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"The aim of the present book is to review the genetic information bearing on the
problem of organic diversity, and, as far as possible, to conelate it with the
pertinent data furnished by taxonomy, ecology, physiology, and other related
disciplines..."
Theodosius Dobzhansky (1941) Genetics and the Orïgin of Species.

"Recently a new approach to the smdy of populations has appeared under a variety
of labels, among them ecological genetics.... This approach is an effort to merge
the previously separate fields of population genetics and population ecology into a
common discipline. Thus far, the union between population genetics and population
ecology has been an uneasy one, but it seems inevitable that studies of populations
m u t move in this direction, and this book is an attempt to further the process."
David Merrell( 198 1) Ecoiogical Genetics.

Abstract
Genetics is of obvious relevance to describing the partitionhg of organic diversity
within and between natural populations. Unfomuiately, the amount of variation detected in

many wildlife species using traditional markers Like allozymes or mtDNA has been

insufficient to address these ecological-scale questions. 1developed a suite of hypervariable
microsatellite markers in bears, and set out to determine their potential by studying a
number of population-level problems. New methods for data analysis were also developed.
The performance of six distance measures and the utility of microsatellites for studying

evolutionary problerns was tested using empincal data MicrosateUites appeared to be v e q
powerful at an ecological scale, but may be of little value in evolutionary studies. Our
methods based on likelihoods-of-occurrence of mululocus genotypes provided an excellent
genetic distance measure, and have considerable potential for studying dispersal partemsA survey of polar bear populations demonstrated that populations defined using

movement data do have a genetic basis, despite the long-distance movements that these
animais are capable of. Patterns of ice distribution appeared to be the main cause for
significant genetic discontinuities. The large brown bears of coastal Alaska, including the
mitochondnaliy unique bears of the ABC Islands, were shown not to be genetically isolated
from interior "grizzly bear" populations. These data from insular populations also
illuminated patterns of male and femaie dispersal over various widths of ocean crossings.

h contrast to coastal brown bears, Kodiak brown bears and Newfoundland black bears
appeared to be ecologically isolated, and had extreme low levels of intrapopulation genetic
diversity. These data, together with results from the recently isolated Yellowstone brown
(grizzly) bear population, indicated that effective population size is very smail in these

species. As a result, short-term genetic goals for the conservation of isolated populations
WU
only be met with very large populations, and meeting long-tem genetic goals would

require continued gene flow across large distributions. However, the anecdotal evidence
frominsular populations suggests that these genetic goals may be overly restrictive.
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Chapter 1

General Introduction
We humans have recently developed a keen awareness of the potential impact of Our
activities on the survival of other species. This awareness is often expressed in tems of the
need to maintain "biodiversity".Although efforts to describe biodiversity indûectly through
morpho10gical, behavioral and physiological studies continue to be informative, not to
mention interesting in their own right, the direct smdy of genetic variation is essential to the
quanafication of the diversity of living foms.
Plans airned at the protection of biodiversity cm cleariy benefit from quantitative
descriptions of this diversity. For example, phylogenetically unique organisms, like the
tuatara (the most phylogenetically distinct living genus of reptiles; Daugherty et al. 1990),
may be singled out for high conservation priority. Similarly, if organisms in different
regions of a species distribution are found to have evolved in isolation from one another for
an exiended t h e (if they are "evolutionary significant units"; ESUs; Ryder 1986),
conservation plans rnay seek to preserve this diversity. Moving from an evolutionary to an
ecological time scale, understanding the genetic structure of connected populations
( d e f ~ "management
g
units"; MUS; Moritz 1994) can provide the basis of management
plans intended to keep hurnan-caused mortality at sustainable levels throughout a species
distribution. Finally, loss of genetic diversity within small isolated populations is of
relevance to conservation in and of itself. This is because evolutionary potential and
reproductive fitness can be compromised by low genetic diversity (e. g. Franklin 1980;
Soulé 1980). Of course, studying genetic diversity is &O interesting per se because of the
understanding it can provide about the processes governing evolution.
Evolution of Molecular Markers
While the theoretical groundwork for studying genetic diversity was largely laid during
geaetics' "Golden Age" (Ewens 1979) in the 1920's and 3Ofs, the questions that people
have achialIy been able to study in natural populations have essentially been determined by
the types of genetic markers that were available at any given t h e (Avise 1994). The fmt
revolution in molecular techniques took place in the mid 1960s when it was discovered
that protein electrophoresis provided a practical method for measuring genetic variation in
natural populations. The development of these "ailozyme" markers facilitatecl a flurry of
empirical and theoretical research that produced the frarnework for the modem field of
population genetics. Another drarnatic technical change took place in 1970's and early
1980's when it became possible to study genetic variation at the DNA level, first through
the use of restriction enzymes and then through actual DNA sequencing. This development
resulted in another swell of research activity, this time dominated, at Ieast in animals, by
studies of the highly variable mitochondrial (mt) chromosome. This work tended to focus

on the evolutionary relationships between groups of organisms and brought the field of
evolutionary genetics into iîs modem fonn.
AUozyme and DNA sequence markers revolutionized the fields of population and
evolutionary genetics. None the les, in many species, including most of the animal species
that are the subject of active management and conservation programmes, these markers
were not sficiently variable to permit detailed study of genetic diversity within and
between populations, or to address the many other ecological problems where genetic
information could be useful. The possibility of filling some of these gaps became real when
Jeffnes et al. (1985) demonstrated that genomes contained "hypervariable" markers at
which abundant variation could be typed with ease. These markers were DNA sequences
made up of reiterated tandem repeats of specific sequence motifs, and containcd variation in
the f o m of differences in the number of times these motifs were repeated (thus VNTR for
variable number of tandem repeats).
The hypervariable VNTR markers fmt described in 1985 were called minisatellites, and
had repeat units of approximately 9-60 bp in length. In 1989 another class of markers with
smaller (-1-6 bp) repeat units was developed (Lin & Luty 1989; Weber & May 1989;
Tautz 1989), and these were called microsatellites. The use of microsatefite and
minisatellite markers is often called DNA fingerprinting because the vanation detected with
these markers is generally sufficient to distinguish between individuals using a srnall
number of markers.
An important distinction in considering microsatellite and minisatellite markers is that a
suite of these markers can either be studied individually, in which case allelic designations
can be made for each locus, or a multilocus approach can be used in which a series of loci
are revealed sùnultaneously giving rise to complex banding patterns where it is not known
which bands are from any particular locus. The multüocus minisatellite appioach has the
advantage that it can often be applied to new species without devoting much effort to
development. However, multilocus approaches have two severe limitations. First, the
complex banding patterns produced in multilocus DNA fmgerprinting are much more
ciifficuit to reproduce than the simple patterns produced by a single-locus approach. This
means that cornparisons between individuah can usuaily only be made between those
individuals loaded on the same gel. Second, the analysis of codominant markers (markers
where both alleles c m be identified) is more powerful mathematically, and fits much better
Üito existing population genetic statistical methods. For these reasons law enforcement
agencies, such as the RCMP or FBI, use single-locus analysis.
Single-locus systems can be developed for both minisatellites and microsatellites, but,
for several reasons, microsatellites have become the single-locus markers of choice in
wildlife research. Microsatellites are abundant across a wide range of genomes (Tautz &
Renz 1984)-one region of the human genome had microsatellites every 6 kb, for example
(Beckmann & Weber 1992)-makuig thea relatively easy to isolate. Ako, the small size of
microsatellites means that these markers c m by amplifed using the polymerase chairi
reaction (PCR).This dramatically reduces constraints on the quantity and quality of DNA
required for analysis. While KR-based methods can be developed for minisatellites, their
larger size makes them more difficult to amplify, particularly with low quality DNA. It

should be noted that a drawback with PCR-based markers is that mutations which affect the
binding of PCR primers can cause some d e l e s to fail to amplify (Callen et al. 1993;
Pemberton et ai. 1995; Paetkau & Strobeck 1995). It is, therefore, critical to consider the
potential affect of such "null" alleles whenever using PCR amplified markers. Another
advantage of the smdl s u e of microsateliites is that their alleles can be unambiguously
identified, whereas minisatellite alleles can generally only be sized approximately. This
greatly simpmes the s c o ~ of
g genotypes. A limitation of microsateilites is that they tend
to be less variable than minisatellites making it necessary to use a larger number of
markers.
The use of minisatellites and microsatellites has evolved very rapidly. %y 1987
rnultilocus minisateIlite analysis had been successfdly used in prosecuting a rape case in
Britain @ebenham 1992). In the same year two groups used this technique to study family
relationships in house sparrows (Wetton et al. 1987; Burke & Bruford 1987). In 1990
minisatellites were used to smdy the relationship between insular fox populations (Gilbert
et al. 1990), the first application of DNA fingerprinting to wildlife population genetics. As
for microsateilites, their potentiai for linkage rnapping was Aognized irnrnediately, and by
1992 a microsatellite map spanning 90%of the human genome was avaiiable (Weissenbach
et al. 1992). Many thousands of microsatektes have now b e n placed on the genomic maps
of well studied organisrns. In 1992 the fnst paper using microsatellites to study farnily
relationships, in Pied Flycatchers in this case, was published (Ellegren 1992). Two more
papers focused on family relationships were published the following year, one in an&
(Evans 1993) and the other in pilot whales (Amos et al. 1993). While the potential for
using microsatellites to study wiidlife population genetics was clearly recognized by this
Ume (e.g. Schlotterer et al. 1991), published examples were lacking. The arnount of
interest that existed in 1993 for using microsatellites in wildlife studies is iilustrated by
the-somewhat bizarre, given the paucity of published research-publication of two
review articles: Microsatellites and Kinship (Queller et al. 1993) and Microsatellites and
Their Applicarion to Population Genetic Shrdies (Bruford & Wayne 1993).
This was the state of things in 1993 when I started graduate research. It was clear at
this tirne that developments in DNA fingerprinting had the potential to boost genetics from
being a discipline that seldom provided information of practical relevance to the
management, conservation and ecological understanding of wiIdlife populations to being a
discipline of broad importance in these areas. With this in mind, 1 set out, using bears
(Ursidae) a s a study group, to participate in these developments, particularly as they
applied to population level questions.
Why Bears?

For the purposes of demonstrating the utility of microsatellites, any species from which a
large number of samples of known history c m be obtained would suffice. However, for
the work to be of practical importance, the study species should be one about which
conservation concerns exist and in which there has been extensive previous ecological
research to provide a background for interpreting the new genetic data

Bears have a history of disappeâring from areas with extensive human acuvity,
typically surviving only where large tracts of relatively undisturbed wilderness cm be
found (Servheen 1990). The vulnerability of bears to human development and activity has
caused four of the eight species of b e m to be listed by the IUCN as endangered and su<
species to be placed on CITES Appendix 1 (rare or endangered; commercial trade
prohibited)-the remainùig MOspecies are on Appendix II (at risk of becoming rare or
endangered; export permits required; Stirling 1993). The dependence of bears on large
areas of wildemess, as weU as the mystery and awe which surrounds these mimals, bave
caused bears to be the ultimate syrnbol of wilderness in many peoples' imaginations. This
makes them very useful as a "flagship species" in conservation programmes. The land
requirements of bears also mean that the protection of viable bear populations wili result,
by default, in the protection of a wide range of biological communities. Thus b a r s are also
good "umbreiia species".
While it is possible to jusw bears as a study group on conservation grounds, bears are
very difficult and expensive animals to study. This would make the cost of large,
independent population genetic surveys logistically and hnancially unfeasible. Fonunately,
the three species of b a r s that occur in North America-rhe black bear (Ursus a m e M u s ) ,
the brown bear (U. arctos, including grizzly bears) and the polar bear (U. maritinus)-are
the subject of many large field studies from which samples and background ecological
information may be obtained. These species are also hunted extensively, with many
populations essentially managed to allow the maximum sustainable yield of bears, so that
information about population stmcnire is particularly important for management purposes.
There are also some interesthg evolutionary problems in North American bear
populations. The insular populations of black bears on Newfoundland and brown bears on
the Kodiak Archipelago have unusual skuil morphology (Cameron 1956;Rausch 1963)
despite that fact that both of these areas were glaciated until as recently as 14 000 years agoBlack bears &O have a wide range of fur colouration-from black to brown, blue-gray and
even white-and have been divided by some authors into nurnerous subspecies within
relatively smaU regions (Hall 1981); most notably the province of British ColumbiaSimilarly, the larger brown bears of coastal Alaska and British Columbia, as well as the
smaller ones on the Bmen Grounds of the Northwest Temtories, have been regarded by
some as distinct groups (Banfield 1987). Ail these questions could be addressed with
detailed population genetic studies.

History of Bear Genetics
The factors that make bears good subjects for genetic study now have prompted a
considerable amount of genetic research in the pst Studies of protein variation in black
bears (Wathen et al. 1985; Manlove et al. 1980) and polar bears (Larsen et al. 1983;
Ailendod er al. 1979) found little or no genetic variation within populations and were
unable to shed any light on population structure. However, AUendorf (personal
communication) did fmd "high"aUozyme variation in mainland Alaska brown bears, and
no variation at all in Kodiak brown bears.

Aithough allozymes have proved relatively uninformative at the inwpecific levei, a
combination of allozymes, DNA-DNA hybridization, immunological distance and, most
convincingly, karyological data provided very suong evidence that the giant panda
(Ailurupuda rnelanoleuca) is an early offshoot of the limage that gave rise to the living
bears (O'Brien et al. 1985). These data, together with a more detailed karyot~picanalysis
(Nash & O'Brien 1987), also showed the spectacled bear (Tremarctor ornatus) to be basal
to the remaining six (ursine) bear species. The relationships among the six living members
of the genus Ursus were not resolved.
More recently, a series of mtDNA projects have attempted to resolve the relationships
of the m i n e bears (Shields & Kocher 1991; Cronui 1991; Talbot & Shields 1996a; L. P.
Waits persona1 communication). The only ciear conclusions were that brown bears and
polar b a r s are recently derived sister taxa-brown bears are in fact paraphyletic relative to
polar bears according to mtDNA-and that the remaining members of the genus diverged
rapidly some 4-7 million years ago. These fmdùigs are consistent with non-genetic data
(McLellan & Reiner 1994). Zhang and Ryder (1993) did find a dramatically different
result, placing the polar bear with the spectacled bear, but it seems clear that there was an
error in their data. One remarkable achievement was the apparent production of a mtDNA
sequence from a 40 000 year old specimen of the extinct cave bear, U.spelneus (Hanni et
al. 1994). This result indicated that the cave bear and brown bear evolved from the same
stock relatively recently, again, consistent with other evidence.
Mitochondrial data have also been applied widely to the study of intraspecific genetic
variation in bears, particularly the brown bear (Shields & Kocher 1991; Cronin 1991;
Talbot & Shields 1996b; Waits et al. in press; Taberlet 1994; Kohn et al. 1995;Randi et nl.
1994; Paerkau & Strobeck 1996; Y. Plante et ai., personal communication). Four distinct,
geographicaily separated mtDNA clades were found within the living brown bears-whose
distribution spans Europe, Asia and North Amerka-and two distinct lineages were found
in black bears. These data have b e n used to infer the Pleistocene history of these species,
but are complicated by the facts that distinct lineages can be maintained for considerable
t h e within populations-such that the splitting of gene trees rnay diamatically precede the
splitting of organismal trees-and that the largely fortuitous nature of changes in gene
frequencies within populations c m result in tremendous differences in observed genetic
structure between markers. These resuits should, therefore, be considered interesting but
preliminary until data from nuclear genetic markers oui be added.
There have also been several attempts to study bears using rnultilocus minisatellite
analysis. A study in black bears probably idensied the fathers of four offspring, and
suggested that litter-mates could be sired independently (Schenk & Kovacs 1995). Brown
bears from two regions of Hokkaido were also studied with minisateliites, and the two
regions were found to be geneticaily simiiar but the overail level of genetic diversity wac
10w (Tssuniga et al. 1994).
Microsatellites have also b e n applied to several problems at the level of individuals in
bears, an area where 1 have been actively involved The ability to identify multiple sarnples
as having corne from a single individual has proven very usehl in forensics, both in a legal
sethg-where John Coffin, working in Dr. Strobeck's lab, has used microsatellites to

heip obtain poaching convictions in bears and has expmded this programme to many other
wildlife species-and in a management setting-where the ability to identify the
perpetrators of maulings has changed management policies in Banff National Park. I was
also involved in the development of a mark-recapture censusing technique in which bear
hairs are collected from scent-baited barbed-wire enclosures (Woods et al. 1996). The
interest in this approach, for use with bears and other wildlife species, has been
overwhelming, with several very large research projects adopting it almost immediately.
Tabedet et al. (Taberlei et al. 1997) also used microsatellites, together with field collected
hair and scat, to show that the relictual population of brown bears in the Pyrenees consisted
of three adult males,one adult female, and one yearling male.
1 also collected microsatellite data that was used to detemine paternity for 36 brown
bears from northwestem Alaska (Craighead et al. 1995). This project suggested that male
brown bears are not successfidly situig offspring until-about nine years of age, and thar
litter-mates can be sùed independently. Another project, in polar bears, provided evidence
of adoption and even proved one case where two apparently unrelated females switched
offspring pemanently (unpublished data). The microsatefites that 1isolated from North
American black bears were also highly variable in samples of captive-bred sun bears (U.
mulayanus), sloth b a r s (LI. ursinus), Asiatic black bears (U.thibetmus) and spectacled
bears, providing an important tool for deterroining pedigrees in captive populations of these
species (unpublished data). Zhang et al. (1994) produced similar data for the giant panda
using microsatellites that they isolated Born that species.
Project Introduction

Although DNA fingerprinting can be used to study problems at both individual and
population levels, the latter area rernains relative1y undenepresen ted and underexplored in
the literature. The focus of this project, therefore, was to study a series of population level
problems in bears, and, in so doing, to participate in determining the potential and the
limitations of microsatelltes for studying wildlife population genetics.
The population studies described in this thesis can be broken into two distinct areas.
Chapters 2 and 3 deal with meauring and monitoring genetic diversity within populations,
and the importance of ihis diversity to the swival of isolated populations. The next three
chapters deal with quantifying genetic differentiation between populations, including
determining the appropriate statistical methods for data analysis (Chapter 4) and examples
of population surveys shed at describing genetic diversity across large distributions of
polar bars (Chapter 5) and brown bars (Chapter 6).
D i v e r s i ~within populations

The importance of within-population genetic diversity to conservation has been
notonously difficult to assess (e. g. Caro & Laurenson 1994). However, there is clear
evidence dating back to Darwin (1882; and older references therein) that individual fimess
can be negatively affected by what we now call, somewhat misleadingly, "inbreeding

depression". Although rhese negative effects have pnmarily been studied in domestic
animais, they are certain to exist at some level in natural populations.
The f i t obstacle that needs to be overcome to be able to rneasure genetic diversity in
natural populations is the development of markers that are sufficiently variable to detect.
with as much sensitivity as possible, differences in diversity between populations and
changes in diversity within populations over tirne. The fmt goal of this projecc then, was
to assess the utüity of microsateIlites for makuig these measurernents.
Whenever a new class of molecular markers are developed they present new challenges
in data analysis, both because of differences in mutational dynarnics from previously used
markers and because they aliow exploration of biological problerns that had not previously
been considered in detail since they were inaccessible with existing markers. This is clearly
the case with microsatellites. Therefore, an important aspect of Chapters 2 and 3 was the
consideration of which statistical methods are most appropriate for quanming genetic
diversity within populations.
Finally, studying the impact of genetic diversity on the suMva.1of natural populations
is extrernely difficult, although some examples of such studies have recently been
published (Jimenez et al. 1994; Keller et al. 1994). General guidelines about minimum
genetic effective population size (N,)have been suggested (Franklin 1980;Soule 198O),
but there is tremendous uncertainty about the precision of these guidelines, with m e n t
estimates about the minimum Nerequired for long-term sumival as high as 5000 or more
(Lande 1994).
In approaching these issues in bears, the fxst step is to get a sense of how large Ne is
relative to the actual population size (N). While N o can be estimated from demographic
data, this approach would miss events such as rare epizootics; events which may have a
drarnatic impact on long-term Ne. Empirical data fiom recentiy isolated populations-where
the rate of decline in diversity can be monitored-and from populations with long histones
(hundreds of generations) of isolation-where Ne can be estimated from knowledge of
mutation rates-provide an alternative approach to estimahg Ne/N. One of the objectives
of the f ~ stwo
t chapters was to obtain estimates of NdiV from insular populations falling
into both of these paradigms.
The data from populations with long histories of isolation also provide evidence, aibeit
mecdotal, relating to the minimum population size needed for long-term persistence.
Although these examples are small in number-just one from black bears and one from
brown b a r s in this thesis-the time scales that cm be studied in this way are not amenable
to experirnental study, yet they should be the time scales targeted by far-sighted
conservation plans, so it is important to colleet case studies like these.
Generic werences between populations

The challenges in data analysis that apply to measuring within-population genetic
diversity with microsateIlites are writ large when it cornes to measuring genetic
differentiation between populations. This ha recently been an area of active research, with
several new statistics having been proposed (Goldstein et aL 1995a; Goldstein et al. 199%;

Shriver et al. 1993; Slatkin 1995; Paetkau et al. in press). Much of the discussion on the
appropriateness of various statistics has been based on cornputer simulations, however, the
mutational dynamics of microsatellites are sufficiently complex to elude accurate
simulation. ln Chapter 4, empirical data from t h e species of bears were used to test the
performance of six mesures of genetic distance, including one new statistic that is
introduced in that chapter. The large size of the ursine data set made it possible to test this
performance at a varïety of scales ranging frorn comected populations with ongoing gene
flow to species separated by millions of y e m of independent evolution.
Another Unportant aspect of the fouah chapter was studying the degree of population
isolation, in time or space, that c m be accurately measured with microsatellite data.
Cornputer simulations have prompted great optimisrn in this regard, but empirical data are
required to determine whether this optimism is well founded. If it tums out that
microsatellites cannot masure sepration on an evolutionary tirne scale, the need to Fmd
genetic distance rneasures which refiect mutational dynamics may be obviated.
With Chapter 4 having provided insight into statistiqal rnethods and the types of
problems that can usefully be addressed with microsatellites, Chapters 5 and 6 provide
examples of large population sunreys in polar bears and brown bears respectively. The
polar bear survey in Chapter 5 was a preliminary project airned prirnarily at determining
potential. It covers four Canadian polar bear populations spanning the Canadian
distribution. One of the basic questions addressed in this survey was whether the Iargescale movemen t patterns of polar bears resulted in relative genetic homogeneity between
regions, or whether the population boundaries defmed using field data had a genetic bais.
The brown bear survey described in Chapter 6 was a detailed study of genetic structure in
the bears of coastal Alaska. The bears of this region have tremendous variation in
population density, and body size, and several hypothesis have been put forward
suggesting evolutionary distinctiveness of some groups. The goal of this project was to
deruiitively evaluate these hypothesis, and, in so doing, l e m about the effect of the
dramatic, complex landscape in this area on gene flow.
The hope for the surveys described in Chapters 5 and 6 was that the genetic data
obtained would be suffciently detailed to allow them to be related to available ecological
data on individual movements and patterns of distribution. It is this potential to bring about
a rneaningful synthesis of the fields of population ecology and population genetics, to
create what could be called "ecological genetics" (Ford 1964), that 1 fmd most excitùig
about microsatellites.
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Chapter 2

