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Abstract

In this study, we used relatively large number of samples (n = 178) and control region of

mtDNA (454bp) to clearify the divergence history of Japanese harbour seals (Phoca vitulina

stejnegeri) and phylogenetic relationship between the seals in Japan and other countries.

Our results suggested that Japanese harbour seals possibly consisted of more than two lin-

eages and secondary contact of populations after a long isolation. Furthermore, one of the

lineage was made only by Japanese harbour seals (Group P1). The proportion of Group P1

was the highest at the South West and gradually decreased towards the North East of Hok-

kaido, Japan. On the other hand, the haplotypes do not belonged to Group P1 showed close

relationship to the seals in the North Pacific. Based on the fossil record of harbour seal in

Japan and the range of sea ice during the Last Glacial Maximum (LGM), Group P1 might

have entered Japan before the LGM and became isolated due to the geographical bound-

ary, and gradually extended its range from the South West towards the North East of Hok-

kaido after the disappearance of the sea ice, while the seals which are not in Group P1

immigrated into Japan from the North Pacific.

Introduction

The harbour seal (Phoca vitulina) is an amphibious mammal that distributes across more

than 16,000 km of the northern hemisphere (Fig 1). Although their number and division

are still a subject of debate, at least four subspecies of harbour seals are known in this range of

distribution [1]. Harbour seals are widely distributed along the shore of the Pacific Ocean

from Hokkaido, Japan, as the southernmost limit in the western Pacific, to California (Phoca
vitulina richardsi), the southernmost limit in eastern Pacific [1]. In Japan, harbour seals inhabit

only the Pacific side of Hokkaido and are distributed across four administrative districts:

Erimo, Akkeshi, Hamanaka, and Nemuro. Akkeshi, Hamanaka, and Nemuro are located next

to each other, while Erimo is isolated and 150 km west of Akkeshi, the nearest district (Fig 1)

[2].
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The common ancestor of the harbour seal diverged 4.5 million years ago from Pusa and Hali-
choerus lineages in the area between Greenland and the Barents Sea [4] and entered the Pacific

through the Bering Strait. When the northern pathway closed due to the formation of sea ice and

continental glaciation 1.7 to 2.2 million years ago, the Atlantic and Pacific harbour seals were sep-

arated, eventually resulting in genetic differentiation between the two populations [3].

In the Pacific, harbour seals were said to have colonised from west to east (n = 9) [3], east to

west (five additional samples to the same Japanese samples as [3]) [5], or in both directions

(same Japanese samples as [3]) [6] which treated Japanese harbour seals as either a basal

(ancestral) lineage [3,6] or a non-basal lineage [5] using limited number of samples. On the

other hand, the phylogenetic study using only Japanese samples and cytochrome b region of

mtDNA suggested there are two lineages (n = 39) [7]. We hypothesed the existence of the dif-

ferent perspectives may be due to handling Japanese harbour seals as a single lineage or not.

However, comparisons of all data was not possible because the former studies used control

region of mtDNA [3,5,6]. Therefore, the number of lineages and the phylogenetic relationship

of Japanese harbour seals with neibouring countries are still unclear.

In this study, our aim was to reach a conclusion concerning the divergence history of Japa-

nese harbour seals and phylogenetic relationship between the seals in Japan and other coun-

tries using larger number of samples based on control region of mtDNA. We believe this will

help understanding the phylogeny and the historical movement of the Pacific harbour seals as

a whole in the future.

