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Mitochondrial and microsatellite DNA analyses
of harbour seal population structure in the
northeast Pacific Ocean

Theresa M. Burg, Andrew W. Trites, and Michael J. Smith

Abstract: The genetic diversity and population structure of harbour séi®dca vitulina richardsi along the coasts of
British Columbia and parts of Alaska were investigated using both mitochondrial DNA (mtDNA) and nuclear DNA. A
475-bp fragment of the mitochondrial control region was amplified and sequenced from 128 animals. Sixty variable
sites defined 72 mtDNA haplotypes with pairwise nucleotide differences as high as 5%. Fifty-eight haplotypes were
represented by a single individual, and shared haplotypes were generally restricted to a small geographic range.
Phylogenetic reconstruction revealed two distinct populations comprigjrep@thern British Columbia and

(ii) northern British Columbia — southeast Alaska. Furthermore, the order of the clades suggests that the Pacific Ocean
was colonized at least twice, 670 000 and 380 000 years ago. Haplotypes from the first invasion are restricted to a
small number of seals around southern Vancouver Island. Analyses of five polymorphic microsatellite loci showed
significant differences between the populations of southern British Columbia and northern British Columbia — Alaska.
Migration rates for males based on microsatellite data (3—22 seals/generation) were higher than those obtained for
females from mtDNA data (0.3 females/generation). Combining all the DNA data collected to date suggests that there
are at least three populations of harbour seals in the Pacific composed of seals)fdapah, Russia, Alaska, and
northern British Columbia,ii() southern British Columbia and Puget Sound, Washington, aindtlfe outer coasts of
Washington, Oregon, and California. The data do not support the existence of two subspecies of harbour seals in the
Pacific Ocean.

Résumé: Nous avons étudié la diversité génétique et la structure de la population de Phoques coRinoaas (

vitulina richards) le long des cétes de la Colombie-Britannique et d’une partie de I'Alaska par analyse de 'ADN
mitochondrial (ADNmt) et de 'ADN nucléaire. Un fragment de 475 pb de la région de contrdle de 'ADN
mitochondrial a été amplifié et soumis au séquencage chez 128 phoques. Soixante sites variables ont défini 72
haplotypes d’ADNmt dont les différences entre les paires de nucléotides pouvaient atteindre 5%. Cinquante-huit
haplotypes étaient représentés par un seul individu et les haplotypes communs étaient généralement restreints a une
région géographique limitée. La reconstruction phylogénétique reconnait deux populations distinttes fu sud de

la Colombie-Britannique,ii) I'autre du nord de la Colombie-britannique et du sud-est de I'Alaska. En outre, I'ordre

des clades semble indiquer que I'océan Pacifique a été colonisé au moins deux fois, la prleyn@&&70 000 ans et

la secondeliy a 380 000 ans. Les haplotypes de la premiére invasion prévalent chez un petit nombre de phoques le
long de la cote sud de Ile de Vancouver. L'analyse de cing locus microsatellites polymorphes a démontré I'existence
de différences significatives entre la population du sud de la Colombie-Britannique et celle du nord de la Colombie-
Britannique — Alaska. D’aprés les données sur les microsatellites, les taux de migration des males (3-22 phoques/
génération) sont plus élevés que ceux obtenus chez les femelles par les analyses d’ADNmt (0,3 femelle/génération). En
combinant toutes les données sur 'ADN a ce jour, il semble qu'il y ait au moins trois populations de Phoques
communs dans le Pacifiqué) (es phoques du Japon, de la Russie, de I'Alaska et du nord de la Colombie-Britannique,
(i) les phoques du sud de la Colombie-Britannique et de Puget Sound, Washingiioh les (phoques qui vivent au