Microsatellite analysis of genetic variation in black
bear populations
Introduction
Many wildlife populations are currently facing possible extinction due to loss and
fragmentation of habitat. One of the major factors threatening the survival of such small
isolated populations may be loss of genetic variation (Shaffer 1981). A precondition to the
study of the importance of genetic variability is the availabüity of genetic markers which are
sufficiently variable to detect changes in amount of variation. This can present a panicular
problem in species, such as bears, which have inherently low levels of genetic variation
due to factors such as low population densities and low effective population size.
Genetic variation in bears has k e n studied using allozyrnes and mitochondnal DNA
sequence. Mitochondrial analysis of ail three North American species of bears
demonstrated that variation in this molecule is not generated rapidly enough to distinguish
between even widely dispersed populations (Cronin et al. 1991), although mitochondnal
lineages in European brown bars rnay reflect geographic separation (Dorozynski 1994).
Similarly, alloyme studies in polar bears have reported either low (Larsen et al. 1983) or
no (Allendorf et al. 1979) genetic variation and, whüe more variation has been found in
black bears (Manlove, et al. 1980; Wathen et aL 1985), levels are stïil relaîively low. While
it is possible to gain some understanding of population structure using these data, the use
of more variable markers could clearly facilitate such analysis. Similarly, attempts to detect
losses of variation in isolated populations or to make cornparisons of genetic variability
between populations would be enhanced through the use of more variable loci.
DNA fmgerprinting techniques examine variation in the number of tandem repeats of
short DNA sequences, or variable number tandem repeats (VNIX; Nakamura et al. 1987).
Microsatellite analysis look at this type of variation in repeats of very short (1-5 bp)
sequence motifs (Beckmann & Weber 1992). This method involves the amplification of
individual loci using the polymerase chah reaction (PCR)and generates discrete
genotypes. The simple genetic nature of these results d o w s heierozygosity and number of
alleles to be estirnated for each locus, whereas only average heterozygosity over all loci can
be easily estimated with multilocus data (Stephens et al. 1992).Furthemore, the fiequency
with which microsateuite sequences are found in eukaryotic genomes (Tautz & Renz 1984)
make them relatively easy to isolate. Microsatellite analysis is now widely used in humans
for a variety of purposes and has also been developed in many domestic animals.
Microsatellite analysis has been used in wildlife species to assess relatedness between
individu& (Amos et al. 1993), and has b e n found to detect variation in genetically
depauperate populations (Hughes & Queller 1993). Severai recent reports descnbe the
l A version of thir chapter has been published. Paetkau & Strobeck (1994) Molecuiar Ecology. 3.489495.

application of microsateliites to population level cornparisons2 (see Bruford & Wayne 1993
for review). This paper describes the development of microsatellite anaiysis in the Ursidae.
Cornparisons are made between the black bear (Ursus americanus) populations in three
Canadian National Parks; La Mauricie (LM) in Quebec, Banff@) in Alberta, and Terra
Nova 0on the Island of Newfoundland. The development of statistical methods for
handling such population data is &O descnbed.
Materials and methods
Isolation and analysis of microsatellites

Microsatellite-containingclones were isolated from a black bear genomic library using
methods similar to those descnbed for humans (Weber & May 1989; Hughes 1993). The
genomic library was made by ligating dephosphorylated 300 to 600 bp fkagments of black
bear genomic DNA, digested with Sau3A1, into the M l 3 vector mp18, digested with Barn
HI. Ligations were done at 16 OC for 12 hours and conta'iaed lx ligation buffer (PEG
free), 100 ng each of genomic and M l 3 DNA,and 0.5 units of T4 DNA iigase. Ligation
products were ethanol precipitated and resuspended in 5 pl of water prior to transformation
by electroporation.
Approxirnately 20,000 recombinant clones were screened for microsateilites. Screening
was done using a synthetic (dT-dG)12 oligonucleotide probe, containing two biotinylated T
residues, and a biotin detection kit (BRL).Nitrocellulose hlters were not denatured before
drying. Prior to hybridization, faters were incubated for one h o u at 37 OC in 2 x SSC.
0.1% SDS and 50 mg/ml proteinase K followed by a short wash at room temperature with
2 x SSC. Hybridization was camied out overnight at 50 OC in 6 x SSC, 0.05% sodium
pyrophosphate, and 4% blotto containing 2 ng/ml oligonucleotide probe. Posthybridization washes were done in 2 x SSC and 0.05% sodium pyrophosphate and
consisted of two short room temperature washes followed by 30 minutes at 62 OC. The
library was also screened with biotinylated oligonucleotides composed of (GATA),
(CC'IT), and (TGC) repeats with hybridization and wash temperatures adjusted for base
composition.
Sequence template was obtained by usbg PCR amplifcation of phage suspension with
universal forward and reverse sequencing prirners. K R products were ethanol precipitated
prior to sequencing in both directions using a cycle sequencing kit (Pharmacia). Rimers for
PCR amplification of microsatellites were constructed for clones which contained at least
15 unùiterrupted tandem repeats (Weber 1990). One primer from each pair was end-labeled
with [ ~ - ~ Z P ] ~ C T P using the conditions descnbed in the sequencing kit. PCR was canied
out in a 25 pl cocktail containing 1 0 ng genomic DNA,120 p M each dNTP, 0.2 /AM
each
primer, 20 nM end labeled primer, l x Taq buffer (Promega), and 0.5 U Taq polymerase.
Ampüfcation, which was performed in a Techne PHC-2themal cycler, consisted of 30
cycles of 15 sec at 94 OC, and 30 sec at 60 O C aU preceded by 2 min at 94 OC and followed
This is an ovmtatement, and reflects the excess of enthusiasn over published data (see p. 3) that existed
at this t h e .
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Figure 2-1. PCR products for locus GlD
8 individuals
resolved on a denaturing polyacrylamide gel. Faint bands two
and four bases below the main bands are an artifact of PCR
ampIification of dinucleotide repeaîs (Smeets et d.1989). 'Ibe
smallest allele at each locus is designated 1, the allele two bp
Ionger as 2 and so on. The unIabeled lanes are known samples
used as standards for size measurement (genotypes 114 and
3 B ) : lane, park & sampïe number (genotype); 1. LM113
(W;2, B226 (112); 3, B247 (313); 4, B251 (314); 5, B256
(ln);6. m 2 8 (616); 7, TN29 (6/6);8, TN30 (616);C. conml
K R containing no target DNA.

by 15 sec at 72 O C . PCR
products were separated on a
standard acrylarnide sequencing
gel and visualized b y
autoradiography (Figure 2- 1).
ffiown samples were m afrer
every six samples to permit
accurate sizing of bands.
Genotypes at four microsatellite
loci were obtained for a total of
86 bears.

Sample
&lation

collection and DNA

AU black bear DNA smples used
in this study were obtained
through the DNA r e ~ o s i t o r ~
mainfained by the Canadian
Parks Service at the University of

Alberta.
Samples in the
repository have been collected
opportunis tically by Parks
personal since 1989. A variety of blood and tissue samples are collected and DNA is
extracted on an Applied Biosystems Genepure 341 Nucleic Acids Purification System
using standard protocols. Samples were coliecied throughout the studied parks, the sizes of
which are 6641 km2 (B),544 km2 (LM),and 399 km2 0.
Individuals with known
relationships (i. e. mother-offspring) were excluded from the study.

Probability of identity and expected heterozygosity were calculated using the formulae

respectively, where pi and pj are the frequencies of the ith and jth alieles. The homogeneity
of allele distributions was tested using a G-test (Sokal& Rohif 1981). Variability at each
locus in each population was measured by estirnating 0 = 4Nep as follows. For a given
value of 0, the Iikelihood of obsewing k alleles in a sample of size n is
where S: is a Stirling number of the fust kind, and is a function of only k and n (Ewens
1979). The maximum likelihood estimate of 0, 6 , was obtained using the formula

derived by setting to zero the derivative of ~ ( k , n l 0with
)
respect to 8.The homogeneity of
the estimates of 8 in m independently evolving populations was tested using the statistic
(Kendall & Stuart 1973),

where ki is the number of alleles in the ith population, êi is the maximum likelihood
estimate of 0 in the ith population, and 6, is the value of 8 which maximizes the likelihood
function
Asyrnptotically, x2 has a ~2 distribution with m-1 degrees of freedom. A Pascal
program which estimates the 0 values and calculates X2 is available on request
Resul t s
One hundred plaques that hybridized suongly to the (dG-dT)i2 probe were isolated dong
with approximately 20 plaques hybndizing to each of the other probes. Twenty four clones
isolated with the GT probe were sequenced as weU as a small number of each of the other
types of clones Approximately 1%of recombinant clones hybridized to the GT probe. Al1
of the sequenced clones that were isohted with the GT probe contained 10 or more tandem
repeats of the GT motif, aithough a few were uitempted. The largest number of repeats
found in the other clones was three and these were not pursed further. GT repeats have
b e n found to be more common than other motifs in other vertebrate species (Beckmann &
Weber 1992), however, it is surprishg that no other repeats could be isolated. The
drawback in using dinucleotide repeats is the shadow bands observed when PCR products
are resolved on a gel (see Figure 2-1). None the less, this problem does not interfere with
accurate reading of results and, at least in black bears, would appear to be offset by the
relative ease with which repeats are isolated. The f i t four loci for which strong PCR
products could be obtained (Table 2-1) were used for the population surveys.
In order to speed the development process we used two shortcuts which have not
previously k e n used in this context Library screening was done using a biotin-based
detection system. This eiiminates the waiting steps nomally required for exposure of
autoradiographs in addition to the added convenience of working without radioactivity. If
this technique were combined with non-isotopic detection of microsatellites (Ziegle et al.
1992) the entire process couid be done without radioactivi~.The sequencing process was
shortened through the use of a PCR product arnplifed duectly €rom a phage suspension.
This eliminates the need for template DNA isolation allowing sequence reactions to be done
the same day that library screening is completed.

Table 2- 1. Primer seqriences as weil as dele designation and number of tandem repeafs in cloned sequences.
AUele
doned
GIA

CX

GlOB
GlOL

Repeats

GACCCTGCATACTCTCCTCTGATG
~CACTGTCCITGCGTAGAAGTGAC

4

19.5

GATCTGTGGGTITATAGGTTACA
crACTmCCTA~mAAGAG

3

17.5

CA

Gï

GCrnAATGTKTGrnAATITG

4

21

16

34

CA

GID

Numberof

Gï

CA

GACAAATCACAGAAACCTCCATCC

GT

GTACTGATÏTAATXACA'lTTCCC
GAAGATACAGAAACCTACCCATGC

CA

Four-locus genotypes were obtained for 86 black b a r s from three Canadian National
respectively. The distribution
Parks with sample sizes of 32,3 1 and 23 for LM, B and
of alleles in each of the populations is shown in Table 2-2. Average expected
heterozygosity was calculated as a simple measure of variation and was found to be in the
80% range for the continental populations (LM and B) and approximately 36% for TN
(Table 2-3). The probability of identity was approximately 11100 000, 1/50 000, and 1/20
for B,LM, and TN respectively. Si9iilf1cance of inter-population differences in variability
was determined using a likelihood ratio test of the maximum likelihood estimate of =
4N& (Table 2-4). The two continental populations (B and LM) were tested fust and no
signifiant differences were found at any of the four loci. A cornparison of the two
n t at three
continental populations with TN was then undertaken and yie1ded ~ i g ~ c avalues
of the four loci. In every case fewer alleles were found in TN than in the other populations.
The four ~2 values added together give a highly signifcant o v e r d value (P < 0.00001).
Hornogeneity of allele distributions in the two continental populations was wted using a
G-test.2 2 values were signifcant at the 0.00001 level for each of the four loci studied.
Discussion

In order to assess the variability of the loci examined, expected heterozygosity and
probability of identity (the probability that two animals drawn at random from a population
would be identical) were calculated mable 2-3). The two continental populations have very
high expected heterozygosities ranging from 6896 to 89% and averaging approximately
80% over the four loci; a fidi order of magnitude more than the highest heterozygosity
repomd in allozyme studies of bears (Wathen, McCracken & Pelton 1985). Probability of
identity gives a measure of how useful these markers wiU be for both individualization and
paternity analysis. nie low values found in the continental populations - probabilities of
identity near 1/50 000 in LM and 1/100 000 in B - indicate that this method of genetic
typing has very high potential for ideniifying individuals. Such identification would be
much more diffi~cultin the TN population where the probability is close to 1/20.

Table 2-2. Allefe frcqueiicics and nurnber of aIlcles by locus and population,
Locus G I A
Locus G 1D
Locus G 1OB
Allele
Designation B
LM
TN
B
LM
TN
B
LM
TN

Locus G 1OL

B

LM

TN

Table 2-3. Heterozygosity and probabili ty of identity.
Heterozygosity
Probability of Identity

The calculations
presented above make
clear
the need for a
Locus
B
LM
TN
B
LM
TN
statistical test of
0.089
0.386
0.066
GIA
0.804 0.764 0.480
differences in variability
0.066
0.918
0.126
0.692 0.795 0.043
GID
between populations.
0,161
0,293
0.055
GIOB
0.825 0.680 0,523
There are two distinct
0,021
0.445
0,025
GlOL
0.883 0.892 0.393
4 Loci
0.801 0.783 0.360
l.lxl~-~
2.0~10'~4.6~10'~ models of diversity
analysis, fixed and
random, both of which
have important applications in conservation genetics. With random models differences
within the total population are the focus of interest with subpopulations being viewed as
random representative samples from that population (Weir 1990). For such models it is
assurned that all subpopulations are undergoing the same processes, such as random drift
and migration, and have the same effective population size and migration rate. In this case
the statistical problem is estimating or summarizing the parameters of these processes and
determining if they are statisticaily different from zero. Weir's (1990) estimates of FIS and
FST-which measure inbreeding due to nonrandom mating within subpopulations and
inbreeding due to population subdivision respectively (Hart1 & Clark 1989)-are an
example of such analysis and are useful in defining the general breeding stmchm within a
population; information which may provide insights in how the species can be managed
more effectively. For fixed rnodel analysis estimating the diversity within each
subpopulation, and determining if these measurements are the same among the
subpopulations, are the statistical questions asked. An example of this approach is the
estimation of heterozygosity and subsequent testing of these estimates for hornogeneity.
Fixed models are useful in identifying reduced IeveIs of variation in particular
subpopulations due to isolation or fragmentation.
In the case of the curent black bear study, the three samples being compared are not
three samples frorn a larger population-they are in fact fiom three different subspecies of
black bear (Banfield 1987)-and the question is not one of population substmcture (Le. a
random model), but one of differences between populations in variability. An alternative to
estimation of heterozygosity is to use a maximum iikelihood estimate of t? = 4Nep (Ewens
1979), where Ne is effective population size and p is mutation rate per generation.
Table 2 4 . Maximum likeiïhood estimates of 8 and results of Likelihood ratios tests.
8 Estirnate

8 Estimate

Locus

GIA
GID
GZOB
GlOL

B
1 82
1.82
1.44
4.16

Totai (4d.f.)

LM

Ovedl

xZi

P

BîLM

1.80

1.81
2.01
1.43

0.0003
0,0884
0.0003
0.2138

<0.9748
47773
<0.9748

1.81
2.01
1.43

4l.6547

4.69

2.20

1.42
5.24

4.69

0.3028 ~0.9899

0.24
0.25
0.53
0.24

Overail

x21

P

1.23

5.33

4.0226

1-37

5.92
1.64

1.13
2.87

4.0161
4.2059
16.06 4.0001
28.95

<0.0001

Assuming a random mating, finite population, the amount of variation expecied at a neuual
locus in is a function of 6 making 0 a good measure of a population's ability to maintain
genetic diversity. Since distribution of d e l e s is not a function of 6,number of alleles ( k )
and sample size (n) are sunicient to estunate 8. (Estimahg heterozygosity (H), and fmduig
the variance of this estunate by using the relation 8 = HIH-1 to estimate 0, is less
efficient.).
We used maximum likelihood estimation to obtain estimates of 8 for each population at
each of the four loci studied. For each locus, homogeneity of 0 estimates was tested using
a iikelihood ratio test (see Methods). No signifcant differences were found between the
continental populations (estimates of 0 were in fact remarkably similar in these
populations), but cornparison of the continental populations to TN indicates dramatically
lower variability in the latter population (P < 0.00001).
The 1 s t sratisticai cornparison undertaken was to test-whether the distributions of alleles
are homogeneous in the two continental populations. This was tested using a G-test which
gives signifcant (P < 0.00001) results at every locus. The importance of this result is that
probability statements about relationships or identity could be dramatically inaccurate if
resuits from one population were used as a data base for other populations. It is not clear
how important such differences wiil be in general given the large distances separatuig these
populations.
In order to place the levels of variation seen in the TN sample in context, it is useful to
make comparisons to other species in which genetic vatiation has been studied. Polar bears
have been found to have relatively low levels of allozyme (AUendorf et ai. 1979) and
minisatellite DNA (Y. PIante, personal communication) variation. In a survey of 30 polar
bears from the western Hudson Bay region of Canada, we (unpublished data) found an
average heterozygosity of 49% over the four loci described in this paper. This is
considerably higher than that observed in TN although this difference is not signifcant
based on the likelihood ratio test used in this report. A well known example of a species
that is thought to be Uireatened by inbreeding depression is the Cheetah (O'Brien et al.
1985). This species has been studied, dong with several other cats, using multi-locus
minisatellite analysis (MenoaiaiRaymond& O'Brien 1993). Cornparisons using this type of
data are more difticult, but the heterozygosity can be estirnateci and, since mutation rates are
likely sirnilar at minisatellite and microsatellite loci (Edwards et al. 1992; Jeffreys et al.
1985). speculative comparisons can be made. Heterozygosity is expected to be lower in
multi-locus analysis as groups of related loci are examined, some of which are not highly
variable. This is what is seen in the cat species surveyed, including the cheetah, which have
average heterozygosities of approximately 45%. This value is comparable to the 35%
average heterozygosity seen in the TN population described here, although Merences in
technique rnust be taken into account These observations support the conclusion that TN
bears are very depauperate geneticaily.
The cause of the reduced vanation observed in the TN sample is speculative. The Island
of Newfoundland is thought to support between 3000 and 10,000 black bears (Payne
1977; Rich 1986), and there is no reason to believe that bears in Tema Nova National Park
are isolated from the rest of the population. Hunting pressure is reported to be very light

on this population (Payne 1978) and there are no records of ciramatic population reductions
in historic times. Both p~historicpopdation bottlenecks and random genetic drift rnay
have contributed to the relative paucity of variation observed, but it is impossible to
detemine which has had the p a t e r effect without accurate and independent estimates of p
and Ne. The glacial history of Newfoundland is not precisely defued, but the island has
been separated from the continent by the Straîght of Belle Isle for approximately 12,000
years (Pielou 1991). The curent Newfoundland black bear population may have been
isolated fkom continental populations for an even longer time if bears suMved in the glacial
rehgiwn which is though to have existed in this area throughout the Wisconsin glaciation3
(Dodds 1983).
WMe it is clear that TN bears are genetically depauperate, it seems equally clear that
this situation is not threatening the survival of this population. Newfoundland bears have
been reported to have unusuaily high population density, large litter sizes and large body
size (Payne 1978; Rich 1986). The apparent conaast between this situation and that of the
cheetah illustrates that much work remains to be done befo- masures of genetic variation
cm be used to mess population wlnerability. It is possible that factors such as the length
of tirne since a population bottleneck has occurred or the rate at which variation has been
lost may be as important as the absolute level of variation itself. Ceaainly the availability of
a method for making measurernents of variation in genetically depauperate populations, and
which lends itself to statistical assessrnent of interpopulation differences, wül be valuable in
studying this problem further.

See follow-up study included here as Appendix 2.
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Chapter 3

Variation in genetic diversity across the range of
North American brown bearsi

Across the Northem Hernisphere, the number and distribution of brown bears (Ursus
arctos)-commonly caUed gnPly bears in parts of North Amenca-have shnink in the face
of habitat alteration and excessive anthropogenic mortality, typically relegating them to
isolated northem and rnountallious regions (Servheen 1990). In Canada brown bears have
been extirpated frorn the prairies east of the Rocky Mountains and from heavily populated
regions of southem British Columbia (Paquet 1995). South of the Canadian border the
decline in range and numbers have been on the order pf 99%, leaving an isolated
population in the Yellowstone Ecosystem and several narrow fingers of distribution
penetrating south from Canada aIong rnountain ranges (Figure 3-1; AUendorf & Sewheen
1986; McLeUan in press). By contrast, the distribution in Alaska and northem Canada
remrelatively unaltered by human activity.
For many populations of brown bears, the factors responsible for historic declines are
being brought under control, and the public interest in rnaintaining these populations is
growing. In areas such as the conterminous 48 United States or western Europe, however.
there is no possibility of reintroducing bars to a large portion of their btoric range, and if
many current populations are to persist they will do so in physical isolation from larger
populations. This situarion raises the issue of genetic threats to individual fitness and the
evolutionary potential of populations.
The "evil effects of close interbreeding"(Danvin 1882, p 93) have been recognized for
a over a century, and there cm be little doubt that the detrimental genetic effects associated
with rapid declines in population size can threaten the survival of populations (e.g..
Frankharn 1995; Jiménez et al. 1994; Lacy 1993; Mills & Smouse 1994). Unfortunately.
the relative importance of inbreeding in conservation biology rernains contentious because
the effects of close breeding are difficult to identify and measure in natural populations and
because factors such as the population's history, the rate of decline in population size, and
the chance fixation of deleterious d e l e s can play roles that are important, but dmcult to
quani@. As a starhg point it has k e n suggested that genetic effective population size (Ne)
should aiways be kept above 50 and that targets for long-tem conservation should be in the
range of 5ûû-5000 (Frankün 1980; Lande 1994; Lande 1995; Soulé 1980). At present it is
dmcdt to apply these numbers to bears because Neas a proportion of census size (N) is
not accurately known-although the implications of a rninirran Ne of 5W5000 for brown

'A version of ihis chapter iras b a n acœpted for publication. Paeikau. Waifs. Clarkson. Craighead, Vyse &

Strobeck (in press) Conservation Biology .