Materials and methods

Sample area and sample size

Samples were collected from four administrative districts in Hokkaido, Japan: Erimo, Akkeshi,

Hamanaka, and Nemuro, each of which has several haulout sites where Japanese harbour seals

Fig 1. Distribution range of harbour seals (shaded) and sampled localities (squares). Sampling locations of published sequences outside

Hokkaido, Japan, used in phylogenetic analysis are indicated with stars (Accession numbers U36342–U36371 [3]). Samples of Japanese harbour

seals (Phoca vitulina stejnegeri) were taken from four administrative districts (Erimo, Akkeshi, Hamanaka, and Nemuro) in Hokkaido, Japan. Each

district contains several haul-out sites where the seals breed.

https://doi.org/10.1371/journal.pone.0191329.g001
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breed. Three districts are located next to each other (Akkeshi, Hamanaka, and Nemuro), while

Erimo is 150 km west of Akkeshi, the nearest district (Fig 1).

A total of 178 samples were collected from the four districts (n = 50 each for Erimo and

Nemuro, n = 49 for Akkeshi, and n = 29 for Hamanaka). Muscle samples were taken from

dead seals that were incidentally caught in salmon set-nets and drowned (n = 152) or found

stranded (n = 7), and skin samples were collected from live animals during the flipper-tagging

process for academic research (n = 19). Sample collection from live animals was carried out

under the Wildlife Protection and Hunting Management Law; permission numbers obtained

from the Ministry of the Environment are: 039 (2009), 001 (2010) and 246 (2012) for eastern

Hokkaido, and 291 (2011), 192 (2012), and 0205 (2013) for Erimo. Sampling protocols were

approved by the Ethics Committee of Tokyo University of Agriculture. All samples were pre-

served in 70% ethanol at room temperature until DNA extraction was carried out.

DNA extraction, PCR, and sequencing

Genomic DNA was extracted from samples using the standard phenol-chloroform method

[8]. A total segment of the mtDNA control region was amplified using a polymerase chain

reaction (PCR) with primers PvsF (5’-GTACTCATACCCATTGCCAGC-3’) and PvsR (5’-G
CGCGGAGGCTTGCATGTAT-3’) designed for this study. PCRs were conducted in a 25 μl

reaction volume containing 1.0 μl of DNA template, 2.5 μl 10X buffer, 2.0 μl dNTP (0.2 mM),

0.1 μl taq polymerase (5U/ μl), 1.25 μl (1 mM) of each primer, and 16.9 μl Mili-Q water.

MtDNA amplification consisted of an initial denaturation step for 5 min at 94˚C, 30 cycles of

94˚C for 1 min, 63˚C for 1 min, 72˚C for 1 min 30 s, and a final extension at 72˚C for 5 min.

PCR products were checked on agarose gel by electrophoresis and sequenced using a BigDye

terminator cycle sequencing kit v3.1 (Applied Biosystems). The same forward primer and an

additional reverse primer PvsFR (5’-GTAACGTAACTATGTCCCGC-3’) was used for DNA

sequencing, and sequences were read in both directions. Sequence editing and running CLUS-

TALW for alignment were implemented in MEGA version 6 [9].

A sequence of 454 base pairs (bp) was used for analysis to examine the phylogeny of Japa-

nese harbour seals. Only the data of Stanley et al. [3] (GenBank accession numbers U36342–

U36371) was included for the analysis since they have the longest sequence deposited in the

GenBank database.

Data analysis

For the phylogenetic tree, the most appropriate model of substitution was determined using

the Baysian Information Criterion (BIC) in MEGA6 [9], and the K2+G+I model was used for

the maximum-likelihood (ML) tree. A tree based on the neighbour-joining (NJ) method using

same substitution model (K2+G+I) was also created in MEGA6 to validate the phylogenetic

tree [9].

To visualise patterns of geographical distribution and haplotype relationships, the median-

joining network (MJ Network) was generated using Network 4.6.1.3 [10] with default parame-

ters (epsilon = 0, weight = 10).

The results for the phylogenetic tree and network were combined to examine groupings of

Japanese haplotypes. The proportions of haplotypes belonging to the different groups were

then compared between the four districts to investigate trends.

