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We examined sequence variation in the control region of the mitochondrial genome from 
778 seals sampled at 161 locations from northern Japan to southeastern Alaska to learn 
more about the evolutionary history and population structure of, and effects of recent 
declines on genetic diversity in, harbor seals (Phoca vitulina) in the northern Pacifc Ocean. 
High haplotypic diversity (H 5 0.975) and a poorly resolved mitochondrial genome 
(mtDNA) phylogeny suggest that harbor seals in the Pacifc underwent a rapid expansion 
in population size in their recent evolutionary past, possibly after the retreat of Pleistocene 
ice sheets. Weak phylogeographic partitioning of lineages attests to a complex evolutionary 
and demographic history of contemporary Pacifc populations. Extensive macrogeographic 
subdivision was evident among a subset of grouped localities that represent centers of 
abundance along the distributional continuum. Heterogeneity was infuenced by population 
size and correlated with geographic distance, suggesting that dispersal occurs primarily 
among neighboring subpopulations. The 2 currently recognized subspecies of harbor seal 
in the Pacifc, P. v. richardii of North America and P. v. stejnegeri of Asia, do not represent 
phylogenetically discrete mtDNA assemblages. The greatest differentiation detected was 
along the Commander–Aleutian Island chain, the region of the presumed subspecies bound-
ary and a likely contact zone for expanding refugial populations of a number of marine 
mammal species after retreat of ice sheets. Differentiation between the Kodiak Archipelago 
and Prince William Sound, and between Bristol Bay and the Pribilof Islands, indicates that 
current management stocks are inappropriate and highlights the need for a detailed analysis 
of population and stock structure in Alaska. A decline in population size in Prince William 
Sound over the past few decades was accompanied by a discernible reduction in mtDNA 
diversity, manifested as a loss of rare haplotypes through random drift. A continued pop-
ulation decline will erode genetic diversity further, with potentially adverse effects on evo-
lutionary potential and individual ftness. 
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Harbor seals (Phoca vitulina) in the Pa-
cifc Ocean are distributed along 16,000 km 
of the coastline across the North Pacifc rim 
from Hokkaido, Japan, in the west to Baja 
California, Mexico, in the east and form 
hundreds of breeding groups that occupy a 
diverse array of habitats (Hoover-Miller 

* Correspondent: greg.o’corry-crowe@noaa.gov 

1994; Rice 1998; Shaughnessy and Fay 
1977; Fig. 1). Limited population structur-
ing in this species is suggested by a contin-
uous distribution over much of the geo-
graphic range, by records of long-distance 
movements (.320–500 km—Lowry et al. 
2001), and by a paucity of physical barriers 
to movement. Paradoxically, population 
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FIG. 1.—Distribution of harbor seals in the Pa-
cifc Ocean. Centers of abundance are shaded, 
and boundaries of the currently recognized man-
agement stocks within Alaska are indicated by 
dashed lines. PWS, Prince William Sound. 

structuring is suggested by geographic var-
iation in body size, coat color, annual tim-
ing of births, and cranial morphology (Bigg 
1969; Burns and Gol’tsev 1984; Burns et 
al. 1984; Kelly 1981; Shaughnessy and Fay 
1977; Temte et al. 1991). 

Morphological differences between east-
ern and western forms are considered ex-
tensive enough by some authors for each to 
qualify as a separate subspecies: P. v. ste-
jnegeri of Asia is predominantly dark phase 
and larger in body size with a more massive 
skull than the predominantly light phase P. 
v. richardii of North America (Burns et al. 
1984; Shaughnessy and Fay 1977). There is 
still some dispute, however, as to where the 
boundary between these 2 subspecies lies 
or whether, in fact, P. vitulina in the Pacifc 
comprises a single polytypic taxon 
(Shaughnessy and Fay 1977). Despite oc-
casional long-distance movements (Bonner 
and Witthames 1974; Lowry et al. 2001; 
Thompson et al. 1994; U. Swain et al., in 
litt.), harbor seals in both the Atlantic and 
Pacifc oceans rarely forage more than 50 
km away from haul-out sites (Lowry et al. 
2001; Thompson 1993; R. J. Small and J. 
M. Ver Hoef, in litt.). This, combined with 
the high rate of recorded returns to haul-out 
sites (Lowry et al. 2001; U. Swain and R. 
J. Small, in litt.), has helped characterize 

this species as relatively sedentary, exhib-
iting long-term fdelity to particular areas. 
Regional differences in habitat and prey 
(Hoover-Miller 1994) and in trends in abun-
dance (K. J. Frost et al., in litt.; R. J. Small 
et al., in litt.) may be further evidence of 
population subdivision. 

Knowledge of population structure and 
dispersal in Pacifc harbor seals is important 
for the conservation of the species in parts 
of its range. Harbor seals have declined 
sharply over the past 2 decades in some ar-
eas of Alaska, whereas in other areas num-
bers of seals have remained stable or have 
even increased during this period (Pitcher 
1990; K. J. Frost et al., in litt.; E. A. Mat-
thews and G. W. Pendleton, in litt.; R. J. 
Small et al., in litt.). The United States Na-
tional Marine Fisheries Service currently 
recognizes 3 large provisional management 
stocks defned primarily on the basis of re-
gional differences in trends in abundance: 
Southeast Alaska where numbers are stable 
or increasing; the Gulf of Alaska (including 
the Aleutian Islands) where numbers have 
declined dramatically; and the Bering Sea 
where numbers are thought to have de-
clined (Ferrero et al. 2000; Fig. 1). Detailed 
information on population structure and 
dispersal patterns, however, is required to 
identify more meaningful management 
stocks of this species in Alaska. 