Figure 3- 1. The cment distribution of brown bean in North America (shaded; Allendorf & Servheen 1986;
Gunsoo 1995; McLellan in press; Paquet 1995; Sewheen 1990; Ray Case, NWT Renewable Resources.
persona1 co~unication)and the study areas included in thïs s w e y (black). When Europeans anived in
North America the distribution of brown bears included almost the entire southeni haif of this map and
extendeci sou& to Mexico.

bear populations are staggering regardless of the ratio of N,IN since brown bears require
very large tracts of relatively undeveloped and uninhabited Land.
In this report we investigated the factors affecting levels of within-population genetic
diversity in brown bears by using eight highly variable nuclear markers (CAn
microsarellites) to survey 678 brown bears spanning the North Arnerican distribution. The
study areas (Figure 3-1) included relatively pristine northem populations as well as
populations at the southem end of the distribution where habitat alteration and humancaused mortaiity play a central role in the dynamics of brown bear populations. The study
areas also spanned a dramatic range of ecosystems ranging from the Rocky Mountains to
Arctic tundra. While the continental distribution of brown bears is relatively continuous,
density varies drarnatically on both large and fine spatial scales. Density estimates for Our

study areas ranged from 350 bearsllW km2 in one region of Kodiak Island (Barnes et al.
1995) to 6.3 bearsllO0 km2 in the Paulatuk study area on the Bmen Grounds of the
Northwest Temtories (P.C.unpublished data).
In addition to sampling a wide range of habitats and population densities, we included
two physically isolated populations to study the effect of isolation on genetic diversity. The
population in the Yellowstone Ecosystern was once part of a large conîinuous distribution
extending through the western USA to Mexico, but has existed in isolation for
approximately 100 years (Servheen 1990). By contrast, the population on the Kodiak
Archipelago has k e n separated f?om the continent by approxirnately 40 km of open ocean
throughout the Holocene. Comparative data from populations of North Amencan black
bears (U.amencanus), including an isolated population from insular Newfoundland, were
ais0 included. The isolated populations were used to obtah estimates of the relationship
between Ne and N in these populations.
Methods
AU the brown bear samples were obtained by biologists, typicûlly from drug-immobilized
bears, during the course of independent field studies. Samples were either meat, skin disks
from ear punches, blood, or hair. The sample consisted of 678 brown bears, but five
animals-four that were sampled in both the E. Slope and W. Slope study areas, and one
that was sampled in both the Paulatuk and Coppermine study areas-were included in more
than one study area bringing the sample size to 683 (Table 3-1). Complete eight-locus
genotypes were obtained for all individu&.
Microsatellite analysis and sequence analysis of the regions flanking locus G 1D used
previously described prirners and rnethods (Paetkau et aL 1995; Paetkau & Strobeck 1995).
The microsatekte markers were isolated from a North American black bear genomic library
(Paetkau & Strobeck 1994). The Brooks Range data and data from insular Newfoundland
based on smaiier sample sizes and 4 loci were published previously (Craighead et aL 1995;
Paetkau & Strobeck 1994). AUele frequency distributions are given in Appendùt 3-1 and
individual genotypes are available on request.
DepartUres frorn Hardy-Weinberg equilibrium were calculated using a Monte Carlo
approximation of Fisher's exact test (Guo & Thompson 1992), with results from the eight
tests combined for each study area (Sokal & Rohlf 1995). A G-test for heterogeneity was
used to test for differences in allele frequency distributions between populations, with
classes smaller than 5 observations combined (Solcal& Rohlf 1995).
Unbiased estirnates of mean expected heterozygosity (He; Nei & Roychoudhury 1974)
and total probability of identiv [P(ID)] were calculated for each smdy area. The formula for
the unbiased estimate of P ( D ] was based on the previously described formula (Jarnieson
is simply the sum of squares of the expected
1965; Paetkau et al. 1995)-which
frequencies of al1 possible genotypes and is biased for small sample sizes-and was
derived using factorial moments (Kendall & Stuart 1977):

Table 3-1 - Study areas, number of chromosomes sampled (2n), mean nurnber of alleles per locus (A), mean
observed heterozygosity (Ho),
mean expected hetemzygosity (He),
total expected probability of identiry
[P(Q))I*, and estimated size of population requned to maimin the observed He ( ~ a t .
Brown bears
Kiuane (100)
Richardson Mts. (238)
Brooks Rge. (2%)
Fiathead R (80)
Kuskokwim Mts. (1 10)
W. Slope (82)
E. Slope (90)
Paulaeuk (1 16)
Coppefmiae (72)
Yeiiowstone (114)
Kodiak 1. (68)
Black bears
W. Slope (232)
Newfoundland 1. (66)

55,000
52,000
50,000
NIA

30,000
NIA
NIA
24,000
18,000
NIA
NIA

* The probabiity chat two randomly chosen, umelated individuals wiii have identical eight-locus genotypes.
tZVf was calculated by cornparison to the estimated number of animals on tbe Kodiak Archipelago, and
assumes that the populations king mmpared are at equilibriwn, Study areas where bears have been heavîiy
impacted by human activity are unlikely to be at equilibrium. and Nt was not caicuIated for these
populations.

n3(2a$-a4)-2n2(a3+2az)+n(9an+2)-6
(n - l)(n - 2)(n - 3)

3

çjp;,

where n is the sample size, ai equals
and pj is the frequency of the jth allele. The
values were calculated for each locus and then rnultiplied across loci to give the overall
P(ID).
The signifcance of differences in genetic diversity between study areas was tested
using a paired t-test of arcsine-aan~fomedHe (Archie 1985; Nei 1987).
Newas estunateci from He using the stepwise mutation mode1 (Ohta & Kirnura 1973):

where p is the mutation rate.
The population size required to maintain the observed He in each population (4)was
calculated by taking the ratio of Nets between other siudy areas and the Kodiak population
and rnultiplying by 2842, the estimated number of bears on the Kodiak Archipelago
(Barnes et ai. 1995):
Nt = 2842N,/N,,

where Nex/ZVe~is the ratio of Nets between Kodiak Island and the population for which
calculation is k i n g made.
Inference regarding the number of generations required for the Kodiak population to
reach equilibrium for mutation and genetic drift were based on reiteration of the formula
(Hartl& Clark 1989):

where Cl and Gr+l are the homozygosity in generation t and the next generation
respectively. This formula is based on the infinite alleles model (Kimura & Crow 1964)
which will be very similar to the stepwise mutation model in this instance because of the
small Ne's being considered.
Results and Discussion
Diversiq in brown bearpopulations

The results of the survey are summarized in Table 3- 1. They show that there is a dramatic
range of genetic diversity within populations of brown bears across North Amenca The
estimated probability of identity ranged from one in hundreds of millions in several
northern continental study areas, to one in 101 for Kodiak Island. In fact, several
individuals in the Kodiak Island sample actually had identical genotypes, whereas a l l other
individuah in the survey had unique genotypes. The range of He is so great that significant
differences (P < 0.05) exist between four tiers of study areas: Kodiak Island c Yellowstone
< Flathead River c {BrooksRange, Kluane and Richardson Mountains 1.
Comparing the diversity data to the range map, it appears that the main factor affecting
levels of genetic diversity is co~ectednessto larger populations. At the low end of the
diversity spectnim is Kodiak Island, which, dong with other islands in the archipelago,
has an estimated population size of 2842 brown b a r s (Barnes et aL 1995). At the other
extreme are northem continental populations that are in the heart of the continuous portion

of the distribution.
The amount of open ocean separating the Kodiak Archipelago from the maùiland
suggests complete isolation since the end of the Wisconsin glaciation. Coastal Alaska,
including the Kodiak Archipelago, was glaciated during the Wisconsin (Flint 197l), and
mitochondrial sequence data suggest that Kodiak brown bars were unlikely to have been
isolated in a glacial reiùgium (Talbot & Shields 1996) implying that this population has
been isolated for about 10,000years.
One possible explmation for the low diversity observed in the Kodiak population is a
residud effect from a restricted founder population. The length of t h e required for a
population to reach an equilibrium value of He = 0.265 (the value observed on Kodiak
Island) can be e s h a t e d assurning constant population size and a given mutation rate Or).
Even under the ridiculous assurnption that He in the founder population was zero, He
would be 0.2 10 after only 300 generations (with p = 0.0007: Amos et al 1996; Weber &
Wong 1993). Thus, with a generation t h e of 1 6 1 5 years (Allendod and Servheen 1986;

Craighead et al. 1995) and a founder population with levels of genetic diversity more
consistent with those observed in brown bear populations, a residual founder effect in the
Kodiak data seems highly unlü<ely.
Microsatellite markers have been used to rneasure genetic diversity in a number of
rnarnmalian populations that have undergone sharp declines or are otherwise threatened by
low genetic diversity, and cornparison to some of the most exûeme examples illustrates just
how low the genetic diversity in Kodiak brown bears is: a population of Rocky Mountain
bighom sheep founded from 12 individuals (He= 0.43; Focbes et al 1995); the cheetah,
thought to be suffering from reduced fitness due to an ancient genetic bottleneck (H,=
0.39; Menotti-Raymond & O'Brien 1995); an insula. population of Koalas re-established
from 18 adults (He = 0.33; Houlden et ai. 1996); the northern hairy-nosed wombat, which
went through a bottleneck of 20-30 individuals (He = 0.27; Taylor et ai. 1994); two
populations of the criticaliy endangered Ethiopian wolf (H,= 0.21, 0.36; Gotteili et al.
1994); a severely bottlenecked population of Asiatic lions (He = 0.15; MenothRaymond &
O'Brien 1995); three captive populations of Mexican gray wolves founded from 2,2, and 3
individuais (He = 0.13,0.26, and 0.46 respectively; ~ e d n c et
k ai. 1997). However, while
most or all of these groups are, or have recently been, precariously close to extinction,
Kodiak brown bears have extremely high density marnes et ai. 1995), high productivity
(Troyer & Hensel 1964), and are famous for their large body size. There is no indication
that this is a population in deche.
The significantly reduced diversity in the Coppermine, Kuskokwim Mountains, and
Paulatuk study areas relative to the three northem populations with highest diversity is
somewhat puzzling. It is not obvious from the range map (Figure 3-1) that these
populations are, or have recently ken, more isolated than the Brooks Range study area.
Part of the explanation rnay lie in a closer examination of Iandscape. For example, the area
between the Kuskokwirn Mountains and the more easterly Alaska Range includes extensive
low elevation wetland. This may cause reduced gene-flow to the east resulhg in a more
isolated peninsular distribution than is suggested by the map. Similarly, the population on
the Canadian Barren Grounds (the a m east of the Mackenzie River) is peninsular, and the
Mackenzie River, with its extensive delta, may act to reduce gene fiow; although b a r s are
sighted throughout the delta and movements Born one side to the other are probably not
uncommon.
While density estimates for the Kuskokwim Mountains are unavailable, low density
probably also explains part of the reduced diversity in the Paulatuk and Coppermine areas.
in the Paulatuk study area density was estimated at 6.3 bearsf1000 km2 (P.C.unpublished
datab a t the low extreme of published estimates (Harting 1987), and weU below estimates
for the Brooks Range (29.5 bearsIlOOO km2; Reynolds 1992), Richardson Mountains (19
bearsllOO0 kmz;P.C.unpublished data) and Kluane (37-44 bears/lOOO km2; Pearson
1975) study areas. Whüe a drop in density could act to r ~ d u c ethe neighborhood size of a
population, and therefore its level of genetic diversity, a 1oweMg in density could be offset
by increased long-distance rnovement. Preliminary data on movements of b a r s in and
southeast of the Coppermine study area (Cluff & Case 1995) indicate that fernales in this
area have much larger home ranges than have been reported elsewhere (Canfïeld & Harting

1987), and that males undertake very large rnovements4ne individual moved 8ûû km in

three montbs!
Explaining the generally lower diversity observed in the southem populations requires
consideration of both natural and anthropogenic factors. The area that includes the East
Slope, West Slope and Flathead study areas is characterized by a series of roughly paralle1
rnountain ranges (the Rockies, Purcells, Seikirks, and Monashees) with intervening low
valleys. Movement of brown bears through these valleys, although it ceaainly occurs, may
naturally be lower than dong individual rnountain ranges. In the Iast century, however,
these vaileys have also seen a steady growth in human settlement and industrial a c u i t y
with the result that some areas are no longer suitable habitat for brown bears; illustrated by
the fact that bears are found in the Rockies and Selkirks south of the Canadian border, but
not in-between. In addition, the densiîy of bears throughout this region has been affected
by habitat alteration and loss, and possibly through the current high rate of human-caused
disturbance and mortality (McLeilan & Shackleton 1988; Paquet 1995). A better
understanding of genetic diversity in this area will require more detailed local studies that
can address issues of gene flow at a landscape Ievel, and histonc samples that predate the
human impacts of the 19th and 20th centuries.
The Yellowstone population is particularly interesting because it has gone from being
imbedded in a very large continuous population to being an isolated remnant, separated
from other brown bears for nearly a cenhiry and with no irnmediate prospect for renewed
connections with more northem populations (Servheen 1990). Given the historical
distribution of brown bears, and the curent reasonably high density of brown bears in the
Yellowstone ecosystem (Eberhardt & Knight 1996), the historical levels of genetic
diversity in this area were probably at least as high as currently found in the nearby
Flathead River study area. and possibly as high as observed in the Yukon and parts of
Alaska This conesponds to a 15%to 20% drop in Hein about 100 years. Despite the lack
of precise numbers that only historical sarnples could provide, there can be littie doubt that
the isolation of the Yellowstone brown bear population has resulted in a signScant drop in
genetic diversity.

One of the motivations for studying genetic diversity in natural populations is to draw
inferences about N, fkom rneasurements of H,.The accuracy of such estimates depends on
the use of appropriate mutational models. For example, in a population with Heof 0.8, the
estirnate of Ne obtained under the stepwise mutation mode1 (Kimura & Crow 1964) is
exactly three tùnes that obtained using the infinite alleles model (Ohta & Kirnura 1973; in
populations with low diversity, where nearly ail mutations give rise to alleles that are not
present in the population, mutational model has relatively little impact.) Although the
mutational dynamics of microsatellite loci do not conform exactly to any simple model of
mutation, the stepwise model is more appropriate than the infinite alleles mode1 for
dinculeotide repeats that have been studied (Shnver et ai. 1993; Valdes et al. 1993; Weber
& Wong 1993), and calculations of Ne were based on the stepwise model.

One of the most significant ways that microsatellite
mutations depart from the stepwise mutational mode1 is
through constmints on allele size (Bowcock et al. 1994; Garza
tocus
HP
A
et al. 1995; Nauta & Weissing 1996). Such constraints would
GIA
0.649 5.54
have the effect of limiting genetic diversity in large
GlOB
0.700 7.00
populations, and would resdt in underestimation of Ne for
GlOC
OS57
5.00
th& populations. Both the limited range of alleles observed at
GlOL
0.547 4.18
any one locus in this data set (Appendix 3-1) and the fact that
GlOM 0.627 5.18
diversity is considerably higher for locus GlD-which has
GlOP
0.708 6.73
both
even and odd alleles sizes due to a point deletion in the
GlOX 0.552 5.64
GlD
0.798 9.00
sequence flanking the (CA), repeat (data not shown)-than
for the other seven loci (Table 3-2; binomial probability =
0.0078)suggest that the v g e of alleles, and therefore the
amount of genetic diversity, may be consaained in some of the study areas we used.
Another concem with microsatellite data sets is the preSence of non-ampiifying (nuil)
alleles (Callen et aL 1993; Paetkau & Strobeck 1995). The conformity of genotypes to
expected proportions (below), the fact that ail individu& could be typed at ail loci, and the
congruence of data from the Brooks Range in known family groups (Craighead et aL 1995)
suggest that null alleles are uncornmon or absent in the data set
Most of the study areas in this survey are part of large continuous populations, and it is
important to give some consideration to the size of the study areas since samphg over too
large an area would result in exaggerated estimates of genetic diversity (Wahlund 1928).
The values of Hoand He shown in Table 3- 1 do not differ siwcantly (P > 0.1, signedrank test; Sokal & Rohif 1995) and the only two significant departures from HardyWeinberg proportions can be explained by the inclusion of relocated anirnals in one case
(East Slope) and by a large deficit of homozygotes (P c 0.005)at one locus in the other
(Kodiak Island). On the other hand, allele distributions in the adjacent East Slope and West
Siope study areas differ drarnatically ((336 = 126, P < 0.0001),and when data from the
tw; areas are pooled the resulting genotype distributions depart significantly (P < 0.05)
from Hardy-Weinberg proportions. This indicates that sampling on a much larger scale
would be inappropriate. Note that, although ~ i ~ c adepartures
n t
from Hardy-Weinberg
equilibnum were not detected, brown bars normally have -te home ranges which are not
consistent with tnie random m a ~ g .
Within populations, particularly those with low levels of diversity, there is a dramatic
range in heterozygosity between loci (0-0.606 for Kodiak Island, 0.101-0.805 for
Yellowstone). This inter-locus vanance results in relatively large differences in He between
populations being insignificant, and indicates that studies seeking to identify srnall
differences in He between populations, or over tirne within populations, will need to
survey more than eight loci. Similarly, precise estimates of grnetic distance between
populations would be helpful in understanding the observed patterns of within-population
genetic diversity, but several distance rneasures that were tned appeared to be too variable
to address such subtle issues. For example, it seems highly unlikely that the Yellowstone
study area could actually be genetically closer to some northern populations than bears in
Table 3-2. Mean values of
He and A averaged amss
11 b~~
populations.

the mathead snidy area are, although this is suggested by values of Nei's (1972) standard
distance (Table 3-3).
Effective popuhtion size

Estimates of Ne are essential for conservation programs that seek to control loss of genetic
diversity because Ne determines the amount of genetic diversity mauitahed in a population.
Using selectively neutral markers, & can be estimated from H,if mutation rates are h o w n
and equilibrium is assurned for migration, mutation, and genetic drift. Gene flow in and out
of the Kodiak population has presumably been absent for a period more than sufficient to
approach equilibrium, although fluctuations in population size in the last thousand years
remain an unlaiown variable. The best estimates of mutation rates for CAn microsatellites
are in the range of 0.001 to 0.0002 per generation (Amos et al. 1996; Weber & Wong
1993) and using these numbers for the Kodiak population yields Ne estimates of 106 and
532 respectively. These values correspond to only 3.7% and 18.7% of the N estimated for
this population.
Harris and AUendod (1989) used demographic parameters to arrive at an estimate of
N a for brown b a r s of 0.24 to 0.32, much higher than the estimate obtained from the
Kodiak popuIation However, Frankham (1995) recently concluded that demographic
estunates of Ne/N tend to be underestimates, and found that the average value of Ne/N for
comprehensive estimates was 0.1 1. Our estimate does not seem unreasonable in Light of
this finding.
The ratio of N a estimated from the Kodiak population is also supported by data from
black bears on the island of Newfoundland pable 3-1; Paetkau & Strobeck 1994), which
have a similar history of isolation. Aithough population estirnates are less precise for this
population, the same calculation yields Ne estimates of 239 to 1195, well below the
estimated N of 3000 to 10.000(Payne 1977; Rich 1986).
Another way to evaluate the estimates obtained from the Kodiak Island study area is io
compare them to the change in diversity observed in the Yellowstone population. The
Table 3-3. Genetic distances between the eleven brown bear sîudy areas. Nei's (1972) standard above
diagonal and Shriver et a1.k (1995) D m below.
1

2

1 Btooks Rge.
2 Richardson Mts.
3 Paulatuk
4 Coppermine
5 Kuskokwim Mts.
6 Kluane
7 West Slope

0.145
0.079
0.289 0.176
0.256 0.185
0.150 0.162
0.278 0.172
0.397 0.313

8 East Slope
9 Flathead River
10 Yellowstone
11 KodiakLsland

0.356 0.267
0.284 0.248
0.398 0.328
0.444 0.523

3

4

5

0.342 0.431 0.212
0.142 0.237 0.269
0,053 0.322
0.074
0.372
0.285 0.31 1
0.292 0,245 0.259
0.736 0,555 0.489
0.693 0.579 0.440
0.679 0.546 0.399
0.752 0.673 0.534
0.822 0.767 0.603

6
0.388
0239
0281
0298
0276
0,329
0.323
0.390
0.653
0.527

7

8

9

20

11

0.555
0.349
0.382
0.360
0.413
0.316

0.479
0.287
0.400
0.424
0.423
0.293
0.074

0.567
0.397
0.547
0.534
0.444
0.318
0.164
0.172

0.531
0.291
0.438
0.486
0.640
0.498
0.256
0.145

0.429
0.623
0.903

0.065
0.164
0.299
0.800

1.074

0.685
0.913
1.219
1.157
0.156
0.253 1.498
0.215 0.170
1.327
0.715 0.717 0.957

estimates obtained for Ne/N tramlate into an Ne of 13 to 65 for the Yellowstone population
(N = -350; Eberhardt & Knight 1996), which would result in a drop in He of 4% to 0.8%
per generation, in the range of the observations.
It is possible that signifïcant fluctuation in N is common in populations of bears, and
that the low estimates of N,/N obtained from the insular Kodiak and Newfoundland
populations have k e n affected by historic population crashes. However, since it is the
long-term harmonic mean of Ne that is really at issue (Wright 1938), these estirnates would
stül be appropriate for conservation purposes, even if the ratio of N f l in populations with
fixed N is higher.
Another way that He can be used to draw inferences about population s i x is to compare
estimated Ne's between populations (this procedure is independent of mutation rate since it
will cancel out). For example, under the stepwise mutation rnodel, the esthated Ne for
Kluane is 19.4 times that of Kodiak Island, and this is probably an underestimate as
discussed above. Since the Kodiak population is estimated to contain 2842 bears (Barnes et
al. 1995), an estimated total population size of 55,000 is required to maintain the diversity
observed in the Kluane population. Even if these numbers were high by a factor of two or
more, they represent a huge proportion of the 50,000 to 65,000 brown bears estimated to
inhabit North Arnerica (Servheen 1990).
In short, if the estimates of Ne required for long-tem persistence are accurate, or if the
levels of genetic diversity currently existing in North Amencan brown bear populations are
to be maintained, the size of distribution required is on the order of the size of the current
North Amencan range. On the other hand, Kodiak bears have apparently persisted and
thnved in isolation for a length of tirne that would satisw any reasonable conservation plan,
despite having an Ne that appears not to satisfy the recommendations for long-term
conservation. What the data do not indicate is whether this persistence would be iikely in
general, or whether the Kodiak population survived agauist ail odds after many generations
of reduced fitness during which strongly deleterious alIeIes were being purged.
For the isolated Yellowstone population, loss of genetic diversity probably does not
present an irnrnediate threat to survivai, but the rate of 10s is above the levels considered to
be safe (Franklin 1980; Sould 1980), and will ultimately lead to a near complete loss of
genetic diversity. The long-term survival of this population, as with other similar
populations that are being left behind as brown bear range contracts throughout the
northem hemisphere, will ultimately depend on the reintroduction of gene fiow, either
through range expansion dong the Rocky Mountains, or dirough the regular translocation
of bears.
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Appendix 3-1. Observed allele frequency disîributions. Ailele designations are the size in base pairs as
measured relative to the GS2500 (AB0 intemai lane standard. Allele designations were d l checked visually
agaüst adjacent lanes. The fmt two study areas for each locus are black bars and the remainder are brown
bears.
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Chapter 4

An empirical evaluation of genetic distance
statistics using microsatellite data from bear
(Ursidae) populations1
INTRODUCTION

Microsatellites are a class of genetic markers that are widely distributed in eukaryotic
genomes (TAUTZ and RENZ 1984) and are characterized by high variability. These
qualities make microsatellites ideal for snidies of ecological genetics and population
genetics (BRUFORD and WAYNE 1993; QUELLER et al. 1993). It has also been
suggested that microsatellites may be used to study the evolutionary relationships between
groups that have evolved independentiy for up to several million years (GOLDSTELN et al.
1995a).

The identification of statistical methods that make maximum use of the information
contained in microsateiüte data sets wu play an important role in determining the range of
questions to which these markers may usefully be applied. Two factors that will affect the
perforxnance of statistical methods are the mutational dynamics of the markers being
employed and the nature of the problem being studied-for example, populations at
equilibrium for drift and migration versus populations accumulating mutations during
independent evolution.
Several workers have been prompted to develop measures of genetic distance
specifically for microsatellites because of the observation that microsatellites conform more
closely to the stepwise mutation model (SMM;
KIMURA and CROW 1964) than to the
infinite aileles model (IAM; OHTA and EUMURA 1973) on which many older statistics
were based (GOLDSTEINet al. 1995a; GOLDSTEIN et al. 1995b;SHRNER et al. 1995;
SLATKIN 1995). Compter simulations indicate that these new statistics may outperfonn
traditional statistics in some situations, particularly over long periods of independent
evolution (GOLDSTEINet al. 1995a; SEIRnrER et al. 1995; TAKEZAKI and NEI 1996).
It is, however, becoming increasingly clear that the mutational models used in cornputer
simulations oversimpl@ the dynamics of microsatellite mutations. For example, the
mutation rate for one (CAGk microsatellite was found to be dramatically higher-with a
smng bias towards l o s of repeatoin alleles containing 28-30 repeats than in alleles with
20-22 repeats, and as many as 16 repeat units were lost in single mutation events (ZHANG
et al. 1994). On the other hand, anaiysis of mutations at the (CGG), repeat implicated in
Fragile X Syndrome identified a stability threshold of 34-3 8 uninterrupted repeats above
which ciramatic expansions of repeat number become likely (EICHLER et al. 1994).
Observations of mutation at (CA)o microsatellites in humans indicate tbat the rnajority of
mutations involve gain or l o s of single repeat units, and suggest a bias towards expansion
IA
version of this chapter has k e n accepted for publication. Paetkau, Waits, Clarkson, Craighead &

Strobeck (in press) Genetics.

black

di&L

brown

Separat[on

Fig. 4-4

(FÏg. 4-58& C)

- mid Pleistocene
(Fg- 4-59 FI

,
'

- early Pliocene

(Fig.4-5, D a E)

Figure 4-1. A schematic representation of the evolutionary relationships berween the study areas.