Mismatch distribution analysis, which compares the distribution of the observed numbers

of pairwise differences among all haplotypes in a sample, was also conducted using Arlequin

version 3.5.1.2 [11] to investigate past demographic fluctuations. The goodness of fit between
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the expected and observed values was tested using the sum of squared deviation (SSD) and

Harpending’s raggedness index (Hrag).

Results

We analysed 454 bp of the mtDNA control region of 178 seals from the four districts of Erimo,

Akkeshi, Hamanaka, and Nemuro in Hokkaido, Japan. Overall, 22 polymorphic sites were

identified and 16 haplotypes were defined (S1 Table). The haplotypes are deposited to Gen-

Bank (accession numbers: LC314221-LC314236)

Both phylogenetic trees, using the ML and NJ methods, showed the same groupings. A sin-

gle group was found in the Atlantic (Group A), while Pacific harbour seals (Group P) were

divided into a minimum of two groups: the first group only contained haplotypes from Japan

(Group P1), and the second group contained haplotypes solely from the eastern Pacific

(Group P2) (Fig 2). The Japanese haplotypes other than Group P1 were located in the Group

P, along with the haplotypes from Bristol Bay, and the Commander Islands.

Groupings in the median-joining network were conducted based on the phylogenetic tree

(Fig 3). In the haplotype network, Group P1 was connected to Atlantic, and contained only

Japanese haplotypes. The haplotypes in the eastern Pacific (Group P2) and other haplotypes

were then connected to Group P1. The Japanese haplotypes other than Group P1 are located

in separate branches, suggesting that they diverged from multiple haplotypes: some were from

Bristol Bay and others were from the same hypothetical haplotypes shared with Bristol Bay

and the Commander Islands.

The proportion of Group P1 was high at Erimo, the southernmost distribution in the range

of harbour seals in the western Pacific, and decreased toward Nemuro, the easternmost sam-

pling site in this study (Fig 4).

Mismatch distribution of Japanese harbour seals showed a bimodal profile, indicating sec-

ondary contact of populations after a long isolation. SSD and Hrag both supported the overall

pairwise differences in the match spatial distribution model (SSD: p = 0.07; Hrag: p = 0.41)

(Fig 5) but it did significantly deviated from expectations under a sudden expansion model

(SSD: p = 0.02; Hrag: p = 0.02).

Discussion

Past phylogenetic studies of harbour seals treated Japanese haplotypes as a single lineage. Some

concluded that the direction of expansion occurred from west to east and that the seals in

Japan represented a basal population in the Pacific [3,6], while another study suggested that

population expansion occurred in the opposite direction and that the population in Japan was

not basal [5] using control region of mtDNA. On the other hand, other study used only Japa-

nese samples and cytochrome b region of mtDNA suggested existence of two lineages [7]. The

number of lineages and the phylogenetic relationship of Japanese harbour seals with neibour-

ing countries were still unclear, because comparison of these studies was not possible.

We used relatively large number of samples (n = 178) and control region of mtDNA

(454bp) to clearify the divergence history of Japanese harbour seals and phylogenetic relation-

ship between the seals in Japan and other countries.

Our results indicated there possibly are more than two lineages in Japanese harbour seals

based on phylogenetic tree and haplotype network. Also, the mismatch analysis suggested sec-

ondary contact of populations after a long isolation; and increase in the population range over

time and space after the restriction of original population into a very small area.

Moreover, one of the lineage was made only by Japanese harbour seals (Group P1). The

proportion of this lineage was the highest at Erimo, the southernmost distribution range of
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western Pacific harbour seals and gradually decreased towards the North East of Hokkaido.

The Japanese haplotypes which are not in Group P1 (Figs 2 and 3) belonged to different

branches, which also had haplotypes from the North Pacific suggested they have close relation-

ship to the Northern Pacific harbour seals.