Population subdivision is often infu-
enced by evolutionary relationships among 
natural groupings as well as by contempo-
rary patterns of gene fow and dispersal 
(Avise 1994). On an evolutionary time 
scale, much of the range of the Pacifc har-
bor seal is geologically and climatically dy-
namic (Mann and Hamilton 1995; Mann 
and Peteet 1994). Successive glaciations 
and local tectonic activity are constantly 
changing the coastal and insular landscape. 
One might expect that the periodic changes 
in sea level and in coastal geography and 
topography would result in a complex his-
tory of range expansions and contractions, 
relict populations, and founder events in a 
coastal species such as the harbor seal, a 
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history not immediately apparent from its 
present-day distribution. Reconstructing 
this evolutionary past may create a greater 
understanding of current patterns of geo-
graphic variation and the demographic his-
tory and biogeography of this species in the 
Pacifc. 

Although recent telemetry studies have 
revealed much about movement patterns in 
Alaskan harbor seals, the studies have typ-
ically been of short duration (,1 year) and 
tell us little, as yet, about the rate and form 
of dispersal. Similarly, although studies of 
environmental heterogeneity and regional 
differences in ecology, trends, morphology, 
and physiology may refect or contribute to 
population subdivision, the resolution of the 
evolutionary history and population struc-
ture of Pacifc harbor seals requires the ex-
amination of markers that directly refect 
patterns of dispersal or breeding (or both) 
and record evolutionary relationships 
among natural groupings. 

Examination of variation within selec-
tively neutral, highly variable molecular ge-
netic markers can provide insight into the 
evolutionary affnities of natural groupings 
and document patterns of dispersal and in-
terbreeding (Avise 1994; Avise et al. 1987). 
We examined sequence variation within the 
control region of the mitochondrial genome 
(mtDNA) to investigate the evolutionary 
history and resolve the population structure 
of harbor seals across much of their Pacifc 
range and to provide a framework for the 
identifcation of management stocks of this 
species in Alaska. The relatively rapid rate 
of evolution and predominantly maternal 
mode of inheritance (Brown et al. 1979; 
Denver et al. 2000; Hutchison et al. 1974; 
Ingman et al. 2000) make mtDNA a partic-
ularly informative marker in the study of 
dispersal patterns and in the identifcation 
of demographically discrete management 
units as well as in the resolution of evolu-
tionary relationships among natural group-
ings below the species level (Avise 1995; 
Avise et al. 1987; Moritz 1994; Moritz et 
al. 1987). In this article, we present our 

fndings on macrogeographic patterns of 
variation within mtDNA of harbor seals 
across the North Pacifc, including the phy-
logeography of this marker and the general 
pattern and extent of population subdivision 
across the range studied. 

MATERIALS AND METHODS 

Sample collection and DNA extraction.—Har-
bor seal tissue samples were collected at 161 
locations from southeastern Alaska to northern 
Japan from 1975 to 1999 (Table 1). The se-
quences of 9 of the 14 Japanese seal samples 
were from a previous study by Stanley et al. 
(1996) and were accessed from GenBank (4 
unique haplotypes, accession numbers U36372– 
U36375). All age classes and both sexes were 
represented, and samples were collected in all 
seasons (details of which are available at http:// 
swfsc.nmfs.noaa.gov). Only individuals from lo-
calities within geographically distinct centers of 
abundance across the distributional continuum 
were used in the analysis of population subdi-
vision (Table 1; Fig. 1). 

Several tissue types were used. Skin biopsies 
were taken from seals during tagging and reha-
bilitation operations; shed hair was collected at 
molting sites; and skin, muscle, and liver sam-
ples were collected from subsistence hunts, 
strandings, and scientifc collections. Most tis-
sues were preserved in 20% dimethyl sulfoxide 
saturated in NaCl (Amos and Hoelzel 1991). 
Molted hair samples and some tissues were 
stored at 2808C; several skin samples were fxed 
in formalin and then stored in ethanol. Total 
DNA was isolated from most samples using 
standard sodium dodecyl sulfate (SDS) lysis-
proteinase K digestion methods followed by 
phenol : chloroform extraction and ethanol pre-
cipitation protocols (Sambrook et al. 1989). For 
some samples, a similar method used a cethyl-
trimethylammonium bromide (CTAB) buffer (55 
mM CTAB, 0.5 M NaCl/20 mM ethylenedi-
aminetetraacetic acid [EDTA], 100 mM Tris, pH 
8.5–9) in the initial stages (Winnepenninckx et 
al. 1993). Subsequent extraction and recovery of 
DNA were similar to the 1st protocol. More re-
cently, the tissue lysis and digestion steps were 
automated by using the FastDNAt kit and the 
FastPrept (BIO 101, Carlsbad, California) in-
strument. DNA from molted hair was success-
fully extracted using the lysis buffer of Tikel et 

http:swfsc.nmfs.noaa.gov
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TABLE 1.—Summary of the number of sampling sites and samples of harbor seals by region in 
Alaska, the Commander Islands, and northern Japan. The number of unique haplotypes and haplotypic 
and nucleotide diversities are also given for centers of abundance (Fig. 1) that were compared in the 
analysis of population structure. The values in italics represent subsets of the Prince William Sound 
data set that were used in the analysis of temporal changes in genetic variation and the contribution 
to the Japan data set from this and the Stanley et al. (1996) studies. 

Nucleotide 
Number of Number of Haplotypic diversity, p 

Location sampling sites Sample size haplotypes diversity, H (%) 

Southeast Alaska 42 210 83 0.968 1.36 
Central Gulf of Alaska coast 8 59 
Prince William Sound 37 153 63 0.965 1.41 

Prince William Sound, 1970s 18 42a 31 0.983 1.47 
Prince William Sound, 1990s 22 116 50 0.960 1.40 

Kenai Peninsula—Cook Inlet 17 91 
Kodiak Archipelago 31 142 67 0.971 1.52 
Southern Alaska Peninsula 4 24 
Bristol Bay 9 33 18 0.936 1.33 
Aleutian Islands 4 14 
Pribilof Islands 2 16 10 0.892 1.35 
Commander Islands 4 22 10 0.849 0.96 
Hokkaido 3 14 5 0.813 0.90 

Hokkaido, this study 2 5 
Hokkaido, Stanley et al. (1996) 1b 9 

All locations 161 778 225 0.975 1.47 

a Includes 5 samples from Middleton Island. 
b No information on the number of sampling sites is available in Stanley et al. (1996). The number was conservatively estimated 

as 1. 

al. (1996—40 mM Tris, 2 mM EDTA, 0.2 M 
NaCl, 10% SDS, pH 9.2) followed by several 
phenol : chloroform extractions (De Angelis 
2000). The salting-out protocol of Miller et al. 
(1988) was used to extract DNA from 20-year-
old formalin-preserved tissues. Concentration 
and quality of the purifed DNA from all sam-
ples were estimated by spectrophotometry and 
visualized on 1% agarose gels stained with eth-
idium bromide. 

