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The structure and amount of genetic variation within and between three subspecies of the
harbour seal Phoca vitulina was assessed by multilocus DNA fingerprinting. Bandsharing simi-
larity indicates that the subspecies Phoca vitulina richardsi (Alaska, East Pacific) is clearly
separated from the other two subspecies, Phoca vitulina concolor (Sable Island, West Atlantic)
and Phoca vitulina vitulina (North Sea, East Atlantic). The subspecies also differ significantly
in the estimated amount of heterozygosity. Phoca vitulina richardsi has by far the highest
amount of genetic variation, whereas P vitulina vitulina has very low levels of genetic variation.
Within the subspecies P vitulina vitulina, especially the Wadden Sea population is depauperate
of genetic variation. The findings are discussed in a historical, biogeographical and a conserva-
tion biological context.
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Introduction
A central topic in conservation biology is the assess-
ment of the amount of genetic variation and the
description of genetic structure in plant and animal
species, especially endangered species. Genetic vari-
ation is considered to be of major importance for
the adaptability of populations and species to chang-
ing and deteriorating environments (Schonewald-
Cox et al., 1983; Lynch & Lande, 1993). Moreover,
loss of genetic variation and an increase in homo-
zygosity caused by genetic drift and inbreeding can
result in a significant decrease in fitness (inbreeding
depression) and consequently to an elevated risk of
extinction (Frankel & Soulé, 1981; Schonewald-Cox
et a!., 1983; Soulé, 1987; Hedrick & Miller, 1992;
Bijisma et a!., 1994). An often cited example of a
species that possibly has passed through several
bottlenecks and suffers from an exceptional loss of
genetic variation is the southern African cheetah
(O'Brien et a!., 1987). In this species a low rate of
reproduction and a high susceptibility to infectious
agents was observed, for which both the extremely
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low level of genetic variation (O'Brien et a!., 1985)
and very poor environmental conditions (Caro &
Laurenson, 1994) were indicated as the main cause.
Recently, studies on the Florida panther (Barone et
a!., 1994; Fergus, 1995; Hedrick, 1995) and the song
sparrow (Keller et aL, 1994) have described the
combined effects of inbreeding depression and
environmental challenges in natural populations.

Merola (1994) and Caughly (1994) have ques-
tioned the relative importance of genetic variation in
species conservation, especially in the case of the
cheetah. They argue that deterioration of natural
habitats and poor conditional factors are the main
cause of increased vulnerability. Moreover, low
levels of genetic variation are supposed to be
inherent to carnivorous terrestrial and marine
mammals (Merola, 1994). Evidence that reduced
genetic variability does not inevitably impair fitness
has been observed for a reintroduced population of
beavers (Castor fiber) in Sweden. This population
shows high viability despite the very low levels of
genetic variation (Ellegren et aL, 1993). However,
sound empirical data concerning the importance of
genetic processes in nature are still lacking and
more research on the genetics of endangered species
is needed.



458 A. L. KAPPE ETAL.

In a previous study the genetic variation in North
Sea populations of the harbour seal (Phoca vitulina
vitulina) was examined and very low levels of overall
genetic variation were demonstrated by DNA finger-
printing and allozyme electrophoresis (Kappe et a!.,
1995; Swart et a!., 1996). Furthermore, this popula-
tion has suffered from deteriorating habitat quality
caused by human activities (de Swart, 1995). There-
fore, the North Sea population of the harbour seal
has experienced both environmental and genetic
stresses.

For the harbour seal four subspecies have been
described on the basis of morphology in taxonomic
studies. These subspecies are: P vitulina vitulina
(East Atlantic), P vita/ma concolor (West Atlantic),
P vitulina richardsi (East Pacific) and P vitulina stej-
negeri (West Pacific). This subdivision has recently
been confirmed by mitochondrial cytochrome b
(Arnason et at., 1995) and control region (Stanley et
at., 1996) sequence data. The existence of these
subspecies makes it possible to address the correla-
tion between genetic variation on the one hand and
geographical separation, climatological history,
habitat quality and population size on the other. It
may also give an answer to the question whether the
low level of genetic variation described by Kappe et
a!, (1995) for the North Sea population is specific
for this population only, or is a characteristic of the
whole species complex. As a first step, we have
determined the level of genetic variation in the
subspecies P vitulina vitulina, P vitulina conco!or and
P vitulina richardsi.