large des cbtes du Washington, de I'Oregon et de la Californie. Les données ne supportent pas I'existence de deux
sous-especes du Phoque commun dans le Pacifique.
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Introduction tion means that the mitochondrial genome is inherited as a
single locus. Since mtDNA is maternally inherited in most
There are five recognized subspecies of harbour seals dignimals, discrepancies have been found in some phylogenies
tributed throughout the world’s northern oceans. Two ofwhen both mtDNA and nuclear DNA have been examined.
these subspecie®hoca vitulina stejnegerand Phoca vitu  This bias is especially noticeable in animals that exhibit sex-
lina richardsi, inhabit the western and eastern Pacific Oceanspecific dispersal patterns, such as turtles (Bowen et al.
respectively. The eastern Pacific harbour seal inhabits th@992), humpback whales (Palumbi and Baker 1994), and
coastal waters from the Aleutian Islands south to Baja-Caliwhite-eyed birds (Degnan 1993).
fornia (Temte et al. 1991). Microsatellites are nuclear markers that consist of short
More than one distinct population of harbour seals maytandem repeats, usually 1-5 bp in length, such as (@A)
occur in the eastern Pacific based on differences in pelag@TT),, (Beckmann and Weber 1992). They are found ap
colouration and pupping times (Stutz 1967; Kelly 1981;proximately every 10 kb in the eukaryotic genome and are
Temte et al. 1991). A latitudinal cline in pupping times often highly polymorphic (Tautz 1989; Stallings et al. 1991).
exists between Baja California (where pupping starts inPolymorphism arises through variation in the number of
March), the outer coast of Washington (May), and northerrrepeat units present, possibly owing to slipped-strand mis
British Columbia and Alaska (June). However, the seals irpairing (Schlétterer and Tautz 1992). Analysis of nuclear
Puget Sound and around Vancouver Island give birth muclmarkers such as microsatellites provides both paternal and
later, in July and August (Temte et al. 1991). maternal information. There are several advantages and dis
Between 1913 and 1969, an estimated 200 000 — 240 OO&dvantages to using microsatellites. Advantages include
harbour seals were killed in British Columbia for pelts and(i) many genetic loci can be analyzed and scored (Hughes
bounties. This may have caused a population bottleneck thaind Queller 1993),ii() they provide multiple independent
reduced genetic diversity. However, since their protection irgenealogies for population studies, anil)(they undergo
1970, harbour seals have been increasing in number at ratagh rates of evolution (10 to 10°); disadvantages include
as high as 12.5% per year, although rates may have slowg@) the possibility of null alleles,i() possible ascertainment
in recent years (Olesiuk et al. 1990). In the last 25 years, thbias, and i{i) an unclear understanding of mutational pro-
number of harbour seals in British Columbia has increasedess (Callen et al. 1993; Ellegren et al. 1995; Rubinsztein et
from 9000 to approximately 135 000 and now accounts foral. 1995; Crawford et al. 1998).
almost 50% of the harbour seals in the eastern Pacific Molecular studies using mtDNA found that harbour seals
(Olesiuk et al. 1990; Pitcher 1990; Barlow et al. 1995; Smallfrom California were different from those in Bristol Bay,
and DeMaster 1995). Alaska (Stanley et al. 1996), and that seals from Puget Sound,
Increases in the number of harbour seals in British CoWashington, were distinct from those on the outer coast of
lumbia could be due to the immigration of seals from Alaskathe continental United States (LaMont et al. 1996). Both of
and Washington or to an increase in the reproductive rates dghese studies focused on harbour seal samples from the con-
harbour seals in British Columbia. If the increase was due tdinental United States (Washington, Oregon, and California)
immigration from surrounding areas, harbour seals in Britishand from one location in northwest Alaska. However, the
Columbia should have haplotypes similar to those from-popextent of the population differentiation and the relationship
ulations to the north and south. On the other hand, if migrabetween these different populations and intermediate areas
tion rates are low and an increase in reproductive rategBritish Columbia and southern Alaska) is not known.
caused the increase in population size, the British Columbia In this paper, we employed both mtDNA sequence data
population should contain haplotypes that are not found irand microsatellite analyses to examine the phylogeographic
the Alaska and Washington populations. structuring of harbour seal populations in British Columbia
Recent studies investigating population structure and geand parts of Alaska. In addition, we assessed the amount of
netic diversity in natural populations have relied heavily ongenetic diversity present in harbour seals in British Celum
molecular techniques, such as DNA sequencing, allozymedjia with respect to the putative population bottleneck. We
and restriction fragment length polymorphisms (RFLPs).also attempted to estimate divergence times between differ
While the number of studies employing both nuclear andent populations.
mitochondrial DNA (mtDNA) markers has increased in re
cent years (Karl et al. 1992; Degnan 1993; Abernathy 1994; .
Gottelli et al. 1994; Palumbi and Baker 1994; Pope et alMaterials and methods
1996; Moritz et al. 1997; Berube et al. 1998; Brunner et al.
1998; Simonsen et al. 1998), most studies employ only onSample collection and DNA extraction
method (i.e., either mitochondrial or nuclear markers). Greater Whole blood or tissue samples were collected for mtDNA and
information can be obtained by simultaneously employingmicrosatellite analyses from 128 harbour seals along the coasts of
both techniques. British Columbia and sputheast Alaska (Figs. 1 and 2). Ar) -addi
Mitochondrial DNA is useful for molecular analysis, -be tional 94 samples obtained by the Alaska Department of Fish and