Amplifcation and sequencing of mtDNA.— 
Polymerase chain reaction (PCR) amplifcation 
of target DNA (Saiki et al. 1988) was performed 
in 25-, 50-, or 100-ml reactions in a 480 or 9600 
thermal cycler (Perkin–Elmer, Norwalk, Con-
necticut). Reactions contained approximately 0.1 
mg template DNA, 10 mM Tris–HCl (pH 8.3), 
50 mM KCl, 1.5 mM MgCl2, 0.01% gelatin, 150 
mM of each deoxynucleoside triphosphate, 0.3 
mM of each primer, and 2.5 units of Taq DNA 
polymerase. After denaturation at 908C for 2.5 
min, DNA was amplifed by 35 cycles consisting 
of denaturation at 948C for 45 s, annealing at 
488C for 1 min, and extension at 728C for 1.5 

min. A fnal extension period of 5 min at 728C 
was followed by cooling of the PCR product to 
48C. Part of the threonine transfer RNA (tRNA) 
gene, the entire proline tRNA gene, and over 
500 base pairs of the control region of mtDNA 
were amplifed using primers H00034 (59-TAC-
CAAATGTATGAAACCTCAG-39, Rosel et al. 
1994) and L15926 (59-ACACCAGTCTTGTAA-
ACC-39), modifed from Kocher et al. (1989). A 
species-specifc variant of the former primer, 
PvH00034 (59-TACCAAATGCATGACACCAC-
AG-39—the underlined bases denote the chang-
es), was later designed to improve the ft to the 
sequence of harbor seal control region (primer 
names refer to position on the type species 
mtDNA corresponding to the 39 end of the prim-
er). For those samples where amplifcation was 
diffcult, such as formalin-fxed tissues, a shorter 
region was amplifed with the internal primers 
used in sequencing (see below). The amplifed 
PCR products were purifed by membrane-based 
fltration using Microcont (Millipore, Bedford, 
Massachusetts) or QIAquickt (Qiagen, Valen-
cia, California) columns. 
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PCR products were sequenced by the direct 
dideoxy sequencing method of Sanger et al. 
(1977) using 4-dye fuorescent technology of 
Applied Biosystems (ABI 1992). Sequencing 
was performed in 12- or 20-ml reactions con-
taining 20–200 ng of purifed PCR product, 0.10 
mM primer, and 2.5 or 7.0 ml of PRISMy or 
PRISMy dRhodamine dye-terminator mix (PE-
Applied Biosystems, Foster City, California). 
Cycle sequencing was carried out in a PE 9600 
thermal cycler, with the following profle: de-
naturation at 968C for 4 min followed by 25 cy-
cles of denaturation at 968C for 10 s, annealing 
at 508C for 5 s, and extension at 608C for 4 min. 
Both strands were sequenced, the heavy strand 
with an internal primer H16498 (59-CCTGAAG-
TAAGAACCAGATG-39—Rosel et al. 1994) 
and the light strand with L15926 or an internal 
primer L15829 (59-CCTCCCTAAGACTCAA-
GG-39, Southwest Fisheries Science Center). Ex-
cess dye-labeled terminators were removed from 
sequencing reactions using Centri-Sepy spin col-
umns (empBiotech GmbH, Berlin, Germany) or 
by ethanol precipitation. Sequences were run on 
an ABI 373A or ABI 377 automated sequencer 
and were edited and aligned with the SeqEdy 
multiple-sequence editor program (ABI 1992). 

Analysis of mtDNA data.—The amount and 
nature of variation within the sequenced region 
were assessed by determining the number of 
variable sites and the number of unique haplo-
types using MEGA 1.0 (Kumar et al. 1993) and 
MacClade 3.02 (Maddison and Maddison 1992) 
softwares, respectively, and by estimating hap-
lotypic (Nei and Tajima 1981) and nucleotide 
(Nei 1987) diversity with ARLEQUIN 1.1 soft-
ware (Schneider et al. 1997). 

Evolutionary relationships among haplotypes 
were estimated with discrete character and dis-
tance methods. Maximum parsimony and neigh-
bor-joining (Saitou and Nei 1987) analyses were 
conducted in PAUP* 4.0b8 (Swofford 1998). In 
the former analysis, the heuristic search algo-
rithm was used; all characters were included, the 
COLLAPSE and MULTREES options were in 
effect, and simple taxon addition and tree bisec-
tion–reconnection branch-swapping options were 
used. Three weighting schemes for transition (TS) 
versus transversion (TV) subsitutions were tried: 
equal weighting, 1:5, and 1:10. Insertions and 
deletions (indels) were weighted the same as 
transversions. A homologous sequence from an 
east Atlantic harbor seal P. v. vitulina (Á rnason 

and Johnsson 1992) was used as an out-group. 
Absolute distances among haplotypes were used 
in the neighbor-joining analysis. Bootstrap anal-
ysis (Felsenstein 1985—1,000 replicates) using 
the heuristic or fast stepwise search algorithms 
was used to place confdence on interior branch-
es in the most parsimonious trees and the neigh-
bor-joining tree. 