(WEBER and WONG 1993), but the frequency of mutatiow of larger magnitude remains
wiknown. Other cornplicating factors include the suggestion that mutation rate is a function
of the difference in s i x between the two alleles in a given individual (AMOS et al. 1996)
and the, albeit controversial (AMOS and RUBINSZEIN 1996; AMOS et al. 1996;
ELLEGREN et al. 1995), contention that the rate and direction of mutation can Vary
between closely related species (RUBINSZTEIN et a2. 19%).
While these mutational dynamics are sufficiently cornplex and poorly understood to
elude precise cornputer simulations, an evea larger concem is that of constraints on allele
size. The SMM holds that allele sizes are free to Vary over an infinite size range, but it is
clear that the number of dele States at microsatellite loci are fdte and possibly highly
constrained (BOWCOCK et al. 1994; GARZA et al. 1995; OSTRANDER et al. 1993).
Consaaints on allele size wiu clearly cause genetic distance measures to plateau, with the
level of the plateau being determined by the degree of constm.int, the mutation rate, and
population s i z (FELDMAN et al. 1997; NAUTA and WEISSING 1996)
Given the presence of the cornplicating factors rnentioned above, it is important to
evaluate the performance of genetic distance statistics on microsatellite data sets from
groups of organisms with known evolutionary relationships (e.g. FORBES et al. 1995). A
suite of eight (CA), microsateIlites has k e n used extensively (CRAIGHEAD et al. 1995;
PAETKAU et al. 1995; PAETKAU and STROBECK 1994; PAETKAU et al. in press) to
snidy the ecological and population genetics of the three species of bear that occur in North
America: the black bear (Ursus amencanus), brown bear (U. arctos; including grizzly
bears), and polar bear (U.maritimrcs). This data set provides an excellent opportunity for
such empiricai evaluation
The m i n e data aUow statistics to be tested at four distinct levels of relationship (Figure
4-1). Six brown bear study areas arranged Iuiearly across a 2000 km seetch of Arctic
tundra in Alaska, Yukon, and the Northwest Temtories (Figure 4-2) provide an
opportwUty to study isolation-by-distance in a contuiuous distribution. Next, pairs of study
areas from the most extremely separated regions (for which data are available) of the
continuous distributions of each of the three species (Figure 4-3) can provide insight on the

Figure 4-2. Locaîion of six Arctic brown bear saidy areas. See Figure 4-3 for Iarger context

maximum distances that may be observed within continuous distributions. ThKd, the
insular brown bear population from the Kodiak Archipelago and the black bear population
from insular Newfoundland, both of which have probabIy been isolated since the end of
the Pleistocene, provide an opportunity to evaluate whether genetic distance statistics
plateau after penods of less than 20,000 years. Finaiiy, brown bears and polar bears are
very recently (mid Pleistocene) derived sister taxa whereas their Lineage diverged fkom the
lineage that gave rise to modern black bears in the late Miocene or early Pliocene
(MCLELLAN and REINER 1994; TALBOT and SHIELDS 1996a; WAITS 1996). This
clearly defined relationship provides a definitive test of the ability to detect relationships
between closely related species with microsatellites.
Six different measures of genetic distance were chosen to evaluate using these datais very popular and ha relatively low variance. Nei et
Nei's (1972) standard distance (Ds)
al's (1983) D A was chosen because of its superïor performance in reconstmcting
phylogenetic trees fiom simulated microsatellite data (TAKEZAKIand NE1 1996). Shriver
et aPs (1995) Dsw is a modification of Nei's (1973 in TAKEZAKI and NE1 1996)
minimum (Dm)
that includes the distance between each pair of alieles king considered. Dm
is included for cornparison to DSW.Goldstein et a h (1995b) (&)2 is based on the
ciifference in mean allele size between populations. This stalistic was developed Born, and
is highiy related to, ASD (GOLDSTEIN et al. 199%; SLATKIN 1995) which has higher
variance and is not considered here. Finally, we introduce a new statistic, D m , in which
the likelihoods of complete rnultüocus genotypes are compared in two populations.
MATERIALS and METHODS
Study areas: The study areas are shown in Figures 4-2 and 4-3. Twelve polar bear
populations have been identified in Canada (T'AYLOR and LEE 1995), and the s m p l s
used here corne from the Western Hudson Bay (WH) and Northern Beaufort Sea (NBj
populations. The simples of brown b a r s from Kodiak Island (KI) and black bears from
insular Newfoundland (M) are also from discrete populations. By contrast, the brown

Figure 4-3. Approximate locations of study areas used in long-distance and interspecific comparisons. The
three brown bear saidy areas are h m the western Brooks Range of Alaska (BR,same as 1 in Figure 4-2).
the Flathead River driîinagenear the British Columbia-Montana Border F R ) , and the Kodiak Archipelago
(Ki). The black bear study areas are from îhe West Slopes Bear Project centered around Golden, British
Columbia (WS), La Mauricie National Park in Quebec (LM), and insular Newfoundland (NI). The polar
@siudy areas are f3om the Western Hudson Bay
and Northern Beauîort Sea (NB) populations.

bear samples from the western Brooks Range (BR; 1) and Flarhead &ver drainage (FR),
the remaining five Arctic brown bear sarnples (II-VI), and the black bear samples from La
Mauricie National Park (LM) and the West Slope Bear Project (WS), are from c o n ~ u o u s
distributions where discrete populations do not exist
Two animals were captured at different times in both of study areas IV and V, and one
animal was captured in both of study areas V and VI. These animals were included in both
study areas where they were sampled.
Microsatellite analysis: Microsatellite analysis was performed with eight
microsatellite markers isolated from a black bear genomic library, and used Applied
Biosysterns' four-color fluorescence-based detection system as described previously
(PAETKAU et al. 1995). Much of the data analyzed here have been published previously,
and Table 4- 1 shows sample sizes and references. The data from the Arctic brown bear
study areas II and IV have not been published before, and the data from LM have been
updated to eight loci from the four originaliy published. Individual genotypes are available
on request.
Statistical analysis: The data from each snidy area were tested for conforrnity with
Hardy-Weinberg (H-W) expectations using the methods of Guo and Thornpson (1992).
Unbiased estimates of expected heterozygosity (He;
NE1 and ROYCHOUDHURY 1975)
were calculated for each study area.

The formulas for the six genetic distances follow. For populations X and Y, with r loci
and m alleles at each locus, and where x~ and yq are the frequencies of the ith allele at the
jth locus in populations X and Y respectively, defineJ x =
x @ , JV = C;xyJ$ / r ,
and jm = ~ ; ~y&.~ T'en
J x ~

x;xyl

and

Next define wx= C;Ci,jli- j l x a x j 4 r ,
W Y= x L C i + j l i - j ( ~ r ~ j k / rand
r
W m=
jli - jlx+y,-&, where li - jJ is the difference in state (size difference in base
pairs divided by 2) between dieles i andj. Then
D~~= wXY
- (wu+ W u ) / 2(SHRIVER et al. 1995).
(4)

x;&*

Next, if p , = Ciixiiand py,= x,iy,, then

(6~)'
= x;(p,, - pYl)'/r (GOLDSTEIN et al. 1995b).

(5)

Note that for locus GID,where alleles in brown bears occur every base pair instead of
every two base pairs (PAETKAU et al. in press), the diBerence in state between alleles
could take values of whole or half repeat units. This ignores the fact that ail odd alleles
appear to be derived from a single point deletion event, and are therefore more closely
related to each other than to any even dele, but does not violate the assumptions of the
SMM where alleles that are identical in state are not assumed to be identical by descent It is
generally assumed that polymorpâism in the flanking sequence of microsatellites occurs
and goes unrecognized. Indeed, flanking sequence polyrnorphism has been identified at
Table 4-1. Sample size (SN), mean observed number of aiieles
( A ) and mean expected heterozygosity (He)for thirteen
populations of brown, black, and prdat bears fyped witti eight
(CA), microsatellites.

a CRAiGHEAD et al. 19%.

~ A E I X A Uet ai. in press.
PAETKAU and STROBECK 1994.
PAETKAUet al. 19%.
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locus GlOP in individuals from the LM and NI snidy areas (PAETKAU and STROBECK
1995), and this variation is atso ignored.
The genotype likeiihood ratio distance (DLR)was developed from an assigrnent test
that was used in a study of the genetic structure of Canadian polar bear populations
(PAETKAU et al. 1995). The probability of each individual's genotype at a particular locus
being drawn at random from a population was cdculated as p = xf for homozygotes and
p = 2 x i x j for heterozygotes. These values were multiplied across all loci to give the
likelihood of each individual's eight-locus genotype. When genotype Likelihoods were
calculated for an individual in its own population, the individual's aiieles were subtracted
from the d e l e distributions fast to elirninate bias. With this correction there is always the
possibility of an allele frequency k i n g zero, and where this occurred a value of 0.01 was
used instead.
Consider populations X and Y, with nX and ny individuals sampled respectively. We
can then define L m and L m as the likelihood of the genotype of individual i -from
population X-in population X and the likelihood of the same genotype in population Y
respectively.Then

Thus, if Dm = 2, this means that the genotypes of individuals from the two populations
being compared are, on average, nnto orders of magnitude more likely to occur in the
individuals' own population than in the other population While this statistic was developed
independently, it turns out to be very closely related to the Kullback-Leibler rneasure of
discriminatory information (MCLACHLAN 1992).
Each genetic distance (1-6) was calculated for 42 pairs of populations (TabIes 4-2 and
4-3). A calculator that performs the distance calculations can be found at
~http://www.biology.ualberta.ca/jbrzusto.For the Arctic brown bear populations,
MapInfo 3.0 (MapInfo Corp.) was used to calculate geographic distance (to the nearest 10
km) between the centroids of each pair of populations foilowing the straightest land-based
path. Linear regressions and regression and correlation statistics were calculated using
Statview 4.5 1 (Abacus Concepts Inc.).

THE DATA SET
This study used data from 479 brown bears, 180 black b a r s and 60 polar bears (Table
4-1).Complete 8-locus genotypes were obtained for ali individuals. Observed allele
distributions are given in Appendix 4-1, and genetic distances are shown in Tables 4-2 and
4-3, and graphed in Figures 4-4 and 4-5.
AU pairs of loci were checked for linkage (28 tests) by examining genorypes from
known pedigrees (e. g. CRAIGHEAD et al. 1995) where at least two offspring were
available from a given parent, and the aileles inherited from that parent could be
unambiguously identified (n = 14-47 pairs of offspring). One pair of loci (GIA and
G 10M)had fewer recombinants than would be expected by chance (binomial probability =

Figure 44.A cornparison of genetic and geograpbic distances using browo bears fkom six hearly m g e d
study areas (Figure 4-2). No regrwion iine is s h o w for (6@ because the regression explained very linle
of the variation, and the slope was not signïf~cantlydinerent h m zero W l e 4-4). Aaual values sbown in
Table 4-2.

obtained for all individuals and the congruity of pedigree data in the BR sample
(CRAIGHEAD et al. 1995), indicate that a l l aileles were generally amplifed successfidly.
ISOLATION BY DISTANCE (Figure 4-4)

The data set used here includes six Arctic brown bear study areas arranged linearly
across a 2000 km stretch of the northern Coast of North America (Figure 4-2). Although
habitat and density are obviously not uniform across this strip, there are no major baniers
to movernent in the region, the latitude of ail the siudy areas is very similar, and the habiiat
in a l l areas is dominated by Arctic tundm Therefore, this region provides a very high level
of uniformity relative to most regions of similar size where large mammals with low
density distributions are found. The evaluation of genetic distiince statistics within
continuous distributions is based on an assumption of isolation-by-distance within the
region of study, and this assumption is as reasonable in the Arctic brown bear study region
as it is ever Iikelv to be in such a wide-ranging species.
For each genetic distance statistic, m a u r e s of geographic and genetic distance were
made for the fifteen possible pairs of populations (Table 4-2). The results were plotted

(Figure 4-4) and the h e a r increase in genetic distance as a function of geographic distance
was evaluated using Wear regression W l e 4-4). It may be noted thar the physical distance
separating populations can only approximate actuai ecological distance, with the latter
including a l l the factors that might affect the movements, rnating patterns and survivai of
bears, but this does not violate the assumptions of the regression mode1 since no (known)
bias is introduced. More important than lack of precision in measuring the independent
variable is the fact that, since each population was used in five of the hfteen data points, the
assumption of independence of data points is not m e t The resuits should no& therefore, be
regarded as providing actual estimates of regression statistics, but as a way to qualitatively
discriminate between the performance of the various genetic distance measmes.
Both the imprecision with which the independent variable (ecological distance) is
known and the relatively srnail number of loci used would be expected to contribute
considerable vanance to the measurements of genetic distance, so it is perfiaps surprising
that approximately 87% of the variation in both DS and DLR was explained by linear
regression on geographic distance (Table 4-4). Even more surprising, the values of DSand
Table 4-3. Genetic distances used to generate FI^ 4-5.
-
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Figure 4-5. Genetic distances involvhg two widely separated popularions nom each of three species of
bears (BR,FR, WS, LM,WH,NB).7be letters A-F in this figure indicate specific cornparisons @oints
on the X-axis) undertaken with aU six statistics, and do not refer to the individual graphs. The time scales
involved are iliustrated m Figure 4-1. A: The three intraspecific distances. The "X" represents the expected
value of BR-FR based on an extrapolation of the hear regression shown in Figure 4-4. B & C: Genetic
distances ffom each of the six study areas in "A"to Kodiak Island
and the island of Newfoundland (NI)
respectively. Populations are idenrifiecl for intraspecific comparisons. D: Genetic distances between the fou.
possible pairs of polar bear and brown bear study areas used in "A". E & F: Identical to "Dm,
but for polar
bears-black bears and brown beats-black bars respectively. Actuai values shown in Table 4-3.

Dm for each pair of populations have a correlation coefficient in excess of 0.98. These two
statistics mat the data in radicaily different ways-as opposed to distances like DS,D m
and D m , which differ only in the arrangement and qualification of tenns-yet perform in
an manner that is indistinguishable in this data set, and yield extremely sirnilar results.
With the exception of (6'p dl of the statistical rneasures had highly signifcant linear
regressions on geographic distance (Pc0.001). In fairness to its developers, (6p)2 w as
never intended for studying distances at the fme scale used here because it has relatively
high variance and because statistics based on the IAM are expected to remain linear over
short penods of time (GOLDSTEINet d.1995a, 1995b). For example, assurning constant
population size, DSis expected to remain relatively linear under the SMM up to values of
approximately 0.5 (NE1 1987). It shouid also be noted that, in the continuous distribution
studied here, genetic drift is primarily responsible for the genetic differentiation of study
areas so the use of accurate mutational models is not of critical importance. The other

statistic that was developed specifically to accommodate the pseudo-stepwise mutation
process of microsatellites is D w ,and this measure also clearly under perfoms Ds,DNZ,
and Dm.
In addition to low variance and linearity, another quality that is desirable in genetic
distance statistics is that the value goes to zero as the aliele distributions k i n g compared
becorne identical. In this respect, DA performs poorly on the brown bear data set because
the Y-intercept predicted by the linear regression ciiffers significantly nom zero (Table 4-4).
Actually, the only circumstance under which DA could be zero is if the populations being
compared are fuced for the same allele at a l l loci. Both D sand
~ (6p)z gave values for the
Y-intercept that differ from zero at a marginally significant level (Pd.1).
Genetics of Arctic brown bears: Notwithstanding a certain degree of circularity,
the strong relationship between geographic and certain genetic distances c m also be used to
reflect on the genetic structure of the distribution of brown bears across the Arctic Coast.
Although landscape considerations, combined with knowledge of local brown bear
movements, led us to assume that no signifïcant genetic discontinuities existed in this
distribution, the six study areas span the distributions of two'mitochondrial DNA (mtDNA)
clades that are approximately as divergent as some brown bear mtDNA lineages and polar
bear mtDNA lineages (TALBOT and SHIELDS 1996b; WAITS et al. in press).
Furthemore, ecological considerations and the peninsular dismbution of brown bears on
the Barren Grounds of the Northwest Temtories have led to the identification of a "Barren
Ground grizzly bear" population @ANFIELD 1987); a population which would include
three of the six study areas sampled here (IV-VI).
Although the mtDNA data may reflect interesting evolutionary events, these data have
the potential to be inappropriate for studying contemporary distributions of bears because
mtDNA is rnatemally inherited and, given the generally much larger rnovements of male
bears (CANFIELD and HARTING 1987), gene-flow is presumably effected
disproportionately by males. The microsatellite data presented here show that the
boundates suggested by ecologicd or mtDNA data do not reflect actual genetic divisions in
the current distribution of Arctic brown bears. The resuits aLso confirm the power of

Tabie 44. Regression statistics for Figure 4-4.

Regression
R~

F

P

Correlation Maaix

Y-Intercept
t

P

Ds

DA

Dm

Dsw

DLR

The proportion of variance in genetic distance values explained by the linear regression on geographic
distance (lZ2);the significance of the regressicm (F-value and probabiky); the signifcance of the deviation
from zero of the Y-valuep d i c i e d by the regression at X=O (t-value and probability); correlation coefficients
of ail pairs of distance measures.

microsatellites in studying fine-scale population structure, even in species that are
characterized by smali numbers of individu& distributed over vast tracts of land.
WIDELY SEPARATED POPULATIONS (Figure 4-5, A)

For this level of cornparison two widely separated study areas within the continuous
distributions of each of the three Noah American b a r species were used (Figure 4-3). The
BR and FR brown bear study areas are approximatdy 3200 km apart, and represent the
extreme northwestem and southem regions of the CO~MUOUS brown bear distribution. The
WH and
populations are among the most genetically distinct Canadian polar bear
populations and, assuming that gene flow follows a maritime route via the east Coast of
Baffin Island (PAETKAU et al. 1995), are separated by over 4500 km. The WS and LM
black bear populations do not represent extremes of the North American distribution, but
are separated by approxirnately 3400 km assurning a ~Iightdetour north of the prairies
where black bears are not found.
Predicting the expected genetic distances between these three pairs of pop dations is
clearly a treacherous task. Nonetheless, polar bears undertake dramatically larger
movements than brown bears, and brown bears generally have considerably larger
movements and home ranges than black bears (STIRLING1993), so one might predict that
the genetic distances would reflect these ciifferences. Certaïnly the distance between BR and
FR should be greater than the largest distances observed between pairs of Arctic brown
bear study areas.
In fact, all the measures except D m show the two polar bear populations as the most
similar, but the black bear study areas only corne out as being most distinct with Dsw and
(es@- The BR-FR distance is greater than any distance calculated for Arctic brown bear
populations for al1 but DSW and (6')2,aithough only just for Dm.Extrapolation of the
regression formulas calculated from the linear study areas, however, shows that the BRFR distance is lower in al1 cases than would be predicted. This may indicate that some or a i l
of the distance measures are losing linearity at this level of separation, but this explmation
cannot be presented with confidence given the diversity of habitat between the BR and FR
study areas.
INSULAR POPULATIONS (Figure 4-5, B & C )

For this section the six populations used in long-distance inuaspecific comparisons
(Figure 4-5, A) were compared to each of two insular populations: KI and NI. For each
island population these comparisons included two conspecific study areas and four study
areas from different species.
Several lines of evidence point to very a very similar evolutionary history for the KI
and NI populations: both islands were glaciated as recently as 14,000years ago DYKE
and PREST 1987; FLINT 1971); extrernely reduced genetic diversity (PAETKAU and
STROBECK 1994; PAETKAU et al. in press) and large distances of ocean (> 17 km)
separating them from the continent suggest extensive periods of isolation; very similar or
identical mtDNA haplotypes have been found in nearby continental populations (BR and
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LM respectively; (PAETKAU and STROBECK 1996; TALBOT and SHIELDS 1996b;
WAITS et al. in press). In short, the most parsimonious evolutionaxy hypothesis for these
populations is that they have existeci in isolation since the rise of ocean levels at the end of
the Pleistocene, but were not previously isolated in glacial refugia This would date their
period of isolation at under 12,000 yem.
If microsatellite data are even modestly useful in studying evolutionary relationships
between species, then the intraspecific genetic distances to insular populations should
consistently be well below interspecific genetic distances. AU six measures used here fail to
pass this test,with some intraspecific values consistently exceeding interspecïfïc values.
Despite this failure, it is not clear that there is no signal in the cornparisons made to
insular populations. AU six measures show that the BR study area has the closest genetic
relationship to KI, and that LM cornes out closest to NL This is in agreement with mtDNA
data, and may actually reflect the region of the species disûibutions from which the insular
populations were founded. Still, the fact that the FR-KI distances are on par with
interspecies distances for all but D sand
~ (6Cr)2,
and that the WS-NI distances are on par
with interspecifïc distances in every case, indiates that all the genetic distances are reaching
a plateau at the intraspecific level.
It should be noted that the exaggerated values for DSW and ( 6 , ~ ) 2in Figure 4-5, C
relative to Figure 4-5, B are due to the fixation of exttemely short aileles at locus GlOL in
the NI population (Appendix 4-1). Obviously the use of very large numbers of loci would
reduce the impact of such fortuitous events, but it seems unlikely that the general
conclusions would be altered ~ i ~ c a n t l y .

INTERSPECIFIC COMPARISONS (Figure 4-5, D-F)
The most powerful aspect of this data set for testing the performance of genetic
distances in addressing evolutionary questions with microsatellites is the fact that it contains
a pair of sister species (polar bars and brown bears) that diverged in the mid Pleistocene
and an outgroup species (black bears) that diverged from the polar bear-brown bear luieage
at least several times as long ago (MCLELLAN and REmR 1994; TALBOT and
SHlELDS 1996a; WAITS 1996). If microsatellites are to have any potential in addressing
difficult relationships such as the human-chimparizee-gorilia tricotomy (BOWCOCKet al.
1994; GOLDSTEIN et al. 1995b),then they should easily resolve these clearly separated
levels of relationship in bears.
None of the distance measures shows any sign of being able to resolve the sister
relationship of polar bears and brown bears. In fact, the distances between the polar bear
and brown bear study areas (Figure4-5, D) are generaliy larger than for the other two pairs
of species (Figure 4-5, E & F). Furthermore, the srnallest interspecific distances are never
more than 1.7 times greater than the largest distances calculated within continuous
distributions (Figure 4-5, A). The greatest separation in this regard is for Dsw and (8p)?
suggesting that these statistics achieve the greater period of linearity expected theoretically,
but lùiearity is s a clearly lost for these statistics weil below the interspecifk level.