Fig 2. Phylogenetic tree of harbour seals based on the mtDNA control region. The bootstrap values of branches of the maximum-likelihood

(left) and neighbour-joining method (right). 454 bp of the control region was used to compare the phylogenetic relationships of seals. Data outside

Japan were obtained from GenBank (Accession numbers U36342–U36371 [3]).

https://doi.org/10.1371/journal.pone.0191329.g002
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We further constructed two median joining trees using different data (S1 Fig; data of Fig 3

and [5] (369bp) and S2 Fig; data of Fig 3 and all other data available in GenBank (370bp)) to

compare with the haplotype network in result section (Fig 3). All new networks and Fig 3

showed same groupings for Japan (Group P1) and Washington (Group P2) (Fig 3, S1 and S2

Figs), and the other Japanese haplotypes showed close relationship to the seals in North

Pacific.

During the Last Glacial Maximum (LGM) which was ended around 0.02 million years ago,

the lowering of the sea level and the formation of the Bering land bridge connecting Eurasia

and North America caused closure of Bering Strait [12,13]. At this time, the Cordilleran ice

sheet covered most of North America, including the eastern Aleutian Islands but not some

parts of eastern Alaska and the land bridge over the Bering Strait (Beringia) [12,14]. In addi-

tion, seasonal sea ice was extending its range from north to south in the Pacific, to as far as

Erimo in Hokkaido, Japan [12,15,16]. The animals lived over the North Pacific during this

period are believed to be surviving in small, ice-free regions called refugia, and population sub-

division related to refugia across the North Pacific are known in many marine and land ani-

mals (e.g. the Steller sea lion [17,18], sea otter [19], rock ptarmigan [20], and reindeer [21], as

well as in subspecies of harbour seals in the eastern Pacific [22,23]). The phylogenetic studies

of chum salmon [24–27], and Pacific cod [28], which are also distributed widely over the

North Pacific, suggested that animals in Hokkaido became isolated during the LGM [24–

26,29,30].

Fig 3. Median-joining network based on the mtDNA control region of harbour seals. The node colours and sizes of circles represent the different

sites, area, and sample size. The length of the node is proportional to the number of substitutions. Groupings of the nodes are based on the division of

the phylogenetic tree in Fig 2.

https://doi.org/10.1371/journal.pone.0191329.g003
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Fossils of harbour seals dated as 0.1 million years old were found at the Shimokita Penin-

sula, Aomori, which is not far from Erimo, currently the southernmost distribution range of

harbour seals in the western Pacific (Fig 1) [31,32]. This suggests that harbour seals already

inhabited areas around Aomori long before the LGM.

These factors suggest the history of Japanese harbour seals: the haplogroup made up only

by Japanese harbour seals (Group P1) might have entered Japan before the LGM and became

isolated due to the geographical boundary-sea ice, and gradually extended its range from the

South West towards the North East of Hokkaido after the disappearance of the sea ice, while

the seals which are not in Group P1 immigrated into Japan from the North Pacific, which are

the descendent of the seals in refugia in North Pacific.

Fig 4. Proportions of haplogroups among the four districts. The haplogroups (Group P, A, P1 and P2) were defined in the phylogenetic

tree and the median-joining network. The numbers in the bar indicate the number of samples.

https://doi.org/10.1371/journal.pone.0191329.g004
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Supporting information

S1 Table. Polymorphic sites of the mtDNA control region detected in Japanese harbour

seals.

(PPTX)

Fig 5. Mismatch distribution of mtDNA haplotypes for Japanese harbour seals. The bar charts indicate the observed number of pairwise

differences and the dashed line represents the expected distribution under a spatial expansion model (SSD: p = 0.07; Hrag: p = 0.41).

https://doi.org/10.1371/journal.pone.0191329.g005
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S1 Fig. Median joining tree based on the haplotypes of the Pacific harbour seals from

Westlake and O’Corry-Crowe (2002), our data and Stanley et al (1996). Final 369bp of 255

haplotypes were used after alignment. Colouration for the haplotypes of our data and Stanley

et al(1996) are same as Fig 3 for comparison. Haplotypes of Westlake and O’Corry-Crowe

(2002) are shown as yellow.