Phylogenetic relationships among mtDNA se-
quences were also inferred from a minimum-
spanning network of all unique haplotypes (Ban-
delt et al. 1995; Excoffer and Smouse 1994; Ex-
coffer et al. 1992). The number of nucleotide 
differences between haplotypes was calculated 
in MEGA, and haplotypes were connected by a 
series of mutational events to all other haplo-
types through a set of equally parsimonious 
pathways with the aid of the MINSPNET soft-
ware (Excoffer and Smouse 1994). In these net-
works, haplotypes serve both as nodes and 
branch tips, and all character conficts are in-
cluded in the form of reticulations. To clarify 
relationships among the major lineages, we 
pruned the network by removing terminal hap-
lotypes. Most of these were assumed to be evo-
lutionarily recent (Donnelly and Tavaré 1986), 
hence the least informative phylogenetically. 
Because most of these haplotypes were rare (1 
or 2 individuals), the pruning process involved 
simply removing all haplotypes with a frequency 
#2. 

The recent demographic history of this spe-
cies in the Pacifc was inferred from a compar-
ison of the frequency distribution of pairwise ge-
netic distances (i.e., mismatch distribution) 
among all individuals with the model of sudden 
population expansion (Rogers 1995; Rogers and 
Harpending 1992) using ARLEQUIN 2.0 soft-
ware (Schneider et al. 2000). 

Two main approaches were used to estimate 
genetic differentiation. One involved estimating 
F-statistic analogues (F-statistics) that incorpo-
rate information on the number of mutational 
steps among individual haplotypes and differ-
ences in haplotype frequency, using an analysis 
of variance (ANOVA) framework (AMOVA; 
Excoffer et al. 1992). The variance components 
and indices of genetic structure were estimated 
in ARLEQUIN. The 2nd approach analyzed the 
genetic structure using haplotype frequencies 
only. Conventional F-statistics were estimated 
by ANOVA of haplotype frequencies within and 
among strata using the same software for F-sta-
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tistics. Subdivision was also assessed using a 
chi-square contingency test of independence 
(Roff and Bentzen 1989). Statistical signifcance 
of parameter estimates (FST and FST) and the chi-
square statistic under a hypothesis-testing frame-
work were estimated by 10,000 randomizations 
of the original data in ARLEQUIN and Chi-
Square software, respectively. Genetic relation-
ships among strata were also assessed by con-
structing a neighbor-joining tree in MEGA based 
on estimates of FST among strata. 

To determine if a change in the observed pro-
portion of rare haplotypes over time in Prince 
William Sound was due to a loss of rare hap-
lotypes or was an artifact of unequal sample 
size, we estimated the probability of observing 
the same number of unique haplotypes in the 
1990s that was observed in the 1970s if we had 
sampled a similar number of individuals (sample 
sizes were 42 in the 1970s, 116 in the 1990s). 
We used a program (by B.L. Taylor written in 
True BASIC v. 3.0) that randomly assigned a 
haplotype, based on the observed frequencies of 
the unique haplotypes recorded in the 1990 sam-
ple, to each of 42 individuals (i.e., a number 
equivalent to the 1970 sample) and totaled the 
number of unique haplotypes assigned at the end 
of each trial. We ran 10,000 trials and created a 
distribution of the number of haplotypes ex-
pected within a sample of 42 individuals taken 
from Prince William Sound in the 1990s. The 
probability of observing the same number or 
greater in the 1990s equaled the proportion of 
trials with a total number of haplotypes greater 
than or equal to that observed in the 1970s. 

To test for departure from randomness in geo-
graphic patterns of genetic variation, regressions 
of pairwise genetic distances among strata on 
geographic distances and correlations between 
the 2 distance matrices were computed and their 
signifcance tested using ISOLDE software (in 
Genepop v. 3.1d—Raymond and Rousset 1999). 
The test statistic was based on the Z-statistic of 
Mantel (1967) and its signifcance determined 
by multiple permutations of the data under the 
null hypothesis of independence between genet-
ic and geographic distances. Dispersal was con-
sidered to occur primarily in continental shelf 
waters, and so geographic distances were mea-
sured as the minimal ‘‘swim distances’’ in shelf 
waters between the centers of each stratum. Ge-
netic distances were estimates of the frequency-

based parameter FST or of the distance-based pa-
rameter FST. 

RESULTS 

A total of 435 base pairs of the mtDNA 
control region and adjacent proline tRNA 
gene were analyzed for sequence variation 
in 778 harbor seals sampled from across the 
North Pacifc rim (Table 1). Eighty variable 
sites were identifed, 75 with substitutions 
(73 transitions and 3 transversions) and 5 
with indels. Altogether, 225 different hap-
lotypes were identifed, with more than half 
(126) represented by single individuals. 
Overall haplotypic diversity was high (H 5 
0.975) due to the large number of rare hap-
lotypes, and overall nucleotide diversity 
was moderate (p 5 1.47%), suggesting that 
most haplotypes were closely related phy-
logenetically. All unique haplotypes have 
been submitted to GenBank (accession 
numbers AF522643–AF522866). 

Phylogenetic analysis.—In the maximum 
parsimony analysis, 57 out of 80 variable 
sites were phylogenetically informative. 
The intraspecifc phylogeny of the mtDNA 
of the North Pacifc harbor seal was poorly 
resolved using this approach. Several thou-
sand equally most parsimonious trees were 
identifed, and the majority-rule consensus 
tree was highly polytomous (data not 
shown). Few nodes were supported by 
more than 60% in the bootstrap analysis, 
and no geographic concordance was found 
within the best supported clades. The dif-
ferent TS/TV weighting schemes resulted in 
almost identical tree topologies and boot-
strap values. The neighbor-joining analysis 
yielded similar fndings (data not shown). 