cause it is made up of 37 genes that evolve faster than mo§2me from Icy Bay, Prince William Sound, and Kodiak Island

| B t al. 1982) Th lowl | ere included in the microsatellite analysis (Fig. 2). Tissue-sam
nuclear genes (Brown et al. ). The more slowly evolv les were stored in dimethylsulphoxide (DMSO) at room tempera

ing regions tend to be useful for phylogenetic studies, whilgre (Amos and Hoelzel 1991), and blood samples were frozen at
the more rapidly evolving regions may be used for popula_go°C. DNA was extracted from whole blood, using the Chelex
tion studies (Stevens et al. 1989; Baker et al. 1993; Arnasomethod (Walsh et al. 1991), or from tissue, using standard protease
and Gullberg 1996). The lack of intermolecular recombina K/phenol/chloroform extraction (Emmons et al. 1979).
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Fig. 1. Sampling sites in the eastern Pacific: Kodiak Island=(29), Prince William Sound and Copper River Delta= 30), Icy Bay

(n = 15), southeast Alaskan(= 30), northern British Columbian(= 10), Bella Coola 1 = 3), and southern British Columbia (South.

B.C.) and Vancouver Islanch(= 105). The samples from those sites followed by an asterisk were used only for microsatellite analysis
with the exception of southeast Alaska, where only 10 of the 30 samples were used for mtDNA analysis. Population divisions based
on microsatellite and mtDNA analysis are indicated (Populations 1-3).
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Fig. 2. Distribution of harbour seal groupings in British Columbia based on mtDNA data from individuals collected at the indicated
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Mitochondrial DNA amplification and sequencing
Two PCR primers, WKT115 (FATGACCCTGAAGAA(G/A)G-
AACCAG-3) and WKT283 (5TACACTGGTCTTGTAAACC-3),

tRNA threonine and proline and part of the control region (LaMont
et al. 1996). PCR was performed using Ultratherm polymerase
(BioCan Scientific) according to manufacturer’s instructions.-Am