Materials and methods

Blood samples

Forty-six samples were collected from the Dutch
Wadden Sea and 20 samples were collected from the
East coast of Scotland. Both populations belong to
the subspecies P vitu!ina vitulina. Twenty-two
samples were collected from a population from
Sable Island, New Brunswick, Canada, belonging to
the subspecies P vitulina concolor. Twelve samples
were collected from Prince William Sound, Alaska
and 10 samples were taken at south-east Alaska.
Both these latter populations belong to the subspe-
cies P vitulina richardsi.

DNA extract/on

DNA was isolated from 5 mL whole blood collected
in EDTA anticoagulant vacutainers. DNA was
extracted by proteinase K digestion (100 pg mL1) at

55°C overnight in lysis buffer (10 mrvi Tris-HCI, pH
7.4, 100 m NaCl, 25 mrvi EDTA, pH 8.0, 0.5 per
cent SDS (w/v)), and purified by several extractions
with phenol and chloroform:isoamyl-alcohol (24:1).

DNA fingerprinting

Five micrograms of DNA were digested to comple-
tion with 15 units restriction enzyme Hinfl. DNA
fragments were resolved on a 0.8 per cent agarose
gel, without ethidium bromide, in TBE buffer
(0.089 M Tris, 0.089 M boric acid, 0.002 M EDTA) for
60 h at 1.8 V cm'. After electrophoresis the DNA
fragments were transferred to nylon membranes
(Hybond-N, Amersham) by vacuum-blotting and
crosslinked by UV illumination.

Minisatellite probes 33.6 and 33.15 (Jeffreys et a!.,
1985) were labelled with x-32P by random-primed
DNA labelling (Feinberg & Vogelstein, 1983).
Filters were prehybridized at 65°C in 0.263 M
Na2HPO4, pH 7.2, 7 per cent SDS (w/v), 1 mi
EDTA, for I h. Hybridization was carried out over-
night at 65°C in the same buffer. Filters were
washed with 2 x SSC, 0.1 per cent SDS for 10 mm at
room temperature. The filters were exposed to
Kodak X-OMAT X-ray film for 1—3 days at —70°C
using intensifying screens.

Data analysis

All clear bands in the range of 6—20 kb were scored
manually. The coefficient of band-sharing between
individuals was calculated as S2n/(n+n), where
n and ny are the number of bands present in individ-
uals x and y, respectively, and n, is the number of
bands shared byx andy (Wetton et at., 1987).

Mean population similarity was estimated by aver-
aging the similarities of all pairs of individuals in the
sample. The standard error of the mean similarity
was estimated by the method of Lynch (1990), which
considers variances and covariances between simi-
larity indices. All overlapping pairs of individuals
were used to estimate the sampling variance. Covar-
iance of overlapping similarities was estimated using
all possible pairwise combinations sharing one indi-
vidual (Kappe et aL, 1995). Differences between
band-sharing coefficients were tested by a two-tailed
t-test.

The average heterozygosity was estimated accord-
ing to Stephens et a!. (1992) as H= [Sk/
(A—LJ(1—sk))]—1, where Sk is the frequency Of
the kth fragment in the sample, and A is the total
number of fragments observed overall at polymor-
phic and monomorphic loci.
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Based on the similarity S, the genetic difference D
is defined as 1—S (Puterka et aL, 1992; van de
Zande & Bijlsma, 1995). Based on D, a distance tree
was constructed using the program NEIGHBOR from
the package PHYLIP (Felsenstein, 1993).

Results

Variable multibanded patterns with both 33.6 and
33.15 human minisatellite probes were observed in
all harbour seal populations (Fig. 1). Bands were
scored in the range of 6—20 kb in all populations.
With the probes 33.6 and 33.15 totals of 62 and 91
informative bands were analysed, respectively. No
specific bands that could be used diagnostically for a
particular population were identified. In several
cases, however, bands were observed that were
predominantly present in one or two populations but
were largely absent in another.

Within populations and subspecies

The results of band-sharing analysis within popula-
tions of the harbour seal are presented in Table 1.
The band-sharing coefficients found, for both

Fig. 1 DNA fingerprints of Phoca vitulina; six individuals
from the Dutch Wadden Sea (lanes 1—6), six individuals
from Prince William Sound, Alaska (lanes 7—12) and five
individuals from Sable Island (lanes 13—17). DNA was
digested with Hinfl and hybridized with probe 33.15.
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probes, in both the Wadden Sea population and the
Scottish population were found to be very high,
confirming previous results, based on smaller sample
sizes (Kappe et a!., 1995). Band-sharing coefficients
within the Sable Island population are 0.69 and 0.62
for probes 33.6 and 33.15, respectively, and are
significantly lower than the values found for the
North Sea populations. In the Prince William Sound
population band-sharing coefficients within the
population are 0.40 and 0.33 for probes 33.6 and
33.15, respectively. For the south-east Alaska popu-
lation these values are 0.36 and 0.33. These values
are significantly lower than the values found for both
the North Sea and the Sable Island population.