The mtDNA phylogeny was more clearly 
represented in a minimum-spanning net-
work of all unique haplotypes. Haplotypic 
diversity was high relative to the low-to-
moderate nucleotide diversity; so, many 
haplotypes were 1 or 2 mutational events 
from several other haplotypes. Therefore, 
many evolutionary relationships among 
unique haplotypes were unresolved, result-
ing in a highly reticulated network with 
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FIG. 2.—Pruned minimum-spanning network 
of the 64 core mtDNA haplotypes in harbor 
seals in the northern section of their Pacifc 
range. Branch lengths are equivalent to the min-
imum number of steps between haplotypes. 
Haplotype size refects the abundance of the 
haplotype in the total sample, and all alternative 
connections are included. The 3 primary line-
ages are indicated, and haplotype labels are in-
cluded for the more common haplotypes. 

many alternative minimum-spanning trees. 
Although pruning the network resulted in 
the loss of some internal haplotypes, the 
original 225 unique haplotypes were re-
duced to the 64 core, or common, haplo-
types. The resulting minimum-spanning 
network was composed of 3 distinct line-
ages (A, B, and C in Fig. 2). Two are char-
acterized by a ‘‘star-like’’ phylogeny with 
several rarer haplotypes radiating from a 
more abundant central haplotype. A com-
parison of haplotypic diversity among the 
major areas of abundance in Alaska, the 

FIG. 3.—Observed distribution of pairwise ge-
netic differences between individual harbor seals 
in the Pacifc compared with the distribution un-
der the model of sudden expansion in population 
size. 

Commander Islands, and Japan revealed 
limited phylogeographic structuring. Most 
core haplotypes from A, B, and C occurred 
throughout Southeast Alaska and the Gulf 
of Alaska. Representatives of all 3 were re-
corded in Bristol Bay, Alaska. Haplotypes 
from A and B were sampled in the Pribilof 
Islands, but only haplotypes from lineage A 
were found in the Commander Islands and 
Japan. The mismatch distribution of the en-
tire data set was somewhat bimodal but did 
not differ signifcantly from the simulated 
mismatch distribution based on the sudden 
expansion model (sum of square deviations, 
SSD 5 0.006, P 5 0.650; Fig. 3). 

Population subdivision.—Substantial 
levels of population subdivision were de-
tected and found to be signifcant in most 
comparisons using an a 5 0.05 under a null 
hypothesis of random mixing, for both fre-
quency-based (FST, x2) and distance-based 
(FST) statistics over spatial scales on the or-
der of 600–800 km and more (Table 2). Ev-
idence of population subdivision within 
Alaska is also shown by strong genetic dif-
ferentiation among the 3 currently recog-
nized management stocks (Table 3). 

No differentiation was found between 
samples from Prince William Sound in the 
1970s and animals sampled in the 1990s 
(FST 5 20.012, P 5 0.997; FST 5 20.004, 
P 5 0.870). The level of genetic diversity 
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TABLE 2.—Estimates of genetic differentiation (below diagonal) and signifcance ( P) values from 
10,000 permutations (above diagonal) among major centers of harbor seal abundance in Alaska, the 

aCommander Islands, and northern Japan. The chi-square analysis gave results similar to that of FST.

Centers of harbor seal abundance 

I II III IV V VI VII 

FST 

I — 0.009 0.000 0.008 0.009 0.000 0.000 
II 0.015 — 0.140 0.056 0.026 0.000 0.000 
III 0.035 0.004 — 0.110 0.056 0.000 0.000 
IV 0.048 0.020 0.012 — 0.297 0.000 0.000 
V 0.085 0.049 0.028 0.006 — 0.000 0.000 
VI 0.235 0.206 0.205 0.190 0.226 — 0.000 
VII 0.225 0.168 0.140 0.181 0.195 0.405 — 

FST 

I — 0.011 0.002 0.000 0.000 0.000 0.000 
II 0.004 — 0.006 0.000 0.000 0.000 0.000 
III 0.007 0.006 — 0.000 0.001 0.000 0.000 
IV 0.031 0.031 0.027 — 0.000 0.000 0.000 
V 0.065 0.065 0.044 0.085 — 0.000 0.000 
VI 0.080 0.083 0.079 0.104 0.131 — 0.000 
VII 0.095 0.098 0.097 0.120 0.147 0.168 — 

a I, Southeast Alaska; II, Prince William Sound; III, Kodiak Archipelago; IV, Bristol Bay; V, Pribilof Islands; VI, Commander 
Islands; VII, Hokkaido. 

TABLE 3.—Genetic differentiation among the 
3 management units currently recognized by the 
United States National Marine Fisheries Service. 
Both distance-based (FST) and frequency-based 
(FST and x2) statistics were used. Signifcance 
values (P) are based on 10,000 randomizations 
of the data set. Estimates of genetic differentia-
tion are below the diagonal, and signifcance 
values are above. Results from chi-square anal-
ysis (not shown) were also highly signifcant. 

Bering Gulf of Southeast 
Sea Alaska Alaska 

n 49 444 249 

FST 

Bering Sea — 0.0100 0.0005 
Gulf of Alaska 0.024 — 0.0006 
Southeast Alaska 0.053 0.147 — 

FST 

Bering Sea — 0.0001 0.0000 
Gulf of Alaska 0.018 — 0.0019 
Southeast Alaska 0.024 0.003 — 

in Prince William Sound in the 1970s (H 5 
0.983, p 5 1.47%), however, was slightly 
higher than that of the 1990s (H 5 0.960, 
p 5 1.40%), and there was a signifcantly 
greater proportion of rare haplotypes (i.e., 
frequency 5 1) in the 1970 sample (77.4% 
versus 58%; x2 5 10.758, P , 0.005). This 
reduction in the proportion of rare haplo-
types was not an artifact of the more exten-
sive sampling in the 1990s but signaled a 
loss of rare haplotypes in Prince William 
Sound. The average number of haplotypes 
expected within a sample of 42 individuals 
taken from Prince William Sound in the 
1990s was 23, a 26% reduction on the 31 
observed in the 1970s with the same sample 
size, and the probability of recording 31 or 
more haplotypes in the 1990s was P 5 
0.0008. 