(PDF)

S2 Fig. Median joining tree based on all harbour seals data available in GenBank. Final

sequences of 356bp 381haplotypes were used after alignment [3,5,6,23,33,34]. Colouration for

the haplotypes of our data and Stanley et al(1996) are same as Fig 3 for comparison. Haplo-

types of other studies were divided into Atlantic (purple) and Pacific (yellow).

(PDF)

Acknowledgments

We thank all fishermen and Fisheries Cooperatives along the Pacific Ocean side of Hokkaido

and members of the Marine Wildlife Center of Japan in Abashiri, Hokkaido, Japan, for collect-

ing samples.

Author Contributions

Data curation: Takayuki Haneda, Takahito Masubuchi.

Formal analysis: Mariko Mizuno, Takeshi Sasaki.

Funding acquisition: Mariko Mizuno, Mari Kobayashi.

Investigation: Mariko Mizuno.

Methodology: Takeshi Sasaki.

Project administration: Mari Kobayashi.

Supervision: Mari Kobayashi.

Writing – original draft: Mariko Mizuno.

Writing – review & editing: Takeshi Sasaki, Mari Kobayashi.

References
1. Jefferson TA, Leatherwood S, Webber MA. FAO species identification guide. Marine mammals of the

world. Rome: United Nations Environment programme food and agriculture organization of the united

nations; 1993.

2. Kobayashi M. Phoca vitulina Linnaeus, 1758. In: Ohdachi SD, Ishibashi Y, Iwasa MA, Saitoh T, editors.

The Wild Mammals of Japan. 1st ed. Shimodachiuri Ogawa Higashi, Kamigyo-ku, Kyoto, 602–8048,

Japan: Shoukadoh Book Sellers and the Mammalogical Society of Japan; 2009. pp. 272–277.

3. Stanley HF, Casey S, Carnahan JM, Goodman S, Harwood J, Wayne RK. Worldwide patterns of mito-

chondrial DNA differentiation in the harbor seal (Phoca vitulina). Mol Biol Evol. 1996; 13: 368–382.

PMID: 8587502

4. Higdon JW, Bininda-Emonds ORP, Beck RMD, Ferguson SH. Phylogeny and divergence of the pinni-

peds (Carnivora: Mammalia) assessed using a multigene dataset. BMC Evol Biol. 2007; 7: 216. https://

doi.org/10.1186/1471-2148-7-216 PMID: 17996107

5. Westlake R, O’Corry-Crowe G. Macrogeographic structure and patterns of genetic diversity in harbor

seals (Phoca vitulina) from Alaska to Japan. J Mammal. 2002; 83: 1111–1126.

6. Burg TM, Trites AW, Smith MJ. Mitochondrial and microsatellite DNA analyses of harbour seal popula-

tion structure in the northeast Pacific Ocean. Can J Zool. 1999; 77: 930–943. https://doi.org/10.1139/

z99-057

Secondary contact in Japanese harbour seals

PLOS ONE | https://doi.org/10.1371/journal.pone.0191329 January 31, 2018 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191329.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191329.s003
http://www.ncbi.nlm.nih.gov/pubmed/8587502
https://doi.org/10.1186/1471-2148-7-216
https://doi.org/10.1186/1471-2148-7-216
http://www.ncbi.nlm.nih.gov/pubmed/17996107
https://doi.org/10.1139/z99-057
https://doi.org/10.1139/z99-057
https://doi.org/10.1371/journal.pone.0191329


7. Nakagawa E, Kobayashi M, Suzuki M, Tsubota T. Genetic variation in the harbor seal (Phoca vitulina)

and spotted seal (Phoca largha) around Hokkaido, Japan, based on mitochondrial cytochrome b

sequences. Zoolog Sci. 2010; 27: 263–268. https://doi.org/10.2108/zsj.27.263 PMID: 20192695

8. Green MR, Sambrook J. Molecular Cloning: A Laboratory Manual. Fourth Ed. Cuddihy J, Janssen K,

Zierler M, editors. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York: John Inglis;

2012.

9. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular Evolutionary Genetics Anal-

ysis version 6.0. Mol Biol Evol. 2013; 30: 2725–9. https://doi.org/10.1093/molbev/mst197 PMID:

24132122

10. Bandelt HJ, Forster P, Rohl A. Median-joining networks for inferring intraspecific phylogenies. Mol Biol

Evol. 1999; 16: 37–48. https://doi.org/10.1093/oxfordjournals.molbev.a026036 PMID: 10331250

11. Excoffier L, Smouse PE, Quattro JM. Analysis of Molecular Variance Inferred From Metric Distances

Among DNA Haplotypes: Application to Human Mitochondrial DNA Restriction Data. Genetics. 1992;

131: 479–491. PMID: 1644282

12. Peltier WR. Ice age paleotopography. Science. 1994; 265: 195–201. https://doi.org/10.1126/science.

265.5169.195 PMID: 17750657

13. Hewitt GM. Post-glacial re-colonization of European biota. Biol J Linn Soc. Blackwell Publishing Ltd;

1999; 68: 87–112. https://doi.org/10.1111/J.1095-8312.1999.TB01160.X

14. Mann DH, Peteet DM. Extent and Timing of the Last Glacial Maximum in Southwestern Alaska. Quat

Res. 1994; 42: 136–148. https://doi.org/10.1006/qres.1994.1063

15. Hewitt G. The genetic legacy of the Quaternary ice ages. Nature. Macmillian Magazines Ltd.; 2000;

405: 907–13. https://doi.org/10.1038/35016000 PMID: 10879524

16. Ono Y. Last Glacial Paleoclimate Reconstructed from Glacial and Periglacial Landforms in Japan.

Geogr Rev Japan, Ser B. The Association of Japanese Geographers; 1984; 57: 87–100. https://doi.org/

10.4157/grj1984b.57.87

17. Waite JN, Waits LP, Bozza M, Andrews RD. Differentiating between Steller sea lion (Eumetopias juba-

tus) and northern fur seal (Callorhinus ursinus) scats through analysis of faecal DNA. Mol Ecol Resour.

2011; 11: 166–170. https://doi.org/10.1111/j.1755-0998.2010.02874.x PMID: 21429117

18. Baker AR, Loughlin TR, Burkanov V, Matson CW, Trujillo RG, Calkins DG, et al. Variation of mitochon-

drial control region sequences of steller sea lions: the three-stock hypothesis. J Mammal. American

Society of Mammalogists; 2005; 86: 1075–1084. https://doi.org/10.1644/04-MAMM-A-113R1.1

19. Cronin MA, Bodkin J, Ballachey B, Estes J, Patton JC. Mitochondrial-DNA variation among subspecies

and populations of sea otters (Enhydra lutris). J Mammal. 1996; 77: 546–557. https://doi.org/10.2307/

1382828

20. Holder K, Montgomerie R, Friesen VL. A test of the glacial refugium hypothesis using patterns of mito-

chondrial and nuclear DNA sequence variation in rock ptarmigan (Lagopus mutus). Evolution. 1999; 53:

1936–1950. https://doi.org/10.1111/j.1558-5646.1999.tb04574.x PMID: 28565471

21. Flagstad O, Røed KH. Refugial origins of reindeer (Rangifer tarandus L.) inferred from mitochondrial

DNA sequences. Evolution. 2003; 57: 658–70. PMID: 12703955

22. Lamont MM, Vida JT, Harvey JT, Jeffries S, Brown R, Huber HH, et al. Genetic substructure of the

Pacific harbour seal (Phoca vitulina richardsi) off Washington, Oregon, and California. Mar Mammal

Sci. 1996; 12: 402–413.