were used to amplify a 520-bp product containing a portion of theplification consisted of one cycle of 95°C for 60 s, 52°C for 60 s,
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and 72°C for 90 s; 25 cycles of 94°C for 30 s, 52°C for 30 s, and The permutation approach was used to detect significant differ
72°C for 30 s; and one final cycle of 94°C for 30 s, 52°C for 30 s, ences in allele frequency distribution (Raymond and Rousset 1995).
and 72°C for 5 min. The PCR product was sequenced using the diThe fixation index Fg) and inbreeding coefficientHg) were also
rect PCR sequencing kit from USB Amersham. calculated, according to Hartl and Clark (198B}y, a measure of
population subdivision for microsatellites equivalentRg;, was
) . . calculated. Heterozygosity and probability of identity were calculated
Mitochondrial DNA sequence analysis according to Nei and Roychoudhury (1974). Deviations from Hardy—
Several different phylogenetic approaches were used to-deteiveinberg equilibrium at each locus in each geographic location
mine the phylogeographic relationship among the 128 harboufvere examined using Fisher’s exact test (Guo and Thompson 1992).
seals sampled from British Columbia and southeast Alaska. Th@figration rates were estimated usiriggr (Weir and Cockerham
sequences were manually aligned using bothetke (Cabot and  1989), private alleles model (Slatkin 1985; Slatkin and Barton
Beckenbach 1989) and SeqApp (Gilbert 1992) programs. Individ 1989), andRsy (Slatkin 1995).
uals with identical sequences were removed and assigned to a
shared haplotype (given a letter designation). Pairwise distances
were calculated using Nei’s distances, and neighbor-joining treehesults
were constructed using published harbour sdthoca vitulina
vitulina) and grey sealHalichoerus grypups sequences (Arnason . ) )
and Johnsson 1992; Arnason et al. 1993) as outgroups. MaximunMitochondrial DNA analysis
likelihood and maximum-parsimony analyses were also conducted, A 475-bp fragment spanning positions 16 254 — 16 774 of
using the programstvuir (Felsenstein 1989) anehup (Swofford  the published harbour seal mitochondrial genome (Arnason
1991), respectively. In addition, a minimum-spanning tree (Rohlfand Johnsson 1992) was sequenced from 128 harbour seals
1993) was constructed to resolve the relationship between the difrom British Columbia and southeast Alaska. Within this re
ferent haplotypes_. Mitochondri#ls estimates were calculated-us gion, 60 variable sites defined a total of 72 mtDNA haplo
ing amova (Excoffier et al. 1992). types (Fig. 3). This includes two insertion deletion events,
one between positions 16 447 and 16 448 and the other be
Microsatellite isolation tween positions 16 484 and 16 485. Most of the 72 haplo-
A genomic library was constructed using approximately g0  types were unique to single animals. Only 14 were shared
of total genomic DNA digested witlsaBA. Fragments between between two or more individuals (Figs. 4 and 5). Twelve of
200 and 600 bp were isolated from low melting point agarose gethe 14 shared haplotypes were found around Vancouver Is-
(Thuring et al. 1975), ligated into thBanH| site of pUC18, and |and and the adjacent mainland (hereinafter referred to as
transformed intdEscherichia coliDHSa. southern British Columbia), while the other two shared
Positives were isolated using a biotin labelled ((AF)probe  haplotypes, C and D, were found in seals from both southern
(University Core DNA Services, Calgary, Alta.) according 10 pyjtish’ Columbia and northern British Columbia — Alaska.
Glenn (1995). Primers were designed using Oligo 4 (Rychlik 1992)- o et frequent haplotype, A, represented 18% of the in-
minimizing self-complementarity and primer—dimer formation. . .
Two microsatellites were successfully isolated through screen(-:“\”cluals analyzed, while Fhe next most frequent haplotypes,
: o y IS g .~ B, D, and N, were found in only 4.7% of the harbour seals
ing of the genomic library, one of which was polymorphic =@ = y y &7
(TBPv2a, 5CTCTCCCATCCTCATATTA-3 and TBPv2b, 5  sampled (Fig. 3).
GTACTACCCAATATAGAGAC-3). An additional five micre Nei's distances between haplotypes ranged from 0.026 to
satellite primers were obtained, four from Goodman (1997) andb%. In general, haplotypes within the same geographic area
one from R. Slade (University of Queensland, Australia). PCRwere more similar to each other (0.008—0.0096%) than to
conditions for SGPv and BG primers are described in Gemmell ethose haplotypes from other geographic areas (0.0186-

al. (1997). 0.024%), with one notable exception. A group from southern
Vancouver Island (Vancouver, Victoria, and Nanaimo; Group
Microsatellite allele detection 4) containing seven haplotypes formed a distinct clade-sepa