The proportion of genetic distances (both 
FST and FST) explained by geographic dis-
tance was small when Japan was included 
in the analysis, probably because of the 
small Japanese sample (n 5 14). Although 
the possibility of a real effect cannot be ex-
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FIG. 4.—The relationship between genetic and 
geographic distance in harbor seals across the 
North Pacifc Ocean from the Commander Is-
lands to Southeast Alaska. A) Relationship be-
tween frequency-based FST and minimum swim 
distance (r2 5 0.317, P 5 0.069). Pairwise com-
parisons involving the Pribilof Islands are rep-
resented by open circles. B) Relationship be-
tween distance-based FST and minimum swim 
distance (r2 5 0.729, P 5 0.00001). A regression 
of FST on swim distance for the Alaska regions 
only (represented as open circles) is also pre-
sented (r2 5 0.775). 

cluded, we decided to remove the Japanese 
sample from further analysis. The relation-
ship of FST to geographic distance for the 
other 6 strata was poor (r2 5 0.317; Fig. 
4A), and the Mantel test was nonsignifcant 
at a 5 0.05 (P 5 0.069). In contrast, the 
relationship of FST to geographic distance 
for these areas was strong (r2 5 0.729) and 
highly signifcant (P 5 0.00001; Fig. 4B). 
Finally, the neighbor-joining tree of 
grouped localities based on FST tends to 
cluster strata according to geographic prox-
imity (Fig. 5). 

DISCUSSION 

Mitochondrial DNA phylogeny and di-
versity.—Because no reliable estimates of 
substitution rate exist for harbor seal 

FIG. 5.—A neighbor-joining tree based on es-
timates of FST among sets of grouped localities 
that represent 6 centers of abundance of harbor 
seals across the North Pacifc. The scale repre-
sents units of genetic distance (FST). 

mtDNA, we are unable to date the diver-
gence of separate lineages or to estimate the 
timing of past demographic events using 
this marker. Patterns of mtDNA diversity 
nonetheless provide insight into the evolu-
tionary and demographic history of this 
species in the North Pacifc. 

Haplotypic diversity in Pacifc harbor 
seals is among the highest recorded for any 
marine mammal (e.g., northern elephant 
seals, Mirounga angustirostris, H , 0.5— 
Hoelzel et al. 1993; beluga whale, Delphi-
napterus leucas, H 5 0.85—O’Corry-
Crowe et al. 1997; Steller sea lion, Eume-
topias jubatus, H 5 0.85—Bickham et al. 
1998a; Dall’s porpoise, Phocoenoides dalli, 
H 5 0.96—Escorza-Trevin ˜o and Dizon 
2000). By contrast, estimates of nucleotide 
diversity are moderate relative to other spe-
cies (e.g., beluga whale, p 5  0.51%— 
O’Corry-Crowe et al. 1997; Dall’s por-
poise, p 5  1.42%—Escorza-Trevin ˜o and 
Dizon 2000; northern right whale dolphin, 
Lissodelphis borealis, p 5 2.1%—Dizon et 
al. 1994). This is because many haplotypes 
are part of shallow star-like phylogenies, a 
form of gene tree that suggests a rapid pop-
ulation expansion in recent evolutionary 
times (Ingman et al. 2000; Slatkin and Hud-
son 1991). The existence of a number of 
deeper branches linking these stellate phy-
logenies is evidence of more ancient diver-
gences. 

The combination of these 2 features of 
the mtDNA phylogeny is evident in the bi-
modal mismatch distribution. The 1st peak 
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is due to pairwise comparisons within the 
separate star-like phylogenies, whereas the 
2nd peak is due to comparisons between 
these clades (Fig. 3). The model of sudden 
population expansion (Rogers and Har-
pending 1992) fts the observed mismatch 
distribution quite well. But it should be not-
ed that similar wavelike distributions are 
also generated by other models of popula-
tion growth (Rogers and Harpending 1992; 
Slatkin and Hudson 1991). 

Thus, both the haplotypic diversity and 
phylogeny of mtDNA suggest that harbor 
seals in the North Pacifc underwent an in-
crease in population size in their recent evo-
lutionary history. This may refect a period 
of expansion and recolonization after the 
retreat of the Pleistocene ice sheets and may 
be a feature of the mtDNA of many other 
high latitude species whose evolutionary 
and demographic history has been shaped 
by similar paleoclimatic changes. 

Phylogeography.—Our fndings confrm 
and expand on those from an earlier study 
that the 2 currently recognized subspecies 
of harbor seals in the Pacifc do not repre-
sent phylogenetically distinct mtDNA as-
semblages (O’Corry-Crowe and Westlake 
1997). This lack of reciprocal monophyly 
is not unexpected at this taxonomic level. 
The pruned minimum-spanning network, 
however, did provide some evidence of 
phylogeographic structuring across the 
northern Pacifc Ocean. Comparison with 
the fndings of a number of other studies on 
mtDNA variation in Pacifc harbor seals 
may further resolve the mtDNA phylogeny 
and tell us something about the origins of 
the Pacifc populations. Eastern Pacifc 
(Washington and California) haplotypes in 
a study by Stanley et al. (1996) are inter-
mediate to lineages A and C, whereas west-
ern Pacifc (Japan, Commander Isles, and 
Alaska) haplotypes are within lineage A, 
most of which (6/9) were also identifed by 
us. From an assessment of 2 other studies, 
lineages A and C also occur in British Co-
lumbia, Canada, and Puget Sound, Wash-

ington (Burg et al. 1999; Lamont et al. 
1996). 

The presence of lineage A across much 
of the Pacifc, from Japan to Washington, 
suggests that A may be the ancestral lineage 
in this ocean. This is further supported by 
the high haplotypic and nucleotide diversity 
observed in this lineage compared with lin-
eages B and C, which have only been found 
in the eastern Pacifc to date. Stanley et al. 
(1996) analyzed 50 samples from Japan to 
California and inferred, from a neighbor-
joining tree, that 2 of the 4 Japanese hap-
lotypes were basal to all others in the Pa-
cifc. They conclude that the direction of 
colonization within this ocean basin was 
from west to east. We also found weak sup-
port for a basal position for some of the 
Japanese haplotypes in our neighbor-joining 
tree on a much expanded data set (data not 
shown). But considering the greater se-
quence divergence observed in the eastern 
Pacifc (3 lineages) relative to that in the 
west (1 lineage), an ancient radiation of lin-
eages from east to west is perhaps a more 
parsimonious interpretation of the current 
data. Sample size, however, is uneven, and 
resolution of these questions awaits a more 
thorough analysis across the entire species 
range. 