The expectation of (6p)z is known (GOLDSTEIN et al. 1995b) so. by assuming that
the mutation rates found at (CA). repeats in humans (WEBER and WONG 1993; AMOS et
al. 1996) can be applied to bears, it is possible to estimate the level at which thk statistic is
reaching a plateau. Using reasonable estimates of mutation rate (v = 0.001) and generation
tirne (t = 10 years), the mean value of (@)2 observed between non-insular populations
from different species (mean of 12 values; Figure 4-5, D-F) corresponds to a period of
30,400 years. Even conservative estimates of v = 0.0001 and t = 15 years yield an
estimated time since divergence of 456,000 years, s t ü l an order of magnitude less than the

estimated 5 million years (MCLELLAN and REINER 1994; TALBOT and SHIELDS
1996a; WAITS 1996) since the divergence of black bears and the other two species. We
conclude that even ( 6 ~ 1 2is reaching a plateau at a level that corresponds to 3,000 to
30,000 generations since divergence, with the former value like1y to be closer to reality.
The data from b a s suggest that microsatellites may not be nearly as useful for
addressing evolutionary problems as had previously been hoped. It is now very important
that the existence and magnitude of this limitation be confimied in other data sets.

Genetic distance mesures based on the SMM, such as DSW and (6p)2, will rernain
linear for millions of years if the mutational dynamics of the markers used conform to this
model. It is, therefore, very clear that microsateIlites depart from the SMM ~ ~ c i e n ttol y
cause a tremendous gap between the theoretical capabilities and the actual performance of
these statistics. The best explanation for this gap between theory and practice is that
constraints on allele sizes at microsatellite loci (BOWCOCKet al. 1994; GARZA et al.
1995; OSTRANDER et al. 1993) cause all genetic distance masures to plateau weii below
levels predicted under the assurnption that allele distributions are unconstrained
(FELDMAN et al. 1997; NAUTA and WEISSING 1996).
There is growing evidence that microsatellite allele distributions are constrained,
perhaps very tightly consîrauied. For example, of 101 (CA), microsatellite clones
sequenced from canine genomic l i b d e s , 96 had between 11 and 22 unintempted (CA)
repeats (range 8-25 repeats; 0STRAM)ER et ai. 1993). Of the eight loci used in this
study, seven had cloned d e l e s with be-n
17 and 21 uninterrupted repeats, although
locus G lOL appears to be quite unusual in this respect, having a cloned allele with 34
repeats (PAETKAU et al. 1995). It should be noted, however, that the methods used to
isolate markers confound these data insofar as libraxies are typicaliy made with srnall
inserts, selecting against large repeats, and clones with very srna numbers of repeats are
generally discarded.
Evidence for constraints in bears: The allele distributions given in Appendix 4-1
can be expressed in ternis of number of (CA), repeats assuming that differeoces in length
between alleles are due entirely ta changes in the number of repeats, and not changes in the
length of sequences flanking the repeat region. This assumption appears to generally hold
tme as the flaakuig regions have been sequenced for at least two aileles from each of the
eight species of bears for loci GlD and GlOP, and the only flanking sequence length
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n

Polar Bears

Figure 4-6.Observed distributions of aiieles (Appendix 4-1) graphecl based on prwumed number of
unintempteü (CA) repeats. Loci GlOX and GIOL. wbich were relatively skeweü to the Ieft and right
respectively. are show as hatched bars and open bars respectively. The other six loci are shown with black
bars.

polymorphism found was the point deletion that is responsible for the odd-sized alleles at
locus G1D in brown bears.
AU the alleles from each of the three species of bears in this study-a total of 11,552
observations-were cornbined and graphed based on the presumed number of repeats
(Figure 4-6), and it is apparent that the aliele distributions are very sirnilar, both b e ~ n
loci and between species. For example, combining a l l loci except G lOL,98.9746 of alleles
have between 12 and 25 repeats. Even with GIOL, the total range is only 9-37 repeats.
Furthemore, when data are combined from a l l eight loci, the modal number of repeats in
each of the three species is the same: 20. The mean d e l e size ranges from 19.4 in polar

bears to 20.5 in black bears, standing in conuast to previous fidings that mean allele size
tends to be considerably larger in the species that was used as the source for microsatellites
markers (black bears in this case) than in non-source species (BOWCOCK et al. 1994;
FI?ZSIMMONS et al. 1995; FORBES et al. 1995).
One way in which constraints on allele size have been evaluated is by companng
expected and observed differences in mean allele size (&). Since we have already
calculated (@)2 for many pairs of populations, we c m compare expected and observed
values of this statistic. Using the same reasonable (v = 0.001, t = 10 years) and
conservative (v = 0.0001,t = 15 years) estimates of mutation rate and generation tirne, we
determine that the expected values for either black bear-brown bear or black bear-polar
bear distances (-5 my divergence; MCLELLAN and REINER 1994; TALBOT and
SHIELDS 1996a; WAITS 1996) would be 1OOO and 67 respectively. For polar bear-brown
bear cornparisons (- 1 my divergence) the expected values are 200 and 13.3 respectively.
Four interspecinc calculations of (6pp were made for each pair of species (Figure 4-5,
D-F, Table 4-3) with the following average values: black bear-brown bear, 5.7; black
bar-polar bear, 5.9; brown bear-polar bear, 6.6. The (6pF values were also examined on
a locus by locus basis. In this case, all32 black bar-brown bear distances and all32 black
bear-polar bear distances were below the conservative estirnate of an expected value of 30.
Similarly, only the four values for locus GlOL were above the conservative estimate of
13.3 for brown bear-polar bear distances. Simple binomial probability indicates that these
data are strong evidence for constrauits on allele size in this microsateIlite data set
Even if the estunates of mutation rate used here were overestirnates for the loci we
used, the simple fact is that populations with something Use 104 years of isolation have
similar genetic distances to species with over 106 years of isolation, an indication that the
distributions of alleles at these loci are constrained.
IMPACT OF DIVERSITY WITHIN POPULATIONS

Figure 4-5 includes interspecific cornparisons between populations that span a wide
range of witbui-population genetic diversity; from He= 0.8 for WS and LM to He = 0.26
for KI (Table 4-1). An explanation for some of the patterns observed in Figures 4-4 and 45 is that the magnitude of genetic distance values is exaggerated for populations with lower
diversity.
Chakraborty and Nei (1976) showed that population bottlenecks cause a marked, if
reversible, increase in Ds,but concluded that diversity within populations was not
generaily of concern as long as values of 8=4Nev (where Ne is the genetic effective
population size) rem& well below 1. This condition is easily met with most allozyme
markers, but for microsatellites it would be unusual for 8 to be as low as 1-for example,
the estimated 6 for WS under the SMM (KIMURA and CROW 1964) is I2! Thus, the
same data reviewed with microsaîeliiîe markers in mind would lead to the conclusion that
within-population genetic diversity has a large impact on Ds.
Although the other distance measures used here have not k e n studied as thoroughly as
Ds,it is easy to see that, with constraints on allele distribution, dl the genetic distances

except D A will drap towards zero as
popdation size iflcmi~es:in i n f i tdy large
populationsallele distributions would be
identical, conforming to the probability
distribution of allele States (the shape of this
distribution depends on mutational dynamics,
but the sirnilarity of the distributions observed
in the three species studied here suggests that
it is approxùnated by Figure 4-6). Reference
to Appendix 4-1 shows that some of the
populations studied here contai. most of the
alleles bat have ever been observed at some
loci demoptrating that this issue may be of
prac tical concem.
The relationship of DA to diversity is more cornplicated. In populations with identical
allele distributions the genetic distance c m be as low as &ro-for populations fmed for
identical alleles at each locus-but may actuaiiy be quite large in populations with many
dleles. However, whereas Jm is independent of population size (CHAKRABORTY and
NE1 1976)- when the square root is introduced in c a l c u l a ~ gDA, this brm will be biased
upwards as the diversity of the populations being compared increases and the ftequency of
each aliele decreases. The net result is that DA should generaily be biased d o m with
increasing diversity, similar to the other distance measures.
To test the response of the genetic distance measures to within-population genetic
diversity, the correlation coefficients between genetic distance and the average He of the
two populations being compared were calculated for each of tsventy interspecific genetic
distances (Table 4-5). This test is underpinned by the assumption that a l l the distance
values being compared are at the equilibnum level dictated by constraints on allele
dishtbutions; this way the values are not confounded by biologically driven differences in
genetic distance, or by high rates of genetic drift in smder populations. AU of the genetic
distance measures except (6p)2 were ~ i g ~ c a n tnegatively
ly
correlated with He. One
measure, Dm,had a conelation coefficient of -0.977 indicating that essentially ail of the
variation in distance values observed in intenpecinc cornparisons with this statistic was due
to the genetic diversity of the populations being compared (this is expected if Jm is at
equüibrium since Jx and J y are simply the expected homozygosity of the populations being
compared). The failure to detect a signifcant negative correlation with (6p)Z almost
certainly has more to do with its high variance than any immuniq to diversity effects,
although this distance measure is clearly affectecl to a laser degree than some of the others.
The strong effect of diversity on genetic distance measures justifh a reexamina tion of
the data presented in Figures 4-4 and 4-5. For example, excluding Dsw and (6p)2, the
FR-KI and WS-NI distances (Figure 4-5, B and C), both of which compare a continental
population to a conspecifc insular population with very low genetic diversity, are higher
than every interspecies distance in which both populations k i n g compared are part of large
continuous distributions (Figure 4-5, D-F;with the single exception of FR-rn which is
Table 4-5. Correlation coefficients between 20
interspecific genetic distances (Table 4-3) and
meanHe(Table4-1)in&etwostud~areas

larger than WS-NI for Ds)It appears that diversity effects are dramaticdy exaggerating
distances to insular populations for these statistics. In addition, there is a general tendency,
quite strong for Ds,Dm,and Dm, for interspemc values to decrease with increasing
rnean He in the study areas king compared (Figure 4-5, D through F).
We can also revisit the long-distance intraspecific cornparisons (Figure 4-5, A). Recaii
thal contrary to prediction, the WH-NB distance was not the smallest for Dm and that the
WS-LM distance only came out as largest for Dsw and (6p)? These deviations from
prediction my result from diversity effects. For example, it is not surprising that for D m ,
the statistic most affected by diversity (Table 45), the polar bear distance (low He ) is
shifted up relative to expectauon, and the black bear distance (high He) is shifted down
relative to expectation.
The results from the linear Arctic brown bear study areas may also have been affected
by diversity. Hefor these populations ranges frorn 0.74-0.76 in Alaska and the Yukon
(study areas 1-III), but drops to 0.60 in the most easterly study area in the Northwest
Temtories (VI; Table 4- 1). Looking at the plots for Ds,Dm;and Dm (Figure 4-4), the two
points that lie the greatest distance above the regression lùie'are the distances for Il-VI and
III-VI, whereas the two points furthest below the regression line are for 1-LI and 1-m.
These outlien may be due to chance, or rnay have a natural explanation-for example,
subtly reduced gene 80w across the MacKenzie River, which separates study areas 1-III
from IV-VI-but the effects of diversity certainly cannot be discounted.

The results from the six linear Arctic brown bear study areas c o n f i the power of
microsatellites for snidying fme-scaled population structure. Three statistics-0s ,Dm and
D ~ p e r f o r m e dparticularly well at this scale. Since genetic drift is the primary force
driving genetic distances at this scaie, the variance of the rneasures used is a more important
consideration than accurate mutational rnodels. Given the intimate relationship between DS
and Dm,we recommend the use of Ds and DLRto provide relatively independent estimates
of genetic distance in studies working at a similar scale.
The data suggest that sorne of the genetic distance statistics are beginning to plateau at
the level represented by the most geographically separateci regions of the continuous North
Amencan brown bear distribution. Studies in other organisms, where larger numbers of
populations can be used, and where habitat is fairly homogenous over larger relative
distances, will be required to more precisely defuie the point at which significant depamires
from linearity begin to occur.
The fact that the genetic distances between some continental populations and
conspecifïc insdar populations are on par with,if not greater than, interspecific genetic
distances suggests that most of the distance statistics are reaching a plateau level after l e s
than 20,000years of separation. Dsw and (6pp may still be relatively hear at this level,
but the variance of these statistics rnakes it difficult to draw strong on cl usions when using
only eight loci.

AU the genetic distance measures used here were completely unable to identify the very
close sister relationship of polar bears and brown bears. If these data are typical for
microsatellite markers-an assumption that must now be evaluated with other data sets-it
appears that even (Spp plateaus after periods of tùne that are very short in evolutionary
ternis, and that microsatellites are unlikely to be useful for resolving relationships between
species. Presumably constraints on aiiele distributions are responsible for this hitauon. It
is likely that there is a window between the point where some statistics lose lhearity
because of inappropriate mutational mode1 and the point where (&)* loses linearity
because of constraints on ailele distributions, but it remab to be demonstrated whether this
window is large enough to compensate for the relatively large variance of this statistic.
The effect of genetic diversity on genetic distance statistics complicates their
interpretation, and this effect must be considered when analyzing microsatellite data sets.
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Appendix 4-1. Observed alleIe frequency distributions. Allele designaùons are the size in the base pairs
relative [O the GSSSOO (ABU internai lane standard. Al1 genotype designations were also checked visually
against adjacent lanes.
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Chapter 5
Microsatellite analysis of population structure in
Canadian polar bears
Introduction

Polar bears (Ursu maritimccs) are large mammals distributed at low densities throughout
the circumpolar Arctic. Ln order to properly protect and manage this species, it is important
to understand the structure of its populations, particularly in light of the international nature
of the population distribution. Although polar bears were once thought to be nomadicwith individual ranges that were circumpolar-mark-recapture programs, later
supplemented with radio and satellite telemeûy, have demonstrated that they are philopatric.
Data on the movements of many individual bûars have been collected over the past 25 years
and indicate centers of geographic distribution with limited overlap (Taylor & Lee. 1995).
In addition, polar bears show seasonal fidelity to particular areas. This pattern can be
influenced by the distribution of seais--their primary prey-which, in tum, is infiuenced
by ice conditions.
In Canada, twelve polar bear populations. with predictable boundaries and a separation
of breeding populations, have been identifed (Taylor & Lee, 1995). While these
population boundaries have facüitated the implementatïon of management plans, the genetic
bais of this recognition of separate populations has not been established. Snidies based on
multiple relocations shed light on the movements of individuals, but do not reveal the
degree of interbreeding between animals from different populations. The long-distance
movements made by some polar bars might lead to the prediction that gene flow between
populations is sufficient to homogenize them genetically, despite the clear fidelity of
animais to particular breeding areas. To test this prediction, it is necessary to undertake
studies of genetic markers that might identify population structure.
A general feature of such genetic studies is that no information can be gained on
population structure if the markers employed are not polymorphic. This fact is pointedly
illustrated by previous studies of genetic variation in polar bears. Allendorf et. al (1979)
found no variation in a limited ssurey of protein variation. Similarly, Larsen et d.(1983)
used high-resolution techniques to survey 75 proteins in a large number of polar bears,
from several countiies, and found only two variable loci. Variation in mitochondrial DNA
sequence has also been studied and the results have k e n similar (Cronin et al. 1991;
Shields & Kocher 1991). One group surveyed 137 individuals from two of the populations
included in the current study-the northem Beaufort Sea and western Hudson Bay-and
found only two haplotypes, one of which occurred in only a single individual (Y Plante et
aL, personal communication). Qearly the low level of genetic variation detected ushg these
methods precludes their use in addressing questions of population differentiation.
IAversion of this chapter bas been published. Paetkau. Calvert, Stirling & Strobeck (1995) Molecular
E C O ~ O ~4,Y347-354.
,

A possible soiution to the problern of low genetic variability in polar bears is the use of
repetitive DNA markers characterized by extremely high vxiability. The potentid uwty of
such "DNA fmgerprinting" techniques for studying population structure in wildlife species
was demonstrated in a study of island populations of foxes whose colonization history was
known (Gilbert et al. 1990). Much of the DNA fingerprinting done on wildlife populations
to date has been based on the rnultilocus minisatellite method origùidy described by
Jeffreys et al (1985). One drawback of this method is that most of the mathematical
treatments for studying population structure are based on single-locus models, and cannot

be used for these data.
The study of microsatellites-short tandem repeats of 1-5 bases (Bechann & Weber
1992)-provides an excellent alternative for studying wildlife species (for reviews see
Bruford & Wayne 1993; Queller et al. 1993), although interpopulation cornparisons using
this method have been restrïcted primarily to human populations to date (e.g. Bowcock et
al. 1994; Edwards et al. 1992; but see Paetkau & Strobeck 1994; Roy et al. 1994). Singlelocus analysis, yielding discrete genotypes, is easy to develop with this method, and, since
it is PCR-based, data collection is rapid, and srnail or degraded DNA samples can be used.
We describe the use of eight microsatellite markers to delineate the genetic relationship
between four Canadian polar bear populations. The populations included in this study
show varying degrees of geographical separation (Figure 5-1). The northern Beaufort Sea
(NB) and southern Beaufort Sea (SB) populations are adjacent to each other and may have
up to 10% overlap in the region of their shared boundary (Stirling et aL 1988). By connast,
the western Hudson Bay (WH) and Davis Straight-Labrador Sea @S) populations are
widely separated from each other and no movements of polar bears have been recorded
between the two (Stirling et al. 1977, 1980; Stirling & Kiliaan 1980). Similarly, no
movements between the Beaufort Sea and either WH or DS have been recorded. These
populations span the widest geographical separation of Canadian polar bears, from
Labrador to the AIaskan border.
Materials and methods

DNA was isolated from bbod or tissue sampks collected between 1986 and 1993. Whole
blood preserved with EDTA, blood clots left after semm collection, and skin disks
removed during ear-tagging were used DNA was exkacted on an Applied Biosystems h c .
(ABU Genepure 34 1 Nucleic Acids Purifkatio n System using standard pro tocols. Only

samples from adult anirnals with no known relationship to other sampled animals were
used. Sample sizes were 22, 30, 30, and 26 for SB, NB, WH, and DS respectively.
Eighteen additional samples, originally included in the NB and SB populations, were
analyzed and subsequently excluded because they were obtained from individuah handled
within 50 km of the proposed common boundary of these populations makuig it difficult to
assign them to a population with confidence. These eighteen samples were included as a
separate population (MB) for some calculations.

Figure 5-1. (a) Map of the southeascan Canadian Arctic showing sampling locations for the WH and DS
populations. (b) Map of the Beaufort Sea region showing sampling locations for the SB and NB
populations.

Eight pairs of primers cable 5-1) were used to amplify (GT). microsateIlite loci ushg
PCR. Four of these primer pairs were described previously (Paelkau & Strobeck 1994) and
the remahhg four were isolated from the same black bear genomic library, and using the
same methods, as described in that report PCR products were resolved on a denaturing
polyacrylamide gel as previously described (Hughes 1993; Paetkau & Strobeck 1994;
Weber & May 1989) except that one primer from each pair was synthesized with a
fluorescent dye group-either FAM or HEX (ABI)-on the 5' end. Primers were
synthesized on an AB1 391 DNA Synthesizer. These dyes allowed detection and sizing of
fragments on an AB1 373A DNA Sequencer maintained by Parks Canada at the University
of Aiberta The availability of two dyes aliows the analysis of loci whose PCR producls
overlap in size in the same lane. A detailed description of detection and analysis using this
system is given elsewhere (Ziegle et aL 1992).
PCR products from four loci were multiplexed in each gel lane. Multiplexing by
coarnpliucation was used for seven of the eight pairs of primers by including either four or
six primers in each PCR cocktail. The best coamplifcation was achieved with loci 10B,
10C,and ID; loci 1A and 10L;and loci 10X and 10M. PCR cocktails were 0.16 ph4 for
each primer, 1.9 m M MgCl2, 50 mM KCl, 10 m M Tris-HC1 (pH %O), 0.1% Triton X100, 120 p M for each dNTP (160 yM when multiplexing by coamplification), and
containeci 0.5 U Taq DNA polymerase, and 100 ng genomic DNA.Cycling was carried out
without an oil overlay in a Pelkùi Elmer Ceais 9600 thermal cycler. Samples were heated to
94 OC for 2 min followed by two cycles of 30 s at 94 OC, 20 s at 58 OC, and 1 s at 72 OC,
and then 33 cycles which were identical except that the meltïng M e was reduced to 15 S.
Cycling was followed by 30 s at 72 O C .
After PCR,samples labeled with FAM were diluted 1 in 6 into samples labeled with
HEX; the latter giving a weaker signal. This mixing ailows multiplexing of more samples
than c m be coamplifed together. 1.75 pl of each sample mixture was loaded on the gel in a
formamide loading bmer dong with an interna1 standard labeled with a third dye (CS2500
Table 5-1. Primer sequences bted 5'+ 3'. F and 74'denote the dye mis FAM and HEX (ABD respeccively.

Allele

Locus (Gï),sbandprimer

(CA), s m d primer

GIA
G1D
GIOB
GlK
GlOL
GlOM
G l OP
GIOX

FCTACTCTTCCTACTCI'ITAAGAG
GACAAATCACAGAiWCCTCCATCC
FGGGGACATAAACACCGAGACAGC
GAAGATACAGAAACCTACCCATGC
HGATCATGT(JTïTCCAAATAAT
HXATGTGGGGMTAmAA
HTCAGTTATCTGTGATCAAAA

GATCrGTGGGTfTATAGGTTACA*
FGCCTlTTAATGrnGITGAArn
AAAGCAGAAGGCCITGATJXCTû
FGTAcrGAmAA'ITCACAmCC
TïCCCCKATCGTAGG'ITGTA
AGGAGGAAGAAAGAAAAC
CCCTGGTAACCACAAAmcr

No of

clowdt repeats*
176
158

113
165
210

159
147

17.5

21
21.5
34
21
21
20.5

*The actual primers used in two cases were longer than listed, having been moditied at the 5' end to create
restriction sites.
*O determine which aiiele was cloned, phage stocks w a e amplifred and analunder the same conditions used
for genomic sarnples.
*Thenumber of uninterrupted tandem repeats observed in the sequence of cloned alleles.

Size in base pain
4800
4200
3600
3000
2600
1600

1200
600
0

GlOX

GIOB

GIA

GlOM

Figure 5-2. Elecmpherogram from one lane of a polyacryiamide gel showing resolutioo of PCR products
for four miaosatellite loci. S i z e s of sample peaks are detennined relative to intemal standards (Ziegle es al.
1992). Peak sizes may not correspond exactly to tbe actual lengtb of PCR products due to the ciifference in
base cornposidon berneen the srandard and the samples. This individual is heterozygous at locus GlOX
with two alleles sized at approximately 135 bases and 137 bases. respectively. Genotypes for loci GIOB.
GIA, and GlOM are 1WlS6, 19û1194, and 210f214respectively. Smaller peaks two and four bases shorter
thao main peaks are an artifact of the amptification of dinulceoride repeats (Smeets er al. 1989). These
"shadowbandsndo not interfere with the assignment of genotypes.

ROX,ABI). Data collection and analysis, as weU as automatic sizing of bands, was done
using Genescan 672 software supplied with the sequencer (Figure5-2).