One member of a primer pair was end-labelled usiyfgH]ATP. rated from the other seals in southern British Columbia by a
DNA amplification was performed in a 1AL cocktail consisting ~minimum of eight nucleotide substitutions (0.037%) (Fig. 5).
of approximately 100 ng DNA template, 2—4 pmol of each primer, The neighbor-joining tree suggests four primary group
200uM dNTP, 0.5 mM MgC}, 1x PCR buffer, and 0.2 U Ultra  ings: one group comprising northern British Columbia and
therm polymerase (BioCan Scientific) in a GTC genetic thermo goytheast Alaska (Group 3; Fig. 1, Population 1), two sym
cycler (GL Applied Research Inc.). Amplification consisted of an patric groups in southern British Columbia (Groups 1 and 2;

initial 2-min denaturation at 94°C, followed by 7 cycles of dena . :
turation at 94°C for 60 s, annealing at 48°C for 60 s, and extensiorllzlg' 1, Population 2), and a group from southern Vancouver

at 72°C for 60 s. An additional 25 cycles consisted of denaturatiodSIand (Group 4; Fig. 1, POpl“!latlon 2) (Fig. 4). Bootstrap
at 89°C for 40 s, annealing at 48°C for 40 s, and extension at 72°¢/alués show that these groupings are strongly supported at
for 40 s. PCR products were electrophoresed in 6% denaturinge base of each clade, but resolution of terminal branching
TBE (1x TBE buffer : 90 mM Tris-borate, 2 mM EDTA (pH 8.0)) order is poor. The four major groupings were consistently
acrylamide gels for 2—4 h, depending on the size of the PCR-prodreproduced using different phylogenetic approaches, iaclud

uct (Glenn 1995). ing maximum likelihood and maximum parsimony.
The minimum-spanning tree better illustrates the division
Statistical analysis of microsatellite variation between these four groups (Fig. 5). Group 1 contains seals

The alleles were sized and scored using a sequencing reaction &inly from southern British Columbia, but also contains
a size ladder. Some samples from key individuals were amplifiedIX unique haplotypes and one shared haplotype that are
and the resulting PCR product run on each gel as markers to ensufeund in seals from northern British Columbia and Alaska
consistent scoring of the alleles. (Group 3). Furthermore, the haplotypes in Group 1 form an

© 1999 NRC Canada



934 Can. J. Zool. Vol. 77, 1999

Fig. 3. Aligned control region sequences from 128 harbour seals, showing variable sites and insertion—deletion events (—). The 14 most
common haplotypes (letters A—N) are also given. Each of the 44 unique haplotypes found in a single harbour seals is identified by a
letter code (corresponding to the sampling sites shown in Fig. 2) followed by a number. Variable sites within the 475-bp fragment
spanning positions 16 254 — 16 774 of the published mitochondrial genome (Pvv) are numbered according to the published harbour
seal sequence (Arnason and Johnsson 1992).

Variable sites

11111111111 1111111111123111 111131111111122113111111121111112
66666666666 666666666666666 66666666666666666666666666666666
33333344444 444444444444444 44445555555555555556666666666677
22267811114 445666677777788 89991244555667778890111233688901
56942812352 893012412678903 81468649029897890847359929145488

NBC1 CAATGTAATTAACTCCTTGGCTCCCCC-CGCCTCTAGGAATACGGATTGCAATCGACAGT
G....
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articulating network in which several alternative pathways Table 1. Statistical probability of genetic
exist between some animals. differentiation usingseneropand Hardy—Weinberg
Analysis of the groupings using AMOVA indicateska proportions (HWP) between northern British
of 0.662 between the southern British Columbia and nrorth Columbia — Alaska (nBC/AK) and southern British
ern British Columbia — Alaska group® (< 0.001). Columbia (sBC) populations.
HWP
Microsatellite analysis Locus = NBC/AK SBC
DNA from the 118 seals sampled in British Columbia and
the 104 seals from Alaska was analyzed using seven micro ;?;F;szg <%'g%; %‘ﬁ% %'4;3;72
satellite loci. Five of the seven microsatellites used in this SGPV10 0.67 0.651 0'895
study were found to be polymorphic, having 4-12 alleles per SGPVIL 0'02 0'009 0'031
locus (Fig. 6) and an average heterozygosity of 47%-: Ge BG 0 (‘)3 0 '225 0 '297
netic differentiation was tested usingneror(Raymond and Overall 0001 ' '