The pruning of the minimum-spanning 
network aided in interpreting the evolution-
ary relationships among mtDNA lineages 
and in determining the extent of the phy-
logeographic signal. Some of the assump-
tions of the pruning approach may have 
been violated. For instance, rare haplotypes 
are not always phylogenetically the most 
derived or the result of mutations at hyper-
mutable sites (Donnelly and Tavaré 1986). 
Nevertheless, exclusion of all rare haplo-
types did not alter the major branching pat-
terns of the network. 

Evidence and form of population subdi-
vision.—The analysis of sample sets from 
primary centers of abundance revealed pop-
ulation subdivision at least on a scale of 
600–800 km, whereas an examination of 
relationships of genetic to geographic dis-
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tance suggested that harbor seal population 
structure in Alaska, and probably across the 
entire North Pacifc, adheres to a general 
isolation-by-distance pattern, where genetic 
differences increase with geographic dis-
tance because dispersal distances are short 
relative to the species range (Slatkin 1993; 
Wright 1943). This relationship is also ev-
ident in the neighbor-joining tree based on 
FST estimates among centers of abundance, 
where neighboring areas clustered together 
(Fig. 5). These fndings suggest that dis-
persal distances are a fraction of the entire 
range, and dispersal occurs primarily along 
an axis coincident with the coastline and 
continental shelf. The fndings also suggest 
that there may be a gene fow component 
to the clinal patterns of variation and re-
gional differences observed in the mor-
phology and pupping phenology of this 
species (Bigg 1969; Burns and Gol’tsev 
1984; Burns et al. 1984; Kelly 1981; 
Shaughnessy and Fay 1977; Temte 1991; 
Temte et al. 1991). A number of recent mo-
lecular genetic studies on macrogeographic 
structure in this species in both the Atlantic 
and Pacifc Oceans also determined that 
harbor seal populations are structured on a 
scale of a few to several hundred kilometers 
and that the extent of heterogeneity is cor-
related with geographic distance (Burg et 
al. 1999; Goodman 1998; Lamont et al. 
1996; Stanley et al. 1996). 

A cursory assessment of harbor seal dis-
tribution in the Pacifc might suggest that 
this intraspecifc structure adheres to a con-
tinuous model of population differentiation 
(Fig. 1). The limited movements and non-
uniform abundance of harbor seals along 
the distributional continuum, however, sug-
gest regions of high and low dispersal that 
are more indicative of a stepping-stone 
model of population structure, where dis-
persal occurs primarily among neighboring 
subpopulations (Kimura and Weiss 1964). 
Such a model is further suggested by dis-
tinct and sometimes abrupt changes in hab-
itat. This stepping-stone nature of differ-
entiation may also refect the evolutionary 

history of these populations. Throughout 
much of the Wisconsin glaciation, the most 
recent cold period from about 10,000 to 
70,000 years ago (Péwé 1975), much of the 
present-day harbor seal habitat in the North 
Pacifc was unavailable to, or unsuitable for, 
this species. It was either covered by ice, 
submerged beneath the sea, or too inhos-
pitable to marine mammals that bear their 
young on land or ice foes (Mann and Ham-
ilton 1995; Mann and Peteet 1994; Péwé 
1975). Despite this harsh environment, nu-
merous ice-free areas were dotted along the 
shore and offshore islands and acted as re-
fugia for entire communities of plant and 
animal species (Heaton et al. 1996; Pielou 
1991; R. P. Goldthwait, in litt.). These 
coastal areas may very well have been re-
fugia for harbor seals too and may have 
functioned as a chain of stepping stones for 
dispersal and range expansion once the ice 
sheets fnally retreated. Part of the mtDNA 
signal observed today may refect a degree 
of matrilineal philopatry to these ancient 
sites. 

Under this isolation-by-distance pattern 
of population subdivision, the greatest level 
of statistically signifcant differentiation 
will be found when the range is divided into 
a few large strata, even if the true structure 
consists of several discrete subpopulations 
(K. K. Martien and B. L. Taylor, in litt.). 
There are 2 reasons for this: sample size is 
maximized, so statistical power to detect 
differentiation is optimized, and neighbor-
ing strata contain individuals from the ex-
tremes of the range and are therefore likely 
to be the most distantly related. Thus, the 
fnding that the 3 currently recognized man-
agement stocks in Alaska (Fig. 1) are sig-
nifcantly differentiated is not surprising 
and sheds little light on the true scale and 
confguration of population structure or on 
the location of biologically meaningful 
management stock boundaries. This is fur-
ther exemplifed by the signifcant differ-
entiation found between Kodiak and Prince 
William Sound, both placed within the cur-
rently defned Gulf of Alaska stock, and be-
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tween Bristol Bay and the Pribilof Islands, 
both within the Bering Sea stock (Ferrero 
et al. 2000). 

The range of factors that infuence ge-
netic differentiation.—Two forces other 
than dispersal and interbreeding can infu-
ence patterns of variation in neutral genetic 
markers in populations at equilibrium, i.e., 
mutation and random genetic drift (Hartl 
and Clark 1989; Wright 1969). The weak 
relationship of FST to geographic distance in 
this study is due, at least in part, to the in-
fuence of population size, and therefore 
drift, on FST. This is demonstrated most 
clearly in comparisons involving the Pribi-
lof Islands population, which may never 
have been very large (n # 1,500), and is 
currently estimated at only 202 individuals 
(L. A. Jemison, in litt.). Most comparisons 
involving this population have FST values 
that are higher than values that would be 
expected from a uniform isolation-by-dis-
tance model (i.e., most values are on or 
above the regression line in Fig. 4A). These 
relatively large genetic differences can be 
explained by greater effects of genetic drift 
acting on haplotype frequencies of the 
small Pribilof population, resulting in a 
haplotypic makeup that is quite different 
from all other areas, including nearest 
neighbors. By contrast, the relationship of 
FST to geographic distance is stronger (Fig. 
4B). This parameter is infuenced by mu-
tation rate and evolutionary relationships 
among haplotypes as well as by haplotype 
frequencies (Excoffer et al. 1992). The 
haplotypes in the Pribilofs are phyletically 
representative of the region and thus con-
tribute to a uniform cline in evolutionary 
relationships among populations. 