Expected heterozygosity and probability of identity were calculated using the formulae

(Nei & Roychoudhury 1974) and
t

i j>i

respectively, where pi and pi are the frequencies of the ith and jth alleles in a given
population. The observed numbers of heterozygotes and hornozygotes-for each locus in
each population-were tested against expected numbers using a ~2 goodness-of-fit test
(Hartl & Clark 1989). While this test does not explicitly test for Hardy-Weinberg
equilibrium, it should detect the presence of null alleles (Callen et al. 1993),which have
been found in other bear species at one of the loci used in this study (Paetkau & Strobeck
1995).
The homogeneity of allele distributions was tested using a G-test (Sokal & RohIf
1981). Pairwise cornparisons between all populations were made for each locus and values
sumrned over al1 loci. Nei's standard genetic distance (Nei 1972) was also calculated
between a l l population pairs.
In addition, a test was developed to detennine how indicative an individual's genotype
was of the population in which it was sampled. This "assignment test" involved calculating

the expected frequency of each individual's genotype in each of the four populations and
subsequent assignment of each individual to the population where its expected genotype
frequency was highest. The calculation was a simple product of expected genotype
frequency at each of the eight loci, based on the observed distributions of alleles. This
calculation assumes random m a ~ and
g linkage equilibriurn within each population.
The only modification made to calculations for the assignment test was that the d e l e
distributions for each of the populations in which a given individual was not included (three
out of four populations in each case) were modifed by adduig the individual's alleles to the
disuibution before undertaking calculations. This modifkation eliminates the bias resulting
from the inclusion of each individual's genotype in the allele distribution for its own
population. It also prevents getting expected genotype frequencies of zero as will occur
any time an individual has a rare d e l e that is not present in a particular population's allele
distribution. This modification shouid result in a conservative yet acceptable measure of
interpopulation differences. A program was written in Filemaker Pro (Claris) to perform
the calculations.

Resul t s

Complete genotypes at eight microsatellite loci were determined for a total of 126
individuals. Multiplexing allowed 18 individuals to be completely typed on one gel. An
added convenience was that the entire procedure from the isolation of microsatellites
(Paetkau & Strobeck 1994) to the analysis of variation was done without radioactivïty.
Considerable variation was observed at the eight microsatellite loci studied. Three
measures of genetic diversity were calculated (Table 5-2) based on observed allele
distributions (Table 5-3). Between four and nine alleles were found at each locus in each
population. Expected heterozygosity within populations, at individual loci, ranged from
25% to 84%, with mean expected heterozygosity near 601 in each population. Overall
probability of identity-the probability that &voindividuals drawn at random from a given
Table 5-2. Diversity statistics: expected heterozygosity, probability of identity and observed number of
alleles, by locus and population. O v d values are 8-locus means for hecerozygosity and number of aiides.
The overall value for probabifity of identity is the product of individual values, and assumes linkage
equdi'brium between loci.
Probability of Identity

Heterozygosity

LOCUS
GIA
GlD
GlOB
GlOC

G10L
GlOM
GlOP
GiOX
Overail

SB

NB

WH

DS

SB

WH

DS

Number of Meles

SB

NB

WH DS

population have identical genotypes at a l l eight loci-ranged from 1.0 x 10-6 to 2.1 x 10-7
within the four populations. The x2 goodness-of-fit test was used to check for an excess of
homozygotes at each locus, in each population (32 tests). None of the values obtained were
signifcant at the 596 leveL
Three measures of interpopulation differentiation were used (Table 5-4). The G-test
gave highly significant r a t s between ail population pairs (P < 0.0001)except NB and SB
which were still sigmcantly different (P < 0.026). Nei's genetic distances ranged from
approximately 0.05 to 0.07 between geographically dose populations to near 0.3 1 for the
most widely separated populations. The results of the assignment test (Table 5-5) were that
65 individuals (60%)were correctly assigned to theû populations, 36 individuals (33%)

Table 5-3. Observed allele fi-equencydismbutions by Iocus and population. MB refers to a sampie of 18
individuals tha~were excluded £mmeitber SB or NB because of their proximity to the common boundary of
these populations.
Population

Population

Locus Aiiele
GIA 190
192
194
196
198

200
202
GlOB 142
150
152
154
156
158
GlOC 101
103
105
107
109
111
113
115
GIOP 145
147
149
151
153
155

157
159
161

SB

NB

MB

WH

DS

Locus Aiiele

G D 180
182
184
186
188
190
GlOL 141
143
145
147
149
151

GlOMrn
206
208
210
212
214
216
218
GlOX 133
135
137
139

141
143
145

147
149

SB

NB

MB

WH

DS

73
Table 54. Results of G-test (above diagonal) and Nei's
(1972) genetic distance (below diagonal), Values for the
G-test are ~2 values (d.f.). Ml probabilities 4.0001
except SBMB (P4.026).

MB

SB

NB

WH

DS

Table 5-5. Results of assignment test. The
expected frequency of each individual's
genotype was calculated and animais were
assigned to the population in which iheir
genotype was most likely to occur. Values
are the number of Rnimals from each
population assigned to each of the four
populations in the study.

Source
population

Assigneci popuiation
SB NE? WH DS

were assigned to the closest neighboring population, and 7 (6.5%)were assigned to a more

distant population.

Discussion
Analysis of variation within populations

Previous genetic studies of polar bear populations have focused on variation in aliozymes
and mitochondrial DNA-methods which have consistently found little or no variation. By
contrast, the microsatefite markers used in this study detect high levels of genetic variation,
with mean expected heterozygosity over 60% in each population. Two continental
Canadian black bear (Ursus americanlrs) populations surveyed at the sarne eight loci had
mean expected heterozygosities of approximately 80% while the value for a population
from insular Newfoundland was 41% (Paetkau & Strobeck 1994; D. Paetkau, unpubhhed
data). Polar bears are clearly witbin the range of variability seen in diese populations,
although the soaewhat reduced variation in polar bears relative to continental black bears is
consistent with ailozyme data (Aliendorf et al. 1979; Larsen et al. 1983; Manlove et al.
1980; Wathen, McCracken & Pelton 1985) which suggest that polar bears are less
genetically variable than black bears.
The calculated probabilities of identiîy within populations-which were never higher
than one in a million-are also impressive; particularly given that the global population
estimate for polar bears is approximately 25,000 (Calvert et al. 1995). The fact that
microsateliite genotypes are iikely to be unique to individu& makes them potentially useful
in a variety of applications including analysis of paternity or farnily relatedness, and
forensics. The general observation of high genetic diversity within populations also
suggests potential utility in studies of population structure.

Three methods were used to study deviatiom from panmiXia in the total sample. The G-test
unequivocaily demonstrates that polar bear populations across their Canadian distribution
are not genetically homogeneous. Perhaps the most impressive result is that a signifcant
difference, although less dramatic, was detected between the two neighboring populations
in the Beaufort Sea.
Nei's genetic distance was used to quant@ genetic differences between populations.
This measure of population structure was chosen over statistics such as F ~ ~ b e c a u the
se
latter provide a single measure which contains no information about how any pair of
populations compare to one another. Consistent with the results of the G-test, the genetic
distance between the Beaufort populations and the distance between the nvo eastern
populations are smaller than the distances between any other pair of populations.
One shortfall of the two rneasures of interpopulation difference described above is that
it is diff~cuitto get a concepnial grasp of their meaning. Foi example, what does a genetic
distance of 0.3 mean biologically? An alternative approach is to ask whether suffcient
differences exist between populations to make an individual's genotype characteristic, or
even diagnostic, of the population from which it came. Since this type of question might
aid in explaining the significance of results, we developed a simple test in which each
animal in the population is assigned to the population where the expected frequency of its
genotype is highest We could then ask how often anirnals are correctly assigned to the area
in which they were sampled and use this as an indication of population differentiation ( s e

methods).
The result of this test was that 65 of 108 animais were correctly assigned to their
populations. Consistent with the results of the conventional tesu descnbed above,
however, only 7 animais were misassigned from a Beaufort Sea population to an eastem
population, or vice versa. Thus, with only eight microsatellite markers, genotypes are
characteristic of populations and highly characteristic of regions. This result indicates that it
may be possible, with the addition of more loci and improvement of databases, to identify
the region of origin for polar bear samples; a fmding of considerable importance for
wildlife forensics.

A considerable amount of mark-recapture and telemetry data exist for al1 four study
populations (Stirling et al. 1975, 1977, 1980, 1988; Stirling & Kiliaan 1980). As
rnentioned, these data suggest strong seasonal fidelity of individual bears to particular

areas. Long-distance movements of inaividuals are recorded periodicaily, although not
undertaken by most animals. For example, three a . a l sfmt caught in WH were relocated
outside the normal boundaRes of the population: one on Southampton Island and two almg
the northeast coast of Hudson Bay (Stirling et al. 1977). Isolated rnovements of bears
between the Labrador coast and northern Hudson Bay have also been recorded (Stirling &
Kiliaan 1980). In the Beaufort Sea, mark-recapture and telemetry data support the division

of SB from NB (Stirling et al. 1988) although rare movements of radio-collared animals
from Alaska to the ice off the W e s t coast of Banks Island prove that the isolation is not
complete (Amstrup 1986).
The genetic implications of these field data are not obvious. For example, while we
laiow that animais from both WH and DS move on occasion to the Southampton Island
area, if these movernents do not occur during the breeding season. they have no genetic
consequence. On the other hand. while movements between popdations may be rare, only
a few migrants are required to genetically hornogenize populations that are at equilibrîum
for migration and genctic driftAlthough it appears that the WH and DS populations are separate durùig the breeding
season-in late winter and early spring-this separation is less clear for the NB and SB
populations. During the breeding season these Beaufort Sea populations are concentrated
dong the shore leads off either the mainland or the western Banks Island coasts. Some
overlap occurs in the areas between Cape Bathurst and Banks Island (Figure 5-1) or dong
the open lead Î n the ice that forrns each year during the breeding season between Banks
Island and the mainland coast.
The microsatellite data presented here demonstrate that the abiüty of polar bears to
undertake long-distance movernents has not resulted in the cornplete genetic mixing of
populations. Clearly the philopatry observed in field studies works to prevent frequent
matings between individuals from different populations. These data suggest that there is a
genetic bais to the population boundaries defined fkom data on seasonal movements.
In addition to corroborating existing population boundaries, the microsateIlite data may
provide insight on movement between the eastem and western extremes of the Canadian
polar bear distribution. Both the G-test and genetic distance suggest a closer relationship
between DS and the Beaufort Sea populations than between WH and the Beaufort Seê By
contrast, SB and NB are equidistant to WH and equidistant to DS. Furthemore, when the
18 anirnals sampled close to the SB-NB boundary-and therefore excluded from either
population-are treated as a separate population (MB) and used for genetic distance
calculations (Table 5 - 4 , the distances obtained to WH and DS are nearly identical to the
values caiculated for SB and NB, adding support to the si-cance
of this pattern.
The greater separation of WH than DS from the two Beaufort Sea populations suggests
that gene flow between WH and the Beaufort Sea occurs through the populations dong the
east coast of Baff"111Island. Implications about the path of gene flow from the Beaufort Sea
populations to points funher east are les obvious. Studies of genetic material from the
Pany Channel and the Central Canadian Arctic could provide an interesting direction for
M e r research.
The results descnbed here also have broader implications for genetic studies in species,
such as many large mammals, characterized by low genetic variation. High variation at
microsatellite markers has been described in species with little genetic diversity (Hughes &
Queller 1993), and microsatellites have been suggested as a tool for monitoring Loss of
variation in isolated or remnant popularions (Paetkau & Strobeck 1994). The work
dzscribed here on polar bears indicates that microsatellite analysis cm be highly Sonnative

for studying genetic structure in populations possessing insufficient diversity to be
amenable to study with other techniques.
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Chapter 6
Gene flow between insular, coastal and interior
populations of brown bears in Alaska*
Brown and Grizzly Bears, Ursus arctus Linnaeus, 1758... Some 232 Recent
and 39 fossil "species" and "subspecies"... have been proposed for this mon-a
waste of systematic effort which, as far as we h o w , is unparalleled.
KuIzén and Anderson, 1980
INTRODUCTION

Brown bears (Ursus arctos, iocluduig gnzzly bears) are-a very widely disûibuted species,
occurring throughout large parts of Europe, Asia and North America (1). The habitats in
which brown bears can be found include arid regions of counaies like China and Turkey,
temperate r a h forests, and regions of b o r d forest, taiga, and Arctic tundra across the
northern hemisphere. Not surprisingly, both body size and population density vary
dramaticaily across this range (e.g .Table 6- 1).
The diversity of brown bear populations has prompted a tremendous effort in
systematic description, the legacy of which is one of the most notorious examples of
systematic over-splitting (6). In North Arnerica exneme synonymy has given way to a
general recognition of just two or three subspecies: the large, relatively broad-skulled bears
of the Kodiak Archipelago are recognized as U.a middendorfli, but opinions M e r as to
whether the remaining populations compBse a single subspecies (II. a honibilis; 2) or
should be broken into U. a. dalli-the large bears of coastal Alaska and British
Columbia-and U.a. h ~ ~ b i l i s - t h esmder "grizzly bears" of the interior (Figure 6-1; 7).
The understanding of North American brown bear taxonomy was recently complicated
further when it was found that the morphologicaliy undistinguished brown bears of the
ABC Islands of southeast Alaska had a mitochondrial DNA (mtDNA) haplotype that was
more similar to haplotypes found in polar bars than those found in any other brown bears,
including brown bears from maidand coastal areas irnmediately adjacent to the ABC
Islands (8-10). These data suggested that ABC brown b a r s may be reproductively isolated
from other brown bear populations and may have been so for an extended penod of t h e
(11)-

To address the remaining uncertainty surroundhg the genetic status of North America's
coastal brown bears, we undertook a detailed population genetic survey employing a suite
of biparentaily inhented (nuclear) genetic markers [(CAh microsatellites]; markers which
have sufficient variability in brown b a r s to diow detailed study of population structure
(12). Included in this s w e y were samples from: three interior study areas where the
physicaily srnaller (Table 6-1) "grizziy bears" are found; Kodiak Island; the mainland
coasts of southeast and southwest Alaska; each of the ABC Islands (Figure 6-1). The
* A version of this chapter has been submitted for publication. Paetkau. Shields & Strobeck (submitted)
Proc. N u l . Acad Sci USA.

distribution of these study areas allowed us to test whether Kodiak bears, coastal brown
bears in general, or ABC bears specifically are genetically isolated from interior
populations, and to study patterns of gene flow between insular and mainland populations.
MATERIALS and METEIODS

DNA was extracted from blood, skui, hair or meat samples, most of which were
obtained during the course of field research projects conducted by others. AU individuals
were typed at eight microsatefite loci (13). In addition, a subset of 55 animals from the
ABC Islands, the Kluane study area and southeast coastal Alaska was typed at nine more
loci (Table 6-2).Three of these additional loci were from a domestic dog library (14), two
were from brown b a r s (15) and the remaining four were isolated nom the same black bear
library as the eight loci used on aU individuals (18; Genbank accession numbers UAU
22084-95). The data from Kodiak Island, the Kuskokwim Mountains and Kluane National
Park have been published (19).
Microsatellite analysis used ABI's four-color detection system on a 373A automated
sequencer and genotypes were detennined using Genotyper software (ABI). The 17 loci
used could be PCR arnplified in eight reactions, and mixing reactions together after
amplification allowed ali loci fiom a single individual to be run in two gel lanes (Table 6-2).
PCR reactions contained 50 m M KCl, O. 1%Triton X-100 and 160 ph4 d N T P s in a volume
of 15 ~ 1 The
. concentrations of MgC12, Taq polymerase and primers were optimized to
permit CO-amplification(Table 6-2).Thermal cycling was performed on a Perkin Elmer
9600.
As suggested by Paetkau et al. (12), two genetic distances were calculated between

20) and the genotype Wrelihood ratio distance
each pair of populations: Nei's standard (Ds;
( D d .For the 55 individuals typed at 17 loci, the distance between each pair of individuals
was calculated as one minus the proportion of alleles s h e d (21) using the genetic distance

Table 6-1.Information about study areas. Number of chromosomes sampled (W.mean observed (Ho) and
expected (He) heterozygosiry,mean condylobasal skull length (CL; mm; 2), mean weight of adult males
and fernales (MF; kg; 3). and density estimate (number of bars pa 1000 km2;45).
Saidy Area

2N

Ha

He

CL*

M/F*~

~ensity.7

361
363
370
330
349%

Admiralty

Baranof
Chichagof
Kluane

Aïaska Rge.
Kuskokwim
rzembek

-

404
397
NIA

Kod.iak

Coast (I-2)
-- -

-

-

- -

'Study areas overlap with, but are not ideoti& to, ihose used h m .
tThese vaiues should be compareci with caution berriuse of variation m methods between studies.
*Thisvaiue is from the Denali region. west of the study a m

Figure 6-1. Study areas (black). Fdteen individual samples were obtained from southeast coastal A h k a (1z). Glaciers aod icefields shown in gray. According to Kurten (7) Ihe Kuskokwim. Alaska Range. and
Kluane sarnples are U.a. horribilis whereas the ABC, Izembek and southeast coastal areas fall wirhin the
range of U.a dalli.

calculator at ~http://www.biology.ualberta~ca/jb~usto/shedst.html.
A phenogram
(Figure 6-2) was constnicted from this distance matrix using the Fitch ("global" option on)
and Drawuee prograrns in PHYLIP. Branches within the tree were rotated using MacDraw
to facilitate cornparison to the geographic distribution (Figure 6- 1).
An assignment test was performed using the methods of Paetkau et nl. (13) except that
bias was avoided by subtracting each individual's genotype from the ailele distributions in
which they were included (instead of adding them to aliele distributions in which they were
not included). Expected genotype frequencies of zero were avoided by using a frequency of
0.01 for alleles not observed in a particular distribution.
Mean observed heterozygosity (Ho; 8 loci) and an unbiased estimate of mean expected
heterozygosity (He; 22) were calculated for each study area. Genotype distributions from
each study area were tested for conformation to Hardy-Weinberg (H-W) expectations using
the methods of Guo and Thomson (23). A G-test of heterogeneity was used to test for
differences in allele distributions between areas, with results surnmed across al1 loci (24).
The relative effective sizes (Ne's) of insular populations were calculated using the
=1
C( is mutation rate; 251. Since only
stepwise mutation mode1 [He
relative sizes were considered, any value of p could be used with the same result.

-(II,/-);

RESULTS

The data set consisted of 206 brown bears typed at eight Loci plus 55 individuals typed
at 17 loci (Table 6-1). When values of G were summed across eight loci, al1 pairs of study
areas had highly significantly different allele distributions (P << 0.001) except Chichagof

Table 6-2. PCR prirners and conditions, The 17 loci were amplificd in a toial of eiglit reactioris (A-H). Four reactions were loaded in each gel lime (1 or
II). XF, XH and XT refer to FAM, HEX and TET dye groups (ABI) respectively. Also shown are concentration of MgCl2 (Mg; mM), unils of
polymerase (Taq) and concentration of each pcimer (( 1; nM).

Cm20 (14)
CXX1IO (14)
C m 1 7 3 (14)
GIA (13)*

G1D (13)

XpAGCAACCCCTCCCAï'TTACT
XHTGC~TT'GGGTCAAATC~AAGCC
XHATCCAGGTCTGGAATACCCC
XT-ACCCTGCATAC'CTCîTCTGATG
ACAGATCTGTGGGTITATAGGTTACA

G1OB (13)

XFGCCTIT~AATGTTCTGTI'GAATITG

GIOC (13)

AAAGCAGAAGGCCITGATITCCTG

GlOH

CAACAAGAAGACCACTGTAA

GlOJ
GIOL (13)
GlOM (13)f

GlOO
GlOP (13)t
GlOU
GlOX (13)t
UarMUSO (15)t
UarMU59 (l5)i

XF(;ATCAGATA'I?TCCAGCïiT
X.I(;TACTGA'ITTAATTCACATITCCC
TïCCCCTCATCGTAGGTïGTA
TGGTATGAATCAGGATATTG
ATCATAGTIlTACATAGGAGG AAGAA A

XTTGCAGTGTCAGTTG~TACCM
CCACCTT'C~CCAAnCCC
XTG~AGGCG~TCTT~CAG'ITGGT
X.rGcTGCTITGGGACA'rTGTAA

TTGTCTGAATAGTCCTCTGCG
CCCCAGAGATGTGGCATC
TCCTITGAATTAGCAClTGGC
GCACTGTCC'ITGCGTAGAAGTGAC

187
320
320
227

X$TACTCTI%nA~Clr?TAAGAG
G ACAAATCACAGAAACCTCCATCC

320

XFGGGGACATAAACACCGAGACAGC
XpAGAGACCACCAAGTAGGATA
AACCCCTCACACTCCACTTC
GAAGATACAGAAACCTACCCATGC
XTAATAA~~AAGTGCATCCCAGG
XFCAACAGAACAATCCAAAGATG

160
227

240

253

TAïTïCCMTGCCCTAAGTGAT

227
320
320
207
320

XHTCAG~~TTATCTGTGAAATCAAAA
TGGAACA A A A m A A C ACAAATG
CAATCAGGCATGGGGAAGAA

160
320
320

XHTCATGTGGGGAAATACTCTGAA

'The space indicates a six bp restriction site in the 5' primer chat was actually used.
t~rimersfor cllese loci were altered from those originally publislied to avoid nul1 alleles (16), improve the strength of amplification. or to accommodate
niultiplexing by CO-amplificationor CO-loading.Earlier prirners (unpublished) for locus GlOO aiso gave nuU alleles in brown bears.
onceni ni nit ion approxhate; enzyme was isolated using siandard metiiods (17) and calibrated against commercially available Taq polymerase (MI).
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and Baranof Islands where differences
were much less dramatic (G26 = 42.3, P
< 0.025). For cornpanson, samples from

Kodiak Island were collected on two
separate peninsulas, and allele
distributions also differed significantly
between animals from these two areas
(G9= 19.0, P c 0.05). This prompted
us to test the Kluane study area by
dividing it into southeastem and
northwestem areas, each with a sample
size of 25 individuals- These two
samples also had significantly different
allele distributions ( G s ~
= 81.1, P c
0.005). The G-test appears to be so
Figure 6-2. A phenogram s
m
g 17-locus d e l e
sensitive to population structure that it
sharing distances between 55 individuals €rom
would be difficult to find study areas
AcfmiraIty (A), Baranof (B),and Chichagof (C) Islands.
large
enough to permit reasonable sample
Kluane Nationai Park (K)and coastal Alaska (1-2).
sizes, yet small enough to have internally
hornogenous allele distributions.
Consequently, the Baranof and Chichagof study areas were treated as a single study area
(B-C) for testing H-W.
A total of 96 tests of H-W proportions were performed (4 study areas x 17 loci, 3 study
areas x 8 loci, Kodiak Island x 4 loci because of non-variable loci). Three test results were
signifïcant at the 5% level and one was signifcant at the 1%level. No individual result was
significant at the 5% level when the Dunn-Sidak experimentwise error rate (24) was usedIt should be noted that small sample sizes compromised the power of the H-W test for the
nine additional loci used on only 55 individuals.
The data set was checked for non-amplifying (null) alleles (16,26) by combining the
results of H-W tests across populations for each locus. Locus G 1D departed signifcantly
from expectations (xi6=29, P c 0.05), but this depamire was due to a large deficit of
homozygotes in the Kodiak Island data and was not siWcant when experimentwise error
rates were used. These results, combined with the fact that complete genotypes were
obtained for ail individuals, lead us to conclude that most or ail alleles were zuccessfully
amplified.
Brown bears have f ~ t home
e
ranges and limited dispersal (27), so they do not have
strict random rnating populations. None the less, tests of H-W were also summed across
loci within each population to show that the study areas were not large enough to result in a
'Vahlund effect (28).
When only the eight loci used on al1 individuals were considered, the sample of 15
individuals from southeast coastal Alaska departed significantly from H-W proportions, but
when al1 17 loci were used this sample only departed from expectation at the 10% level.
The large area over which these 15 samples were collected, the slight departure from H-W

proportions, the dramatic difference between Heand Ho in this sample (Tabie 6- 1) and the
srnall sample size per se ail suggest that it would be inappropriate to use this sample as a
discrete study area for calculation of genetic distances. By contrast, the cornbined B-C
study area did not differ significantly from H-W expectations, had indistinguishable values
of He and Ho,and formed a tight cluster in the allele-sharing analysis (below). It was,
therefore, treated as a single study area in subsequent analysis.
The assignment test was carried out using 8-locus data from all261 individu& (Table
6-3). The overall rate of correct assignment was 9246, considerably higher than was
observed in four populations of polar bears using the same loci (60%; 13). AU individuals
from the insular Kodiak and B-C study areas were correctly assigned to their own study
areas. There was a strong tendency for misassigned individuals to be assigned to the
closest neighboring smdy areas.
Genetic distance values were caiculated between al1 pairs of shxdy areas using eightlocus data (Table 6-4). AU the distances from Kodiak Island to other study areas were
iarger thao any distance among those other snidy areas. Among all the study areas
exclusive of Kodiak Island, genetic distances generaiiy k r e a s e d with the degree of
geographic separation between populations. The one exception to this nile was the distance
between B-C and Admiralty which was much larger than would be expected for areas less
than eight km apart. Some of the distances between coastal (Kurtén's LI. a- dolli) study
mas and interior study areas were among the smallest distances found.
The ailele sharing tree (Figure 6-2) showed a strong clustering of the B-C individuals
and of those from Admiralty Island. The overali topology of the tree consisted of the B-C
cluster at one end and the Admiralty cluster at the other, with the coastal and Kluane
Table 6-3. Assigrnent test
results (- east to west).