Rousset 1995) (Table 1). The only significant population
structuring detected using microsatellites was that between
southern British Columbia and northern British Columbia —

Alaska @ < 0.001). Four microsatellite loci, TBPv2, SGPV9, tion. However, both molecular data and pelage patterns sug
SGPv11, and BG, showed significant differences betweegest that the population of Vancouver Island is different
the southern British Columbia region and northern Britishfrom those of Glacier Bay and the Queen Charlotte Islands.
Columbia — Alaska R values of <0.001, 0.002, 0.02, and The genetic differentiation of the populations found in
0.03, respectively). Two of the loci, SGPv10 and SGPV11gritish Columbia and Alaska is supported by a difference in
further subdivided the northern British Columbian — A|aSkanpupping times, however. Upon further examination of all of
group. The SGPvV11 locus divides the harbour seal pepulahe available harbour seal mtDNA data to date (Bickham and
tions into three significantly different populations (Fig. 1): Patton 1994; LaMont et al. 1996; Stanley et al. 1996), there
(i) western Alaska (sampling sites, Kodiak Island and Princexppear to be three main populations in the Pacific (Fig. 1):
William Sound), {i) central and southeastern Alaska to north-(j) Japan, Russia, Alaska, and northern British Columbia
ern British Columbia (sampling sites, Copper River Delta,(Group 3, Population 1),iij southern British Columbia
Icy Bay, southeast Alaska, and northern British Columbia)(Groups 1, 2, and 4, Population 2) and Puget Sound (with
and (i) southern British Columbia (sampling sites, southerntwo sympatric lineages), anidii{ the outer coasts of Wash-
British Columbia and Vancouver Islandy & 0.001). ington, Oregon, and California (Population 3). A fourth
The observed heterozygosity ranged from 44 to 81% (avgroup comprising a small number of seals from Puget Sound
erage 66%) for the five polymorphic microsatellite loci, and southern Vancouver Island (Group 4, Population 2) is
while the expected heterozygosity within each populationalso apparent (Figs. 1 and 7). The differences in pupping
varied between 51 and 87% (average 72.5%). The southetimes roughly correspond to these three populations in the
British Columbia population had a slightly lower overall eastern Pacific, but do not explain why Group 4 contains
heterozygosity than the northern British Columbia — Alaskaseals from Puget Sound and southern British Columbia.
population. The total observed heterozygosity was loweHowever, this last group could be explained by multiple-col
than the overall expected heterozygosity. onizations of southern British Columbia and Puget Sound by
The probability of identity (i.e., the probability that two seals from different maternal lineages.
individuals drawn at random from the same population have Comparison of western and eastern Pacific mtDNA haplo
identical genotypes at all loci) was 1 in 10 000 for sealstypes failed to differentiate between the two subspecies
from southern British Columbia and 1 in 50 000 for sealsp, v. stejnegerandP. v. richardsi The haplotypes from the
from northern British Columbia — Alaska at the five pely western Pacific clustered with those from northern British
morphic loci examined. Columbia and Alaska (Fig. 7). The number of samples from
The proportion of microsatellite genotypes observed inthe western Pacificn(= 38) (Stanley et al. 1996) is small
the two areas was compared with Hardy—Weinberg proporcompared with the number from the eastern Pacific=(
tions (HWP) using Fisher’s exact test (Guo and Thompsorp52) (LaMont et al. 1996; Stanley et al. 1996; this study),
1992). Highly significant departure® (< 0.001) from HWP  put there is no evidence to support the proposed subspecies.
were found in 2 of 10 comparisons (Table 1). Null allelesTemte et al. (1991) noted that the pupping time of
were detected at high frequencies (12%) for the SGPv41 lop, v. stejnegeriis similar to that ofP. v. richardsi above
cus. OverallFgr values were smallFsy, 0.08;Rsy, 0.011).  50°N (Fig. 1, south of the Bella Coola sampling site) and
roughly coincides with the north—south split that was found