The estimated average heterozygosity values
calculated from the fingerprint data are presented in
Table 2. The subspecies from the North Sea, in

Table 1 Average band-sharing coefficients, S. within
populations in the harbour seal detected by multilocus
probes 33.6 and 33.15. Numbers in brackets represent
standard errors, ii indicates number of individuals

Populations n

Probe

33.6 33.15

Phoca vitulina vitulina
Wadden Sea
Scotland

46
20

0.84 (0.04)
0.83 (0.01)

0.87 (0.01)
0.79 (0.01)

Phoca vitulina concolor
Sable Island 22 0,69 (0.05) 0.62 (0.02)

Phoca vitulina richardsi
Prince William Sound
South-east Alaska

12
10

0.40 (0.02)
0.36 (0.01)

0.33 (0.03)
0.33 (0.02)

Table 2 Estimated average heterozygosity within
populations in the harbour seal detected by multilocus
probes 33.6 and 33.15. n indicates number of individuals

Probe

Populations n 33.6 33.15

Phoca vitulina vitulina
Wadden Sea
Scotland

46
20

0.19
0.37

0.18
0.28

Phoca vitulina concolor
Sable Island 22 0.38 0.45

Phoca vitulina richardsi
Prince William Sound
South-east Alaska

12
10

0.60
0.68

0.65
0.67
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particular the Wadden Sea population, show very
low estimated average heterozygosities, which is in
agreement with previous results (Kappe eta!., 1995).
The populations from Sable Island and Alaska show
increasingly higher values. The populations from
Alaska have by far the highest level of heterozygo-
sity compared to all other populations.

Between subspecies

For the calculation of mean band-sharing coeffi-
cients between subspecies, both North Sea popula-
tions and both Alaska populations were clustered.
The mean band-sharing coefficients between subspe-
cies (Table 3) are significantly lower compared to
the values found within populations (Table 1). For
both P vitu!ina vitulina and P vitulina richardsi the
band-sharing values for interpopulation comparison
were higher than for comparison at the subspecies
level (Tables 1 and 3). For probe 33.6 all compari-
Sons between subspecies differ significantly from
each other. Data from probe 33.15 discriminate only
between the subspecies P vitulina richardsi and P
vitulina vitulina. Nevertheless, for both probes the
same trend is observed: a higher band-sharing

coefficient between subspecies from the North
Atlantic than between the subspecies from the
North Pacific and from the North Atlantic. Using
the genetic difference (D) for probe 33.6, a distance
tree containing all five populations was constructed
(Fig. 2). This tree is topologically identical to those
obtained by mitochondrial sequence data (Arnason
eta!., 1995; Stanley et al., 1996).

Discussion

Two main conclusions can be drawn from the
results. First, the three subspecies show considerable
genetic divergence, reflected in the values of the
bandsharing similarities (Table 3). Relatively, the
similarity between subspecies is significantly smaller
than between populations within subspecies. This
may indicate that gene flow between subspecies is
limited. The similarity tree that can be constructed
based on our multilocus fingerprint data is topo-
logically identical to that reported based on mito-
chondrial cytochrome b sequences, placing the
subspecies P vitulina richardsi clearly separated from
the other two subspecies. Although no fingerprint
bands were observed that occurred in one subspecies

Table 3 Comparison of band-sharing coefficients, S, between harbour seal
populations and subspecies, by multilocus probes 33.6 and 33.15. Numbers in
brackets represent standard errors

Probe

33.6 33.15

Populations within species
P v. vitulina

Wadden Sea x Scotland 0.74 (0.04) 0.79 (0.05)
P v. richardsi

Pr. William Snd x South-east Alaska 0.32 (0.03) 0.31 (0.06)
Between subspecies

P v. vitulina xl? v. concolor
P v. vitulina xP p. richardsi
P p. concolor x P v. richardsi

0.34 (0.04)
0.04 (0.03)
0.21 (0.07)

0.34 (0.07)
0.13 (0.08)
0.26 (0.09)

Prince William Sound (Phaca vitidina richardsi)

Southeast Masks (Phoca vitidina richardsi)

Dutch Wadden Sea (Phoca vitulina vitulina)

Fig. 2 Neighbour-joining tree based
on band-sharing coefficients between
populations of Phoca vitulina; bar
indicates genetic difference of 0.1.
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only, the subspecies P vitulina richardsi has more
bands which are predominantly associated to this
subspecies. Apparently, the barrier posed by the
pack ice in the high Arctic is a substantial
geographical barrier (Stanley et a!., 1996). Some
gene flow may exist between the West and East
Atlantic subspecies, although both subspecies show
significant divergence.