Population to Which Individuais Were Assigned

Source

PopuIationM

Adm.

B-C

Klu. Ala Kus.

Ize.

Kod

Admiraityl30
B-CM5
KluaaeI50
Alaska Rge.128
Kuskokwiml55
Izembekl14

Kodiak/34
Coast (1-z)/15

Table 6-4. Genetic distances
between study areas. DLR\Ds.

Adm, B C
Admiralty

B-C
Huane
Alaska Rge.

Kuskokwim
Izernbek
Kodiak

0.44
5.28
4.80
5.95

6.95
8.99
16.40

Klu.

Aia.

Kus.

Ize.

Kd.

0.36
0.22

0.54
0.62
0.31

0.45
0.41
0.28
0.22

0.54
0.45
0.37
0.46
0.13

1.40
0.94
0.91
0.66
0.69
0.94

3.74

7.09
6.84

2.66

3.82

7.32 5.18
12.60 12.15

2.75
4.93
10.27

1.78
10.88

13.59

individuals branching off in-between. The coastal samples from the region east of
Admiralty Island (l-s in Figure 6-1) grouped towards the Admir;ilty cluster, and those from
northwest of Baranof and Chichagof Islands (x-z) were closer to the B-C cluster. The
Kluane samples generaliy clustered towards the center of the tree, but nct as tightly as the
clusters from the insular groups. The relatively weaker clustering of the Kluane samples
was expected since there is greater genetic diversity within this study area than within the
insular study areas. This caused higher within-population aliele sharing distances. and thus
poorer clustering.
DISCUSSION
ABC brown bears. The analysis of genetic distance (Table 6-3) clearly indicates that
ABC brown bears are not genetically distinct from continental brown bears. The genetic
distances from B-C to Kluane were among the srnaest found arnong the populations
surveyed. The distances between Admimlty and Kluane were larger, but were still srnaller
than distances between the most widely separated continental populations (Izembek and
Kluane).
Sirnilarly, the detailed analysis of allele sharing between individuals from the ABC
Islands and nearby mainland areas contradicts the hypothesis that ABC bears are a distinct
group (Figure 6-2). If ABC bears were distinct they would be expected to cluster together,
but wide individuals from Admiralty Lsland formed one cluster and those from Baranof
and Chichagof Islands formed another cluster, these two clusters were closer to individuals
from the mainland than they were to each other. The power of the d e l e sharing approach is
emphasized by the fact that the clustering of the 15 mainiand coastal samples reflected,
though not precisely, theû geographic capture location.
Another aspect of the data set that argues against the isolation of ABC bears is the level
of genetic diversity observed in these study areas. The Kodiak, B-C and Admiralty study
areas currently have similar population densities (Table 6-1; 4). and the areas of each of the
three ABC Islands are roughly haif that of Kodiak Island. This would lead to the prediction
that the genetic effective popuiation size (&) of the B-C population would be on par with
or slightly less than that of the Kodiak population, and that. the Ne of the Admiralty
population would be much smaller than either of these. Merence about Necan be drawn
from He under the assumption of equiiibrium for genetic drift and mutation and the
assumption of a stepwise mutational process (25). We used this mode1 to estimate the
relative population sizes of the three insular populations considered here. The estimated Ne
for the Kodiak population was 315 times srnalier than the B-C estimate and 7.3 times
smaüer than the Admiralty estimate. This result could be explained if the densities of these
populations have historically been much different than they are today (i.e. density on the
Kodiak Archipelago has been 14 times lower than that of Admiralty Island until very
recently), but a more plausible explanation is that the Ne's of the Admiralty and B-C
populations are increased by gene flow with populations from the mainiand.
AU of the ABC and southeast coastal samples that we analyzed have been studied by
rntDNA sequencing (8; GFS and S. Williamson unpublished). Al1 ABC brown bear

haplotypes differed from those of the coastal mainland by at least 31 fixed nucleotide
substitutions in the cytochrorne b gene alone! These mtDNA data raise very interesthg
questions about the history of this group, however, they appear not to reflect the current
genetic position of ABC brown bears as measured here using 17 independent nuclear
genetic markers. A similar but l a s dramatic situation was seen in brown bears from North
Amenca's Arctic coast where a broad boundary between distinct mtDNA lineagescentered around the Yukon-Alaska border (29)-did not correspond to any detectable
nuclear genetic discontinuity (12). The sharp contrast observed between mtDNA and
nuclear genetic markers with the ABC brown bears can be explained if dispersai beîween
the islands and the mainland is male-mediated. This explmation is consistent with the
known behavior of brown bears: females have smaiier home ranges than males and don?
disperse as far from natal ranges (27). These data ernphasize the importance of using
multiple biparentally inherited markers for studying the coatemporary genetic stmcture of
populations.
Coastal "big brown bears". The genetic data also clearly refute the hypothesis rhat
the physicaily larger coastal brown bears form a genetic group that is isolated from the
s m d e r bears of the interior. A minimal requirement of subspecific recognition for this
group would be that the genetic distances between the Izembek study area and the ABC
Islands would be smaller than from either of these areas to geographically closer interior
populations. This is not the case. The Izembek-Kuskokwim distances (Ds= 0.13; Dm =
1.78) are actually the smallest seen among any pair of populations-including pairs of
intenor study areas-and are srnalier than would be predicted by the linear regression of
genetic distance on geographic distance in populations of brown bears dong the Arctic
coast of North America (12).
The allele sharing data also refute the hypothesis that coastal brown bears are
genetically distinct If [f hypothesis were correct, one wodd have expected the ABC and
coastal samples to group together, apart from the interior "grizzly bear" samples from
Kluane. In fact, this analysis suggests a simpler situation where the genetic distance
between areas is a function of the distance and nature of the intervening landscape (Figure
6-2).
Raush (2) studied condylobasal skuii length in an extensive senes of skulls fiom North
American brown bears and concluded that, since variation in skull length was clinal in
nature, there was no bais on which to defme a coastai subspecies. Strangely, Kurten (7)
studied Raush's data and argued that, since the gradient of the cline was so steep between
interior populations and coastal populations, there was a basis for subspecific recognition.
From a population genetic perspective, Kurt6n's argument is diffcult to accept; it
suggests that a subspecies with a very long and narrow distribution, and with an extensive
common boundary with an adjacent subspecies, can maintain genetic distinctiveness. Given
that low levels of gene flow will hornogenize populations ui the absence of extreme
selection against hybrids, it is hard not to suspect that the ciifferences in size have littie to do
with genetics-the abundant coastal salmon resource is the most obvious single factor that
has been cited as accountuig for differences in size (4). The microsatellite data confimi this

suspicion and demonstrate that the designation U.a. horribilis should be used throughout
North America, with the possible exception of bûus on the Kodiak Archipelago.
Kodiak brown bears. In an earlier analysis of the Kodiak data presented here, it
was concluded that the extreme low genetic diversity observed in this population was best
explained by an extended period of severe or complete isolation (19). In the current
analysis, a i i the distances from the Kodiak snidy area to other study areas were greater than
any distance among diose other study areas. However. the largest distances among the
study areas exclusive of Kodiak Island (Ds= 0.62. Dm = 8.99) were on par with the
smallest distances observed between brown bear and North American black bear
populations (Ds= 0.62, DLR= 7.50; 12)! This indicates that the genetic distances from the
mainland to the Kodiak population are at or near a plateau level. These data strengthen the
argument that there is currentiy little or no gene flow between the Kodiak Archipelago and
the mainland, but indicate that genetic distances derived from microsatellites cannot be used
to date the isolation of Kodiak brown bearsKodiak brown bears are disthguished by relatively broad skulls-not simply greater
overaii size as is the case for coastal bears-and appe& to be isolated at this Urne.
However, Kodiak bears share one of their mtDNA haplotypes with other brown bears from
across Alaska. This suggests that the Kodiak Archipelago was colonized relatively recently,
most likely after the retreat of the Wisconsin ice (8). The most parsirnonious hypothesis
that cm, therefore, be put forward regarding the history of this group is that the
Archipelago was colonized at the end of the Wisconsin, that the founding population may
have experienced rapid morphological change due to its srnall size and isolation, and that
this population has been relatively isolated since sea levels approached their current height
Rapid genetic change in small isolated populations is probably a cornmon theme in
evolution-it has been suggested. for example, that this is the explanation for the rapid
divergence of polar bears from brown bears (30). However, the growing consensus arnong
molecular biologists that taxonomic stanis should reflect only the length of time that two
groups have b e n isolated (as measured by DNA sequences that accumulate mutations in a
pseudo clockwise fashion) does not allow for such mechanisms. This probably makes it
impossible to provide a suggestion for the subspecific status of Kodiak bears that will
satisfy ail people. However, it is the evohtionary history of Kodiak bears per se that is of
primary interest, not their formal taxonomic description, and the combined genetic data
collected to date have ceaainly enhanced our understanding of this history.
Gene flow in coastal populations. Among the continental regions hcluded in this
survey, the Izernbek study area and the sample of fiteen southeast coastal bears stand out
as having low Ho (0.54 and 0.62 respectively; Table 6-1). Southeast coastal Alaska is
characterized by a thin stnp of land backed by, and often interrupted by, huge icefields
(Figure 6-1). The reduced diversity observed in the southeast coastai samples probably
resul~from the fragmented nature of the habitat in this region. Similarly, the Izembek data
can be explained by the fact that this sample was obtained at the tip of the long, narrow
Alaska Peninsula, and is thus relatively isolatai compared to most continental populations.
This effect may be exaggerated by moderately lower diversity in bears at the base of the

Figure 6-3. Enlarged view of the ABC
Isiands showing the distances of open
watcr (km) between land areas.

Alaska peninsula, as suggested by the Kuskokwim data (Ho = 0.70 versus 0.76 and 0.79
for Kluane and Alaska Range respectively).
Dispersal over water barriers. By comparing the microsatellite data from
southeast Alaska to a detailed map of the region (Figure 6-3), it is possible to draw
inference about the long-term dispersal habits of brown bears. To begin with, Baranof and
Chichagof Islands are approximately 600 m apart at their closest point. The amount of
genetic differentiation-as measured by the G-test and the H-W test-between animals
from these two islands was not measurably greater than seen over similar distances on land
(muane or within Kodiak Island). It appears that this water bamer is of little significance,
and that bears on these two islands can be treated as a single population for genetic
purposes.
Next, movement between the mainland and either Chichagof or Admiralty Islands
requires two water crossings of around 2 km each, or a single larger swim. In this case
there is strong mtDNA evidence that fernales rarely if ever undertake these movements. By
contrast, it seerns clear that male-mediated gene flow occurs at a rate sufficient to prevent
these populations from becorning genetically differentiated from continental populations.
Finally, despite the geographic proximity of the B-Cand Admirdty populations, the
allele sharing tree and the genetic distances indicate that these populations are less
genetically similar to each other than either is to the Kluane study area. This indicates that
gene flow directly across the intervening Chatham Suait, which is never less dian seven km
wide, is very timited if not absent.
In light of the genetic differentiation of the B-Cand Adrniralty populations, and given
that a direct crossing of over 35 km is required to move from the mainland to the Kodiak
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Archipelago, it is not surprising that the genetic evidence indicates little or no gene flow
between Kodiak and the mainland.
Summary.The bears of the ABC Islands are not currently genetically distinct from
adjacent mainland populations, aithough female-mediated dispersal from the islands to the
mainland has apparently been limited or absent for some tirne. The bears of Baranof and
Chichagof Islands c m be considered as a single genetic population, and those on Adrniralty
Island as a second discrete, but not isolated, population. The 7 km wide straight separating
these populations has apparently reduced or eIuninated dispersal by either sex.
The brown bears of coastal Alaska are not genetically distinct fiom interior populations,
and the designation U. a dalli should be dropped in favor of LI. a. horribilis, the
designation used ihroughout most of North America. This suggestion was made more than
thirty years ago (21, but now has a much stronger bas& of support.
Kodiak brown bears are genetically isolated at this . t h e , but while the history of this
group is now better understood, a fmal decision about its taxonomie status m u t await
broader consensus on subspecies defuiitions.
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Chapter 7

Summary
Microsatellites as a Tool

Ln 1993 microsatellites were regarded as having tremendous potential for addressing
questions of wildlife population genetics (Bruford & Wayne 1993). In 1997 they are
widely recognized as the proven tool of choice (see any m e n t issue of Molecular Ecology).
The bear data presented in this thesis played a signifcant role in bringing about this change.
Chapters 2 and 5 provided some of the early examples of using microsatellites to measure
diversity within and between populations, and its overall size makes this data set one of the
better ones currently available for addressing issues of potential and mathematical analysis
in the manner illustrated by Chapter 4.
Whiie it is now, and has for some time been, clear that microsatellites can usefully be
applied to measuring diversity at the population level, detem&ing the limits in t e m s of the
scales of questions that can be addressed is still an open area. In Chapter 4, genetic
distances between pairs of populations within continuous distributions, pairs of
populations separated for -lo4 years, and pairs of populations with more than 106 years of
independent evolution separahg hem were of similar magnitude Figure 4-5). This stands
in stark contrast to predictions based on cornputer simulations (Goldstein et aL 1995a) and
suggests that, while microsateliites are clearly useful for addressing ecological scale
questions (e. g. Figure 4 4 , they are not informative on an e v o l u t ï o n ~time scale. This is
extremel y important to the development of statistical methods for use with microsatellites
because mutation is much less of an issue on an ecological time scale that on an
evolutionary scale. Defming the precise point where microsatellites lose their utility for
measuring relationships between populations is an area requiring M e r study.
Limitations at the f i e end of the spectrurn of scale are logistical, not absolutedetemiined by the number of loci that people c m obtain data from. This limitation has been
reduced by an order of magnitude during the course of this project: in Chapter 1, loci were
analyzed in separate lanes, genotypes scored manually from X-ray film,and entered into a
computer by hand; in Chapter 6, 10 loci were being run in a single lane, genotypes were
assigned by computer, and there was no manual data entry. None the l a s , with the number
of loci most people are now using, these issues are still very r d .
As an example, the analysis in Chapter 3 was quite powerful inasmuch as four
signifcandy M e r e n t tiers of intrapopulation diversity were identified, but would actuaiiy
be inadequate for monitoring change from generation to generation in a recently isolated
population like the brown bars of Yellowstone. This is because of the high interlocus
variance in diversity estimates (Table 3-1). Similarly with genetic distance values, while
there was sufficient concordance between distance measures in the data on coastal brown
bears (Table 6-4) to allow confidence in the general conclusions reached, the variance on
these values would be too high when workùig at a fimer scale with contenninous
populations. Even with 17 loci, the clusteMg analysis based on allele sharing (Figure 6-2)
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failed to group the individuals from Kluane National Park. EssentiaUy, the number of loci
needed will depend on the nature of the project, but may often exceed 17. This is not a
characteristic of microsatellites, but is due to the stochastic processes governing allele
frequency changes in populations. As illustrated by the discordance between mtDNA and
rnulti-gene nuclear data in Chapters 4 and 6, this limitation makes it dangerous to defme
ESU's or MU'S based on mtDNA, or any other single locus, alone.
With some of the issues of scale defmed, the discussion nims to how to make the most
of the signal contained within microsateIlite data sets. This was an important aspect of each
of the preceding five chapters, both in tems of introducing new statistics and in terrns of
evaluating the precision of diversity estimates.
The mesures that are most commonly used to quantify intrapopulation diversity are
number of d e l e s and heterozygosity. In Chapter 2 we introduced probability of identityl
(PD; see Chapter 3 for unbiased estimate) and a maximum likelihood estimate of 8= 4Nep
as alternative measures. Pro has the advantages that it provides an inhiitive understanding
of the amount of variation detected (how likely are two randomly chosen non-relatives to be
identical at the loci studied) and that it gives some indication of how powerful the data
might be in addresing problems at the level of individuals (e. g. relatedness). The estimate
of 8 has b e n more compiicated to assess. It should provide an efficient way of estimahg
intrapopulation diversity, and, through use of a likelihood ratio test, evaluating differences
in level of diversity between populations, but, our own experience suggested that a simple
paired t-test of He (used in Chapter 3) was more powemil The general approach illustrated
by the estimation of 8pro bably deserves M e r consideration, including denvkg a version
based on a stepwise mutation model.
Most of the statistics that are used to measure genetic distance are based on calculations
ushg observed allele frequencies at individual loci, and then combining this information
across loci. We developed an alternative approach in which the likeiihoods of complete
rnultilocus genotypes are considered. This method was originally motivated by a simple
question: can we tell where an animal is from based on its genotype? The approach taken to
a n s w e ~ gthis question was the "assignrnent test" (Chapter 5) in which animais are
assigned to the population where they are most Likely to have occurred based on expected
genotype frequency. One can then look at the frequency of correct assignments and the
pattern of misassignments to get an intuitive sense of population distinctiveness. An
interesthg aspect of this test is thaf with a sufficient number of loci, it should be possible
to identify actual migrants, and even hybrids whose parents came from different
populations. This is an area that is cwently being evaluated using computer simulations,
and Favre et al. (1997) have already provided an applied example in which they
demonstrate that dispersal in the greater white-toothed shrew is fernale-biased.
The results of the assignment test c m be used to infer genetic differentiation between
populations by !ooking at the rate of misassignment between any pair of populations,
however, this is a very crude measure. To get a better genetic distance estimate ushg a
genotype-based appmach, we used ratios of genotype likelihoods. In Chapter 4 this new
l ~ leamed
e
Iater that Jarnieson (1965) desdbed this statistic. and it wodd be surprismg if there weren't
eariier descriptions of which Jarneison was unaware.

distance measure (Dm)was tested against five allele-frequency-based distance measures.
Dm was among the top two measures according to the Arctic brown bear data (Figure 44). Since it is often difficult to estimate the variance of particular distance values, it will
generaily be necessary to get a sense of the precision of the estimates by includhg two or
more measures in any given analysis. The data presented in Chapter 4 indicate that the best
two distance measures to use are Nei's (1972) standard Dm, and that there is good
reason-high variance-not to use the recently proposed distances which take into account
the mutational mechanisms of microsatellites (Goldstein et al. 1995b; Shriver et al. 1995;
Slatkin 1995), at least when working at an ecological scale.

Ecological Genetics of Bear Populations
At a very basic level, this project has demonstrated that most North American bear
populations do have considerable genetic variation within thern, and that this variation is
not distributed homogeneously, even over distances that are within the range of observed
individual rnovements in each species. This knowledge was a precondition to more detaiied
studies of diversity.
The most biologically interesting data in this thesis corne frorn cornparisons of genetic
distance between populations (study areas). In the case of the brown b a r s dong North
Amenca's Arctic coast the picture obtained is a relatively simple case of isolation-bydistance (Figure 4-4). These data demonstrate that the discontinuities that have previously
been suggested (Talbot & Shields 1996; Waits et al. in press; Banfield 1987) do not exist
A similar result was obtained in the brown bears from Alaska's south coast where it was
s h o w that the larger bears of coastal Alaska, including the mitochondrially unique bars of
the ABC islands (Figure 6-l), are not genetically isolated from interior populations. This
lays to rest a long-standing debate over subswc
statu, demonstrating that brown bears
throughout North America, exclusive of the Kodiak Archipelago, cannot be divided into
multiple subspecies.
The data from southeast Alaska become more ecologically interesting on closer
examination. In an excellent demonstration of the way that genetic data can be used to
address ecological problern+rnade possible partidy through the availability of mtDNA
data-it was dernorstrated that only males will disperse over several km of open ocean,
and that dispersal by either gender is extremely limited,or absent, when an ocean crossing
of 8 km is required. These data have the advantage that, assuming relatively stable
environmental conditions, they reflect long-term migration rates over many generations.
Unfortunately, field data from males in this area are sparse, although there is anecdotal
evidence of willuigness to swim several kilometers (Kim Titus, personai communication).
Whüe it is well known that dispersal is male-biased in brown bears, this ability to identify
speclfic widths of water barriers that deter movements over penods of many generations is
quite remarkable.
The polar bear study presented in Chapter 5 was intended more to dernonstrate potential
than to answer specific questions of gene flow across landscape, but some interesting
mults were still obtained. The conterminous populations in the Beaufort Sea were found to

be reasonably distinct geneticaily, despite the fact that anirnals from both populaùons are
drawn to shore leads near the boundary area during the spring breeding season. At a larger
scale, the data suggested that gene flow from the eastem Arctic to the centrai Arctic along
the southen edge of Baffm Island-via Fury and Hecla Suait-was limited. A large
polynya forms in this strait every winter (Stirhg 1997), and may be actuig as a deterrent to
movement These p r e h i n a r y data have suice been followed up by a large collaborative
study using 16 loci and spanning the Ncurnpolar distribution, including aii the populations
in the centrai Canadian Arctic (Paetkau et al. unpublished data). Not only do these data
confïrm the above observations, very strongly in the case of the reduced movement through
Fury and Hecla Strait, but they provide information on a large number of population
boundaries, in some cases suggesting the amalgamation of populations. In cases where
conterminous populations are quite distinct genetically, explmations c m be found in factors
such as ice patterns, polynyas, and seal and w a h s distributions. This is a very exciting
example of how data from population ecology and population genetics can be brought to
bear on the same problem.
Moving from an ecologicai to an evolutionary time sc'ale, the genetic data from the
Kodiak brown b a r s and Newfoundland black bears point to very similar evolutionary
histories. First, the microsatellite data suggest that, unlüce ABC brown bears, these insular
populations are ecologically isolated While the microsatellite data could not be used to date
this penod of isolation, mtDNA data were available for Kodiak brown bears and were
generated for Newfoundland black bears (Chapter 9). The similarity of the haplotypes
found in the insular populations and in nearby continental populations suggests a relatively
short history of isolation, probably starting when sea levels rose at the end of the
Pleistocene.
The insular Kodiak and Newfoundland populations played a central role in
considerations of withui-population genetic diversity. In contrast to the abundant diversity
detected in most populations, these two populations provided dramatic examples of reduced
diversity in reasonably large, but isolated populations; Newfoundland black bears, which
number 6000-10 000, had lower He than was observed in a population of Mexican wolves
that was recently founded from three individuals (Hedrick et al. 1997). These data,
combined with the rate of d e c h e deduced from data on Yellowstone brown bears, suggest
that N n is very srnali in these species, and led to the conclusion that the size of reserves
required to meet suggested minimum Ne's, or to maintain existing levels of variation, are
extremely large. In brown bears the entire Canadian distribution might be too small for
these purposes if it existed in isolation. At the same the, the two island populations have
survived over thousands of years of presumed isolation demonstrating that relatively srnail
populations cm persist for long periods of time, although the probability of such
persistence remains unknown. Thus, the implications of the data for long-tenn persistence
are unclear. In the ~iort-term,however, it is possible to be more concrete. The rate of
decline in diversity observed when populations drop below an & of 50 is probably
detrimental (Soult5 1980). and it is, therefore, advisable to try to meet this target Our
estimates of &IN suggest that this would require minimum populations of 250-1000
animds. Using the extreme example of brown bears on the Canadian Barren Grounds,

where population density is very low, this could translate into minimum reserve sizes of
more than 100 000 km? Clearly the best approach to meeting short-term genetic
consemation goals is to maintain gene flow between populations, whether through natural
movements or translocation of animals.
Where to From Here?