An interesting fnding of the relationship 
between FST and geographic distance is the 
distinct break between all pairwise compar-
isons involving the Commander Islands 
sample and all other comparisons. In fact, 
excluding the Russian comparisons im-
proves the correlation between FST and geo-
graphic distance from r 5 0.85 to r 5 0.88 
(Fig. 4B). This distinction, which is also ev-

ident in the neighbor-joining tree, is consis-
tent with the fndings of numerous morpho-
logical analyses of a subspecifc boundary 
somewhere along the Commander–Aleutian 
chain (Burns et al. 1984; Shaughnessy and 
Fay 1977). This break, where the Com-
mander Islands are substantially more dif-
ferent than would be predicted by the re-
gression across Alaska, coupled with the 
lower nucleotide diversity recorded at this 
location relative to others (Table 1), could 
represent a genetic bottleneck or founder 
event that occurred on the Commander Is-
lands some time in the past. An alternative 
interpretation is that this distinction is evi-
dence of an ancient divergence between 
eastern and western Pacifc harbor seals, 
possibly refecting 2 refugia or sets of re-
fugial populations to the east and west of 
the Cordilleran ice sheet, which during the 
last glacial maximum (22,000 to ca. 17,000 
years ago) covered most of Alaska’s south-
ern coastline and many of the Aleutian Is-
lands (Mann and Hamilton 1995; Mann and 
Peteet 1994). 

Similar patterns of mtDNA variation 
have been found in 2 other species of ma-
rine mammals that range across the perim-
eter of the North Pacifc, the sea otter (En-
hydra lutris) and the Steller sea lion. A 
morphological study of sea otters placed the 
boundary between the 2 most northerly 
subspecies along the Commander–Aleutian 
Ridge, whereas a recent mtDNA study de-
tected a major break to the west of the 
Commander Islands (Cronin et al. 1996; 
Wilson et al. 1991). In the case of the Stell-
er sea lion, a study of mtDNA variation dis-
tinguished sea lions from the Commander 
Islands, Kamchatka, and the Kuril Islands 
in the west from sea lions on the Aleutian 
Islands, the Pribilof Islands, and in the Gulf 
of Alaska to the east, prompting the authors 
to suggest that these populations originated 
from 2 distinct Pleistocene refugia, in Asia 
and Beringia, respectively (Bickham et al. 
1998b). 

Regardless of the timing and the se-
quence of the historical events that have 
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contributed to the patterns of mtDNA var-
iation observed in harbor seals, our fndings 
attest to a complex evolutionary history of 
this species in the Pacifc Ocean, in general, 
and across the Commander–Aleutian Ridge 
in particular. Although caution is required 
when making inferences about the evolu-
tionary history of taxa from a single genetic 
locus (Cronin 1993; Hewitt 2001), the strik-
ing similarities observed in the pattern of 
variation within mtDNA in harbor seals, sea 
otters, and Steller sea lions suggest that cer-
tain geological and climatic events that 
have shaped marine and coastal habitats in 
the North Pacifc over time have infuenced 
the evolution and biogeography of a num-
ber of marine mammal species in this re-
gion in similar ways. 

Genetic consequences of population de-
cline.—The loss of important genetic di-
versity through major population declines 
may lead to a reduction in ftness and may 
inhibit population recovery or even accel-
erate extinction (Lacy 1997; Soulé 1985). 
Two harbor seal populations in the eastern 
Atlantic (eastern Baltic Sea and Dutch 
Wadden Sea) have low levels of variation 
at nuclear and mtDNA sites, possibly due 
to historical population bottlenecks and 
founder effects (Goodman 1998; Kappe et 
al. 1995; Stanley et al. 1996; Swart et al. 
1996). Both these populations are small in 
size (Helander and Bignert 1992; Reijnders 
and Lankester 1990) and have little or no 
gene fow with larger neighboring popula-
tions. Consequently, genetic drift and in-
breeding may cause further loss of genetic 
diversity. The low level of variation in the 
Wadden Sea has been suggested to be a 
possible factor in the slow recovery of this 
population after the cessation of hunting 
and high mortality during the 1988 phocine 
distemper virus epizootic (Swart et al. 
1996). 

Harbor seal numbers in Prince William 
Sound have declined dramatically over the 
past few decades. K. J. Frost et al. (in litt.) 
estimated a 58% decrease since counts be-
gan in the early 1980s, but the recent de-

cline may be even greater because numbers 
are likely to have been falling since the 
1970s (Pitcher 1990). Despite this reduction 
in population size, mtDNA diversity, at frst 
glance, does not appear to have been sub-
stantially reduced. Unlike the above-men-
tioned European populations, seals in 
Prince William Sound are estimated to still 
number in ‘‘the several thousand’’ (T. R. 
Loughlin, cited in K. J. Frost et al., in litt.). 
Thus, the effects of genetic drift have been 
moderate to date, and current levels of ge-
netic variation still largely refect predecline 
levels. But we found that the number of 
unique haplotypes observed had declined 
by 26% between the 1970s and 1990s due 
primarily to the loss of rare haplotypes. We 
believe that the infuence that any differ-
ences in age, sex, or seasonal composition 
of samples between the 2 temporal strata 
may have had on this fnding is limited by 
the large spatial scale of this comparison 
relative to the range of seal movements in 
this region (Lowry et al. 2001). The change 
in the level of mtDNA diversity likely re-
fects changes in heterozygosity at other 
loci (Taylor and Rojas-Bracho 1999), where 
the loss of even rare alleles is cause for con-
cern because it may reduce the evolutionary 
potential of populations and compromise 
the ability of individuals to deal with en-
vironmental challenges and disease (Lacy 
1997). Continued population decline in har-
bor seals could further erode genetic diver-
sity with potentially adverse consequences 
for individual ftness and population viabil-
ity. The assessment of diversity at several 
nuclear loci would be informative and is 
currently underway. 
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