Discussion in both the mtDNA and microsatellite data. A more compre
hensive sampling of the western Pacific needs to be under
Morphometric versus genetic population structuring taken before any changes can be made to the subspecies

Historical population segregation based on pelage-patterstatus of harbour seals in the Pacific.
differences (Stutz 1967; Kelly 1981) are not supported by
genetic data. Pelage differences suggested that the popul@eographic population subdivisions
tion of the Queen Charlotte Islands was separate from the Mitochondrial and nuclear DNA analyses both support the
population at Glacier Bay, while all the loci examined, bothseparation of eastern Pacific harbour seals into two pepula
mitochondrial and nuclear, indicate that they are one poepulaions comprising southern British Columbia and northern
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Fig. 4. Neighbor-joining tree, based on Nei’'s distances, constructed for a 475-bp region of the mitochondrial control region from 128
harbour seals. Bootstrap values for the major groups are indicated at the branch points. Published sequences used for outgroups are
from an eastern Atlantic harbour seal (Pvv) (Arnason and Johnsson 1992) and a grey seal (Hgrypus) (Arnason et al. 1995). For sample
codes, see Fig. 2.

88
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southern B.C.
Group 2
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73
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southern Vancouver
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British Columbia — Alaska (Fig. 2). Microsatellite analysis of inheritance and mutation rates of the two DNA
resulted in slightly different population structuring than molecules. Microsatellites are biparentally inherited and, as
mtDNA analysis (Fig. 2). The separate maternal lineages result, undergo recombination. mtDNA, on the other hand,
found in southern British Columbia (Groups 1, 2, and 4)does not undergo intermolecular recombination, and result
comprise one population based on microsatellite data.-Howing phylogenies represent colonization events and other sep
ever, the basic north—south population split that was detectearations in populations that occurred in the distant past.
using the mtDNA (Fig. 4) was also evident with the micro Microsatellites often show more recent separations, as past
satellite DNA (Figs. 1 and 2). separations or population differences are masked by recom
While significant differences exist for both mitochondrial bination and back mutation of the microsatellite alleles
and microsatellite DNA in terms of population structuFg;  (DiRienzo et al. 1994). This means mutations in micro
statistics vary 10-fold. Estimates for mtDNA are 0.662,satellites are more likely to produce an allele that is already
while for microsatellites thd=g; equivalent is 0.080. If one present in the population (and therefore go undetected), un
cautiously uses these to estimate migration rate (Nm), the rdike mtDNA, in which a mutation often results in a new
sulting values, 0.3 and 3 seals/generation, are quite differenhaplotype being formed.
This could be interpreted two ways. On the one hand, the
difference might be due to differences in mutation rates beEffects of glaciation on population structuring
tween microsatellites and mitochondrial DNA (Scribner et One possible explanation for the reduced size of Group 4
al. 1994). On the other hand, male-biased migration can of(southern Vancouver Island — Puget Sound) is that glaciation
ten lead to contrasting results from mtDNA and nuclearor some other large-scale event severely reduced the first
DNA. If males are migrating more than females, one shouldgroup of invading harbour seals in the North Pacific. Further
find that the phylogeny based on mtDNA is more structuredglaciation 14 000 — 18 000 years ago (Clague 1989) proba
than that based on nuclear DNA, and migration rates fronbly resulted in some mixing between the groups along the
nuclear genes would be more than twice those estimate@estern coast of North America, which had originated-dur
from mtDNA. Higher rates of male migration are common ing the first and second invasions, when animals moved to
in many marine species (e.g., Bowen et al. 1992; Karl et althe refugia on the Queen Charlotte Islands (Population 1), in
1992; Palumbi and Baker 1994). Telemetry studies suggeshe Brooks Range (western Vancouver Island, Population 2),
that harbour seals are nonmigratory and have small homend south of Washington state (Population 3), which were