The examples given by gender-biased dispersal over water baxriers in ABC brown bears
and the dissection of the ecological factors underlying discontinuities in the polar bear
distribution point to some directions for future research. The genetic data in these examples
are detecting signals at a scale that is on par with recorded individual movements. This
suggests that it should be possible to go right from a behavioural scale to a population
genetic scale. Relationships between fnst order relatives could be determined, and these
relationships could be plotted on a map to address issues Iike dispersal Born natal range and
individual movement over various landscape features. A population genetic analysis could
then be used to assess the impact of specific landscape features and comlate this
information with movement data, whether obtained using genetics or more traditional
means.
The type of study just described would be dependent on excellent sampling density,
particularly to access the individual-Ievel problems. One situation where such an approach
might be possible is in the brown bears of southeast British Columbia and southwest
Alberta This peninsular distribution (Figure 3-1) is extrernely weU studieti, with four large
projects in the area currently using DNA from hair to obtain mark-recapture population
estimates, and popdation density is low enough that a large proportion of the brown bears
could be sampled in some regions. This area is also very interesting from a landscape
perspective because it contains several mountain ranges, large lakes and rivers, major
transportation corridors, and everything from National Parks to timber farms, agriculnual
land and urban areas. Knowing the impact of these feahues on movement would be very
inieresting and of considerable relevance to conservation and management
One major goal of ecological population genetics is the ability to actually identify
populations (MU'S)based on genetic data alone. This requires measures of genetic distance
between individuals, rather than between pre-defined populations. The allele sharing
method used in Chapter Six (Figure 6-2) provides an example where the bars of Admiralty
Island and the bears of Baranof and Chichagof Islands could be identified as distinct
populations. However, in most cases geographic boundaries are less distinct, and
intrapopulation diversity is higher, so the task is made more difficult For example, d e l e
sharing failed to cluster polar bears from the WH and DS populations in Chapter 5, even
with data from 16 loci (Paetkau et al. unpublished). There are oppomuiities to contribute to
this a m both through the development of improved distance measures between individuals
and through the use of more loci.
These directions for funire research focus on expanding the range of problems that can
be addressed, but, as illustrated through the examples provided in this thesis,
microsatellites have already been proven for addressing a range of previously inaccessible
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problems. There are currendy tremendous opportunities to use this proven capability to

l e m more about the ecobgy of natural populations, and we cm confidenfly look forward
to continued

rapid growth in this type of research.
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Chapter 8
Addendum-the molecular basis and evolutionary
history of a microsatellite null allele in bears
Non-amplifying, or "null" alleles at microsatellite loci have been found to be comrnon in
humans (Callen et al. 1993) and deer (Pernberton et al. 1995), and consideration m u t be
given to the existence of such alleles in any microsatellite data set. The presence of
segregating nuil alIeles in populations is presumably the result of sequence polymorphisms
that affect the binding site of one of the oligonucleotide pruners used for amplifcation. In
one case a null ailele was found to result from an eight-bp deletion that prevented binding
of one primer (Callen et al. 1993). Redesigning the primers used for amplifcation has
ailowed the collection of complete genotypic data at this and other loci.
We have been using eight microsatellite markers for population studies in the three
North American ursids Paetkau et al. 1995; Paetkau & Strobeck 1994; Craighead et al1995), and for pedigree analysis in other species of bears, Null alleles were detected at
locus Gl OP in both Asiatic black bars (Ursus thiberanus)-tfirough
the absence of a match
between a father and two of his offspring (Figure 8-1)-and
in North Arnerican black bears
(U.americanus)-through the detection of significant heterozygote deficiencies in
population samples from three Canadian National Parks (Table 8-1).
To permit collection of complete genotypic data, and to uivestigate the phylogenetic
distribution of the null alleles, a new GT-strand primer was designed with a binding site ten
bases distal to that of the onginal primer (5'-AGïTITACATAGGAGGAAGAAA-3f).
This primer was used to survey ail the black bears previously typed at locus GlOP
(methods described in Paetkau et al. 1995). The resulting pedigree (Figure 8-1) and
population data (Table 8- 1) suggest that the new primer produced cornplete genotypic data.
Within populations the nuil alleles Vary in size in accordance with the variation nomally
seen at dinucleotide repeat loci suggesting that the mutation underlying the nuU alleles has
existed for a reasonably long the.
The molecular basis and phylogenetic origin of the null alleles was investigated by
sequencing alleles of locus GlOP in each of the eight species of bears-two alleles from
each species except for four alleles, including two null alleles, from each of U.americanus
and U. thibetanus. The primers were a chimera of an Ml3 sequence primer and a
microsatellite primer-a device which d o w e d collection of sequence data from the fust
base after the primer-binding site, as the start of the sequence reaction was moved back
frorn the 3' end of the primer (AC-suand, S-TGTAAAACGACGGCCAGTCATGAGGG~AAATACTCTGAA-3';GT-strand, 5'-CAGGAAACAGCTATGACCAGATITACAAAGGAGGAAGM-3'). Microsatellites were arnplified as above, except that the reaction
volume was 100pl, and the annealhg temperature was 48W for the first three cycles. Only
heterozygotes whose alleles couid be clearly resolved on an 8% acrylarnide gel were used
to generate sequence template. Bands were elecuoeluted and sequenced directly using a Taq
Dye Primer Cycle Sequence Kit and a 373A DNA Squencer (ABI).
The sequence data revealed that the cause of the nuil alele was a G +C uansversion at
the exact 3' position of the original GT-strandprimer. In the giant panda (Ailuropoda
melano le uca), spectacled bear (Tremarctos O rnants),sun bear (U. malayunus) and $10th
bear (U.urshus), every aliele sequenced had a G residue at this position. In the polar bear
lA
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(LI. maritimus) and brown bear (LI. nrctos),
a l l products had the 'C' ailele. In both species
of black bear, aileles that could be arnplifïed

Figure 8-1. Banding patterns f5om a farnily of
Asiatic black bars at locus GlOP. Bands in the
Fmt four lanes were produced using the original
PCR primers, and show no bands in common
between the fatha and his two offspring. Bands
in the remaining lanes were produced using a
new GT-strand primer.

with the original primer pair were 'C'alleles
whereas null alleles had G residues at the site
of interest. Consistent with this result, the
original G lOP primers produced apparently
complete genotypic data in polar bears
(Paetkau et al. 1995) and brown bears
(Craighead et al. 1995),but did not work in
the panda, spectacled bear, sun bear or sloth
bear.
From a phylogenetic perspective, the C
allele is a synapomorphic character found in
W. arctos, U.maritimus, U.amerkanus and
W. thibetanus. This is consistent with the
current understanding of bear phylogeny
which suggests a late Miocene and Pliocene
radiation of the genus Ursus, with the exception of the more recently diverged polar bear
and brown bear (Goldman et al. 1989; Kurtén
& Anderson 1980). The possibility that the
n d i allele arose from a single mutation event,
and has been maintained together with the
ancestral form in two lineages, seems improbable. None the less, the alternative-that
the same transversion occurred independently
in three lineages which diverged in the

Table 8-1. Distribution of alleles at locus GlOP in North American black bears from three Canadian
National Parks. Values are observed number of copies of each allele. The nwnber of observations that can
be classified as nul1 alleles-those that were not detected with the original primer pair-are shown in
brackets. Other nuU aileles may exist, but could not be identined because individuals have a second allele of
the same size and therefore appear homozygous regardas of the primers used.
AUele

~ a r ~ r i m e r s149
t
Fundy/ 1
La Mauricid 1
Terra Nova /I
Fundy12
La Mauricie12
TenaNoval2 l(1)
. .

152

155

6

2
8

4

157
2

1

9
28
1

ll(3)

13(5)
20

159

2
10

161

8
1

163

165

167

IO
7

8

2

80)

1

21
15(13)
5
11(2) lO(2) 4
30(9) 1

x:'
12.0
67.4
19.3
0.8
1.7
2.2

P < 0.001
Y c 0.001
P c 0.001
P > 0.1
P > 0.1
P > 0.1

7'1' indicates îhe original distribution and '2' the distribution seen with the new GT-sirand primer. The
number of individuds scored is larger in '2' because some individuals had two n d l alleles, and could not be
typed with the original pair of primers.
'A x2 goodness-of fit test was used to compare observed and expecred (corrected for smaii sample size; Nei
& Roychoudhury, 1974) number of homozygotes for each sample.

Pliocene; the two black bear lineages and that of the brown bear and polar bear-1s
ceriainly Iess probable.
No other synapomorphies were found in the 70 bp of sequence intervening the primers
and the dinucleotide repeat. Five autapornorphic point mutations were found, however.
including one other transversion. Three of the autapomorphies were in the panda sequence.
and a fourth was in the Asiatic black bear null aileles.
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Chapter 9
Addendum-mitochondrial DNA and the
phylogeography of Newfoundland black bears
Introduction

The faunal assemblage of the island of Newfoundland has been influenced both by the
barriers that an oceanic island presents to dispersal and by the variations in land area and
climate that have occurred d u ~ the
g Pleistocene glaciations (South 1983). Only fourteen
resident terresuial mammals are indigenous to the island-of which, the wolf was
extirpated early this century (Dodds 1983). By cornparison, Labrador and the Island of
Cape Breton possess S 4 and k 3 8 indigenous terrestrial mammals respectively.
Furthemore, the mammalian assemblage of insular Newfoundland is "disharmonic", with
seven species of the Camivora, but only three rodents and one artiodactyl.
Many of Newfoundland's mammals, including the biack bear (Ursus amerkanus
hamilîuni Cameron 1%6), are sufficiently morp hologically distinct from continental
conspecifcs to have been recognized as distinct subspecies. This high degree of endemism
has been explained in two ways: either low genetic diversity in founder populations
allowed for high rates of genetic drift resulting in rapid subspeciation (within the last 12
000 years) or populations have existed in refugia throughout the height of the late Wisconsin ice-a scenario that would at least double the length of time for which insular
populations have been isolated (Dodds 1983).
We previously used the andysis of nuclear microsatellite DNA to measure the amount
of genetic diversity found in Newfoundland black bears (Paetkau and Strobeck 1994) and
observed dramatically reduced diversity relative to continental populations. This low level
of genetic variation could have resuited from a founder effect or korn genetic drift during
penods of reduced population size (population bottlenecks), and does not discriminate
between alternatives for the timing of colonization.
A cornmon molecular approach to studying within-species phylogeographic distributions is to sequence highly variable regions of rnitochondrial DNA (see Avise 1994 for
examples). This approach has been used in European brown bears to study genetic
relationships between several relictual populations, with reference made to the glacial
refugia from which populations were derived (Taberlet and Bouvet 1994; Kohn et ni.
1995). In North Amencan black bears, however. an indirect study of total mitochondrïal
DNA variation using restriction analysis failed to detect significant phylogeograp hic
structure (Cronin et al., 1991).
In this report we describe the use of sequence andysis of part of the mitochondrial
chromosome-including tRNA-Trp, WA-Pro, and parts of the cytochrome b gene and
the control r e g i o e t o sîudy the degree to which U.a. hamiltoni is phylogenetically distinct
from continental subspecies. Sequence data were obtained for individuals from Fundy
IAversion of
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National Park (FNP) in New Brunswick, La Mauricie National Park (LMNP) in Quebec,
the area around Fort McMurray,Alberta (FM) (all U.a americmus ), Banff National Park
(BNP) Li Alberta (U.a. cinnamomum) and Terra Nova National Park (TNNP) on the
island of Newfoundland (subspecific designations as given in Banfield 1974).

Materials and methods

Mitochondrial DNA was arnplified and sequenced from eighteen North Amencan black
b a r s with the following sample sizes: TNNP (7),FNP (3), LMNP (3), FM (2) and BNP
(3). In addition, three sun bars (Ursur malayunus) provided by Steve Fain at the National
Fish and Wildlife Forensics Laboratory in Ashland, Oregon, and one brown bear (Ursus
arctos) from BNP were analyzed. AU U.amencanus and LI. arctos samples were from the
DNA repository maintained by Parks Canada at the University of Alberta. Sample
collection for the repository has k e n carried out oppomuiisticdly since 1989.
Sequence template was generated through PCR amplification using chimenc primers
consisting of universal sequence primers and the mitochondrial primers used by Shields
and Kocher (199 1): M 13 -21 + L15774, CGACGTTGTAAAACGACGGCCAGTACATGAAïTGGAGGACAACCAGT and M l 3 reverse + H16498, GGAAACAGCTATGACCATGATTACGCCTGAACTAGGAACCAGATGGThese primers ampl* sequence covering parts of the cytochrorne b gene and the control region as well as tRNA-Trp and tRNAPro. Arnplitications were can-ied out in 100 pl cocktails using Promega Taq buffer, 60 pM
dN'Ps, 2.05 m M MgCl2 and 0.2 p M primers. Amplification consisted of 33 cycles of 15
s at 94 OC, 20 s at 54 OC and 25 s at 72 OC,preceded by 3 min at 94 OC and followed by 30
s at 72 OC. Cycling was done on a Perkin Elmer 9600 thermocycler.
PCR products were resolved on agarose gels and electroeluted. Sequencing was done
using both of the M l 3 universal sequence primers mentioned above as well as two internai
primes (light strand TCTATLTAAACTA'TTCCflG, heavy strand AAACATACTACGATOGTACA). Sequence data were cokcted on a 373A DNA Sequencer and edited using
SeqEd software (ABD. Both strands of each template were sequenced with the exception of
three individuals where there were short stretches that were only resolved on one strand.
For most individuals, template from a single PCR reaction was split into four aliquots and
sequenced with each of the four prirners using a "Taq Dye Deoxy Teminator" sequence kit
(ABD. In several cases "PRISM Sequenase Terminator" chemistry (ABI) and a thud
intemal primer (heavy strand GCTïATATGCATGGGGC) were used. This was necessary
because the Taq polymerase gave very poor quality sequence within and following a region
of repetitive sequence that was expanded in these individuals. Six to ten tunes more
template was required for the Sequenase reactions (1-2 ~ g ) .
Sequence data were aligned by eye and contained no gaps except in the repetitive
region; this region was highly variable, could not be aligned with confidence, and was not
used in phylogenetic analyses. Phylogenetic trees were generated by maximum parshony
and neighbor-joining (Saitou and Nei 1987) using PAUP 3.1.1 (Swofford 1991) and
PHYLIP 3.5 (Feisenstein 1993) respectively. Characters were not weighted. Distances for
neighbor-joining were calculated according to Kimura (1980) with the transition/trans-
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Figure 9-1, Sequeace data. The regions sequenced include the cytochrome b gene (nucleotides 1-1201,
tRNA-Thr (121-190), RNA-Pro (complementary strand, 196255) and the control region (256418). A)
Complete sequence for haplotypes 1 (U.a m e r k m ) , 9 (U.malayanus), and 12 (U. arcfos).Positions 341369 were not included in the phylogenetic amlysis. B) The variable sites among the eight haplotypes
observed in North American black bears. Haplotype 8 is quite divergent from the others. Note the
wmpatible synapomorphies at positions 45, 102, and 474 that support the division of eastem and western
lineages. C)The variable sites among the three haplotypes observed in sun bears.

version ratio set at 2.0. One thousand rounds of bootstrapping (Felsenstein 1985) were
done for both maximum parsimony (using brmch-and-bound) and neighbor-joug.
Sequences were submitted to Genbank; accession numbers are U3426GU3427 1.
Results

The total length of sequence intervening the PCR primers varied from 602 bp in the brown
bear to 618 bp in one North Arnerican black bear and one sun bear (Figure 9-1).
Phylogenetic analysis was based on 589 bp of sequence containing 98 variable sites
including at least two transversions and 97 transitions. The first 120 bp are in the

1 U. a, hamiltoni TN N P (4)

2 U. a. hamiltoni TN NP (3)
3 U. a. amencanus FNP (3)
4

U.a. amencanus LMNP (3)

4

5 U. a. amencanus FM ( 1 )

95

6 U, a. amenanus FM (1)

L7 U, a. cinnarnornum BNP (1)

Ti

-8

U. a. cinnamomum BNP (2)
86

100
100

9

U,malayanus (1)

g4C~~

ü. m a ~ a p n u s(1)

11 U. malayanus (1 )

Figure 9-2. Neighbor-joining tree for the twelve observed mitochondriai haplotypes. The topology of the
tree shown is identical to one of the four most parsimonious Crees when zero-leagth branches are coliapsed.
Percent bootstrap support shown for 1 0 0 replicates each of branch-and-bound maximum parsimony
analysis (above branches) and neighbor-joining (below). SampIe sizes shown in parentheses.

cytochrome b gene, and 20 of 28 polymorphisms in this region were at third codon
positions.
Both the sun bears and the North Amencan black bears formed monophyletic clades
supported by lûûlrc bootstrap values (Figure 9-2). In the parsimony analysis, the four
shortest and twenty seven next-to-shortest trees differed from one another in the relationships between seven closely related North American black bear haplotypes. The shortest
trees had a consistency index of 0.853.
Eight distinct mitochondrial haplotypes were found within North Amencan black bars.
Of these, 1-7 were relatively closely related-with a mean pairwise sequence divergence of
3.4 substitutions (Table 9-l), and forming a clade with 296% bootstrap support-whereas
8 differs from 1-7 by a mean of 19.0 substitutions. We presume that these dramaticaily
divergent lineages are the same ones observed by Cronin et aL (1991),although differences
in methodology make direct cornparison diffïcult. This deep split between lineages is
interesting-even a conservative estimate of mutation rate would suggest that it significantiy predates the Wisconsin glaciations-but we have not investigated it in detail.
Considering only the clade consisting of haplotypes 1-7, there appears to be a split
between eastem ( 1 4 ) and western (5-7) haplotypes. The mean painvise sequence divergence is 2.0 (1-3 transitions) and 1.3 (1 or 2 transitions) within these eastem and western
clades respectively, which compares to 4.57 (3-6 transitions) between these two groups.
Bootstrap support for the western clade is quite high, but the eastem clade is only weakly
supported. A single inconsistent character (420) in haplotype 1 makes the placement of this
group very unstable, and removal of this haplotype increases bootstrap support for the

eastem clade to 283%. Haplotype 2, from T M , is distinguished from haplotypes 1 and
3, from TNNP and FNP respectiveiy, by single transitions.

Discussion
Cameron (1958) and Dodds (1983) have considered the timing and mode of dispersal for
each of the mammalian species indigenous to insular Newfoundland. Possible modes of
dispersal included flying (bats), swimming (e.g. beaver), rafting on drifthg ice or vegetation mats (e.g. meadow voles) and crossing from Labrador over pack ice or a glacial ice
bridge or through a land-water filter banier (e.g. caribou, wolves). It seems clear that bears
fall into the latter group that dispersed from Labrador. W U e Cameron considered that no
late Wisconsin glacial refugia were big enough to support large mammals, Dodds (1983)
felt that the black bear "may have arrived prior to the main ice advance, [and] would Likely
have had little, if any, contact with parent populations from their initial colonization to the
present" (p. 542). Recent work on glacial lirnits and changes in shorelines (Grant 1977;
Rogerson 1983; Dyke and Prest 1987) indicates that reasonably large refugia have existed
on the continental shelf surrour,di.g Newfoundland, although it is not certain that they have
been continuously present thmughout the late Wisconsin.
The sequence data described here indicate that fhere is not a deep phylogenetic split
beeween U. a M Z t o n i and continentai North American black bears. The minimum observed difference between insular and continental haplotypes is a single nucleotide
substitution. Considering the relatively smaU sample sizes, the possibility that a more
detailed search would uncover identical haplotypes in both of these areas remains very real.
By cornparison, if al1 haplotypes observed in eastern Canada-including insular
Newfoundland-are compared to those found in western Canada, a slight but believable
phylogenetic difference is seen.
These results suggest that Newfoundland black bears have not existed in isolation since

Table 9- 1. Numkr of nucleotide substitutions (below diagonal) and KMura's correctecl percent sequence
divergence (above diagond) between mitochondriai haplotypes over 589 bases of unambiguously alignai
sequace.

f%?IoW

1

1(TNNP)
2(TNNP)
3 (FNP)

4(LMNP)
5 (FM)
6 (FM)
7( B W
8( B W
9(U.malay.)
10 (U.malay.)

lI(U.malay.)
12(U.arctos)

1
2
3
4
5
5
17
50
51
48
60

2

3

4

5

6

7

8

9

10

11

12

0.17

0.34
0.17

0.51
0.34
0.51

0.68
0.51
0.68
0.85

0.85
0.68
0.85
1.02
0.17

0.85
0.68
0.85
1.02
0.17
0.34

2.93
3.11
3.29
3.46
3.29
3.46
3.46

8.91
9.10
9.28
9.10
8.91
9.10
8.72
9.11

9.10
9.28
9.47
9.28
9.10
9.28
9.28
8.92
0.51

8.54
8.72
8.91
8.72
8.54
8.72
8.72
8.73
1.71
1.54

10.78
10.59
10.78
10.59
10.40
10.22
10.59
10.61
12.14
11.95
1i .75

1
2
3
4
4
18
51
52
49
59

3
4
5
5
19
52
53
50

5
6
6
20
51
52
49

60

59

1
1
19
50
51
48
58

2
20
51

52
49
57

20
49
52
49

59

51
50
49
59

3
10
67

9
66

65

prior to the late Wisconsin glacial advances. If Newfoundland bears had existed in one
refbgiurn, and the bears that gave rise to modem CI. a. americanus and U.a. cinnamrnunl
in another rehigium south of the ice, one would expect to see a close relationship between
eastern and western Canadian continental populations, with Newfoundland bears being
more distant. None the les, this Uiterpretation must be accepted with a degree of caution as
the mutation rate of the sequences used is not high enough to distinguish absolutely
between the alternative timings for colonization, and the possibility that the observed
difference between eastern and western continental populations is the result of disconthuities in prehistonc distributions c m not be ruled out.
Cameron (1956) described the craniometric ciifferences between black bears from
insula-Newfoundland and continental black bears as being so strikuig that those unfamiliar
with taxonomy could comctly separate a minire of these skulls according to their place of
otigin. In addition, the low level of genetic diversity observed in Newfoundland black
bears indicates that immigration from the continent has been Iimited or non-existent for a
considerable time (Paetkau and Strobeck 1994). Dodds (1983) correctiy noted that, in
several species, rapid divergence between insular and conhental populations might have
more to do with "the restricted gene pools of the colonizers rather than the length of time
involved" (p. 542). The combined genetic, craniometric, and geologicd data suggest that
Newfoundland black bears probably colonized frorn Labrador at the end of the late
Wisconsin glaciation and diverged rapidly due, at least in part, to rapid genetic drift in a
smaiI group of founders.
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