The second conclusion is that there is a highly
significant difference in the level of genetic variation
within the three subspecies. In accordance with the
difference in band-sharing similarities, reflecting the
overall genetic variation, the estimated heterozygo-
sity also differs considerably between the three
subspecies. The highest level of heterozygosity is
observed in the subspecies P vitulina richardsi. Signi-
ficantly lower levels of heterozygosity are observed
in P vitulina concolor and the lowest level in P vitu-
lina vitulina.

Compared to the subspecies dwelling in the East
Atlantic and West Pacific waters, the harbour seal
subspecies in the North Sea has an extremely low
level of overall genetic variation. As reported
before, the grey seal (Halichoerus giypus), a marine
carnivore living in the same habitat, has significantly
higher levels of genetic variation (Kappe et al.,
1995). This indicates that the low levels of genetic
variation found in the North Sea harbour seal are
not the consequence of being a carnivorous marine
mammal per se. Moreover, data based on mitochon-
drial cytochrome b sequences have indicated that
the grey seal should be included in the genus Phoca
(Arnason et aL, 1995). This implies that the
observed low level of overall genetic variation of P
vitulina vitulina is not a characteristic of the genus
Phoca, nor of the species P vitulina because an
appreciable amount of genetic variation is present in
at least two subspecies. Therefore, our results indi-
cate that especially the subspecies P vitulina vitulina
is depauperate of genetic variation. Within this
subspecies, the population from the Wadden Sea has
by far the lowest level of heterozygosity.

The structure and distribution of genetic variation
is strongly influenced by historical events and demo-
graphic history of populations, associated with popu-
lation fragmentation, bottlenecks and range
expansion. Undoubtedly the last Northern Hemi-
sphere glaciation has caused a dramatic reduction of
population size for most large mammal species
(Marshall et aL, 1982; Menotti-Raymond & O'Brien,
1993). Both the West Atlantic and East Pacific
regions were less covered with ice during the last
glaciation (Peltier, 1994). Therefore, both the
subspecies P vitulina richards! and P vitulina conco-
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br probably did experience a significantly less severe
bottleneck during the last glaciation than the
subspecies P vitulina vitulina. This might explain why
the North Sea has become depauperate of genetic
variation compared to the other regions. If we
assume that during this bottleneck almost all mini-
satellite variation in P vitubina vitulina was lost, using
the same reasoning as was used by Menotti-
Raymond & O'Brien (1993), we can estimate the
date of the bottleneck. When modal generation time
is assumed to be 6 years and a mutation rate
between i0 and 5 x i0 is accepted, the present
level of genetic variation in the subspecies P vitulina
vitulina does not contradict the assumption of a
bottleneck some 10000 years ago.

There is a striking correlation between low levels
of genetic variation and susceptibility to the Phocine
Distemper Virus (PDV). In the North Sea 40—60
per cent of the individuals were killed by the virus,
the Wadden Sea being the area with the highest
mortality (Reijnders & Lankester, 1990). In Alaska,
no mortality caused by PDV has been reported for
P vitulina richardsi, although seropositive animals
have been recorded (L. Lowry, personal communica-
tion; Frost et a!., 1994) indicating that the virus is
present in this subspecies. For P vitulina concolor
there were low levels of mortality caused by PDV
and some seropositive animals were observed in
1992 (National Marine Fisheries Service, 1993).

The reasons for this difference in susceptibility to
PDV could be: (i) the virus was new to the North
Sea subspecies but enzootic in the West Atlantic and
East Pacific subspecies, giving them higher resist-
ance because of existing immunity; (ii) pollution
levels, especially with polyhalogenated aromatic
hydrocarbons, are higher in the North Sea region
than in the Canadian and Alaskan waters (these
compounds can seriously affect the immune
response; Ross, 1995; de Swart, 1995); (iii) P vitulina
vitulina is not able to react adequately to the viral
infection because of its low level of genetic varia-
tion. Our results can neither exclude nor sustain any
of these reasons in particular. However, given the
fact that within the North Sea region particularly the
Wadden Sea population suffered the highest
mortality, it is suggestive that low levels of heterozy-
gosity are at least partly responsible for the high
susceptibility of this population for PDY.
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