ranges, although some long-range movements have been alnglaciated (Fulton 1989). Populations 1 and 2 (northern
served (Olesiuk et al. 1990). Satellite-telemetry data from @ritish Columbia — Alaska and southern British Columbia)
small number of harbour seals has yet to show a significaréppear to have remained separated since the last glaciation,
difference between the movements of males and femalesvhich ended 10 000 —11 000 years ago in the eastern Pacific
However, it is unlikely that migration rates between south-(Clague 1989), and are now reproductively isolated by tem-
ern and northern British Columbia as low as 1 female andpboral variation in pupping times as discussed earlier (Temte
20 males every 30 years (based on Nm from mtDNA ancet al. 1991).
microsatellite data, respectively) could be estimated from te- The dividing line between northern and southern popula-
lemetry studies, unless a large number of animals were-monions in British Columbia occurs somewhere north of Van
itored over a long period of time. couver Island and south of the Queen Charlotte Islands for
Sequence divergence between the different maternal lirboth mtDNA and microsatellites (Figs. 1 and 2). Additional
eages suggests that there were two separate invasions of ts@mples from the central areas of British Columbia’s central
Pacific Ocean by harbour seals from the Atlantic Ocean. Theoast (Fig. 1) are required, to determine more accurately
first invasion occurred approximately 0.67 million years agowhere this division occurs. A similar north-south split in
(MYA) and is presently represented by a small number ofpopulations is observed in marine invertebrates, fish, and
harbour seals in Japan and southern Vancouver Islanchammals in the eastern Pacific (Okazaki 1984; Wilson et al.
(Group 4). The second invasion occurred over 0.38 MYA1987; Varnavskaya and Beacham 1992; Taylor et al. 1994;
and resulted in the southward colonization of the Pacific a8ickham et al. 1995, 1998a, 1998Cronin et al. 1996; Tay
shown by the relative positioning of the mtDNA groups. Thelor et al. 1996; Arndt and Smith 1998; Byun et al. 1998).
three lineages (Groups 1, 2, and 3) from the last invasion ar@/ith the exception of two mammals (Steller sea lions and
the most widely distributed in terms of haplotypic diversity sea otters), the splits occur south of the Queen Charlotte
and geographic distribution. Japan and Alaska were-cololslands and north of Vancouver Island, the same area in
nized first by harbour seals entering the Pacific Ocearwhich the harbour seal populations are split. This can be ex
through the Bering Sea. Maternal lineages from Alaska themplained by the presence of glacial refugia in each area.
moved south to colonize southern British Columbia. The
southern British Columbia group, in turn, colonized the Conclusions
coast from Washington to California. Using either mtDNA or microsatellites exclusively dem
The estimated time of divergence between the northeronstrates the northern and southern split in the harbour seal
and southern populations based on microsatellite data isopulations, but neither alone reveals the multiple coloniza
about 9000 years ago (Goodman 1997). This timing roughlyions or the effect of the last glaciation on population struc
corresponds to the end of the last glaciation, which endedure. Furthermore, the difference in migration rates between
approximately 10 000 — 15 000 years ago (Clague 1989). male and female harbour seals would have gone undetected
The difference in divergence times between mitochondrialf only one technique had been used. The lack of strong ge
and nuclear DNA could be due to differences in the modesietic partitioning may result from the preglacial populations
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Fig. 6. Microsatellite allele distributions for five polymorphic loci (TBPv2, SGPv10, SGPv11, BG, and SGPV9) in southern British
Columbia (sBC) and northern British Columbia — Alaska (nBC/AK) harbour seal populations.
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mixing during the last period of glaciation, or from the large glaciation, large population numbers, continuous distribu
number of unique haplotypes, as has been found in humgion, and male-biased migration may prevent the finer-scale
back whales (Baker et al. 1993), which may reduce the abildetection of distinct genetic populations of harbour seals in
ity to detect population subdivision. Thus, a combination ofthe eastern Pacific.
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