
Additionally, many fathers (37%) were unsampled de-
spite 6 years of intensive field work, suggesting that the
effective population size is larger than indicated by field
data. Craighead et al. (1995) also identified 1 unequivo-
cal and 3 putative cases of multiple paternity in 30 lit-
ters. Results from the Brooks Range can be compared to
a recent 10-year study of reproductive success in
Scandinavia (Waits unpublished data) where fewer males
produced more of the offspring (Fig. 4), and one male
sired as many as 22% of all offspring. Multiple pater-
nity also seems to occur at a lower frequency in
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Fig. 4. Pie graphs of male reproductive outputin 2 brown bear
populations. Each slice of the pie represents a different male
inthe population: a) Percent of cubs (n=62) sired by 13 males
in the southern-most subpopulation in Scandinavia; b)
Percent of cubs (n=57) sired by 19 males in the Brooks Range
population of Alaska (Craighead et al 1995).

Scandinavia (1 unequivocal and O putative cases out of
31 litters) than arctic Alaska. Age of first reproduction
for male brown bears was 3 to 5 years earlier in
Scandinavia than in arctic Alaska. Scandinavian data
also indicated that an approximately equal number of
males and females produced offspring. Genetic analyses
of male and female reproductive success in bear popula-
tions is a relatively untapped source of data that holds
great promise to answer important questions concerning
mating strategies and effective population sizes.

NON-INVASIVE GENETIC SAMPLING

One promising application of molecular genetic tech-
niques to bear research is non-invasive genetic sampling.

Recent studies have obtained DNA samples from hair
snags (Woods et al. 1996, 1999; Foran et al. 1997a), shed
hairs (Morin and Woodruff 1992, Taberlet et al. 1993,
Morin et al. 1994, Taberlet et al. 1997), and feces (Hoss
et al. 1992, Constable et al. 1995, Gerloff et al. 1995,
Kohn et al. 1995, Foran et al. 1997b, Kohn and Wayne
1997, Paxinos et al. 1997, Reed et al. 1997, Taberlet et
al. 1997, Wasser et al. 1997) collected in the field. An
array of genetic markers can then be used to address ques-
tions concerning population structure, gene flow, relat-
edness, sex identification, and individual determination.
The potential of using non-invasive DNA collection
methods to obtain genetic samples from rare and elusive
species or populations or individuals with a particular
behavior, such as feeding on livestock or moths, is par-
ticularly exciting. Such samples can provide genetic data
previously discussed plus minimum population estimates
(Taberlet et al. 1997), mark-recapture population esti-
mates (Woods et al. 1999), and home range estimates
(Taberlet et al. 1997). In one recent application, Taberlet
et al. (1997) determined the minimum number of brown
bears remaining in the French Pyrannees and estimated
home ranges for males and females. Although the meth-
ods hold much promise, these methods are technically
difficult, and only a few studies have carefully examined
limitations and problems such as genotyping errors
(Gerloff et al. 1995, Taberlet et al. 1996, Goossens et al.
1998, Taberlet and Waits 1998) and violations of assump-
tions (Waits unpublished data). Thus, in the promising
field of non-invasive genetic sampling, researchers should
rigorously test assumptions, identify limitations, and pro-
ceed with caution before implementing large-scale stud-
ies or drawing management conclusions.

CONCLUSIONS AND FUTURE
DIRECTIONS

We are just beginning to explore applications of mo-
lecular genetics to bear research, conservation, and man-
agement. Tremendous progress has been made in the field
of bear genetics, but there is much left to explore. The
range of genetic diversity and intraspecific
phylogeography needs to be evaluated for the giant panda
(Ailuropoda melanoleuca), Andean (spectacled) bear
(Tremarctos ornatus), sun bear, sloth bear, and Asiatic
black bear (U. thibetanus). Using genetic techniques,
we can now address questions such as: What is the phy-
logenetic placement of extinct species such as the giant
short-faced bear (Arctodus simus)? How do bear mating
strategies differ at the intra- and interspecific levels? How
does social organization such as congregation at salmon
(Oncorhynchus spp.) streams affect reproductive success
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of males? What is the degree of relatedness among indi-
viduals within a population that perform a specific be-
havior such as feeding on clover (Trifolium spp.) patches?
How do historical levels of genetic diversity in threat-
ened populations compare to current levels? The possi-
bilities are exciting and stimulating, but additional
progress will require more than developing new genetic
techniques and analytical methods. To realize the full
potential of genetic applications to bear research, con-
servation, and management, there must continue to be
an open and cooperative interchange of ideas, skills, and
knowledge among bear biologists, ecologists, and geneti-
cists.
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