23. Huber HR, Jeffries SJ, Lambourn DM, Dickerson BR. Population substructure of harbor seals (Phoca

vitulina richardsi) in Washington State using mtDNA. Can J Zool. 2010; 88: 280–288. https://doi.org/10.

1139/Z09-141

24. Sato S, Ando J, Ando H, Urawa S, Urano A, Abe S. Genetic Variation among Japanese Populations of

Chum Salmon Inferred from the Nucleotide Sequences of the Mitochondrial DNA Control Region.

Zoolog Sci. Zoological Society of Japan; 2001; 18: 99–106. https://doi.org/10.2108/zsj.18.99

25. Beacham TD, Candy JR, Le KD, Wetklo M. Population structure of chum salmon (Oncorhynchus keta)

across the Pacific Rim, determined from microsatellite analysis. Fishery Bulletin. 2009.

26. Taylor EB, Beacham TD, Kaeriyama M. Population Structure and Identification of North Pacific Ocean

Chum Salmon (Oncorhynchus keta) Revealed by an Analysis of Minisatellite DNA Variation. Can J Fish

Aquat Sci. NRC Research Press Ottawa, Canada; 1994; 51: 1430–1442. https://doi.org/10.1139/f94-

143

27. Seeb LW, Crane PA. High Genetic Heterogeneity in Chum Salmon in Western Alaska, the Contact

Zone between Northern and Southern Lineages. Trans Am Fish Soc. Taylor & Francis Group; 1999;

128: 58–87. https://doi.org/10.1577/1548-8659(1999)128<0058:HGHICS>2.0.CO;2

Secondary contact in Japanese harbour seals

PLOS ONE | https://doi.org/10.1371/journal.pone.0191329 January 31, 2018 10 / 11

https://doi.org/10.2108/zsj.27.263
http://www.ncbi.nlm.nih.gov/pubmed/20192695
https://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
https://doi.org/10.1093/oxfordjournals.molbev.a026036
http://www.ncbi.nlm.nih.gov/pubmed/10331250
http://www.ncbi.nlm.nih.gov/pubmed/1644282
https://doi.org/10.1126/science.265.5169.195
https://doi.org/10.1126/science.265.5169.195
http://www.ncbi.nlm.nih.gov/pubmed/17750657
https://doi.org/10.1111/J.1095-8312.1999.TB01160.X
https://doi.org/10.1006/qres.1994.1063
https://doi.org/10.1038/35016000
http://www.ncbi.nlm.nih.gov/pubmed/10879524
https://doi.org/10.4157/grj1984b.57.87
https://doi.org/10.4157/grj1984b.57.87
https://doi.org/10.1111/j.1755-0998.2010.02874.x
http://www.ncbi.nlm.nih.gov/pubmed/21429117
https://doi.org/10.1644/04-MAMM-A-113R1.1
https://doi.org/10.2307/1382828
https://doi.org/10.2307/1382828
https://doi.org/10.1111/j.1558-5646.1999.tb04574.x
http://www.ncbi.nlm.nih.gov/pubmed/28565471
http://www.ncbi.nlm.nih.gov/pubmed/12703955
https://doi.org/10.1139/Z09-141
https://doi.org/10.1139/Z09-141
https://doi.org/10.2108/zsj.18.99
https://doi.org/10.1139/f94-143
https://doi.org/10.1139/f94-143
https://doi.org/10.1577/1548-8659(1999)128<0058:HGHICS>2.0.CO;2
https://doi.org/10.1371/journal.pone.0191329


28. Canino MF, Spies IB, Cunningham KM, Hauser L, Grant WS. Multiple ice-age refugia in Pacific cod,

Gadus macrocephalus. Mol Ecol. 2010; 19: 4339–4351. https://doi.org/10.1111/j.1365-294X.2010.

04815.x PMID: 20819160

29. Yoon M, Sato S, Seeb JE, Brykov V, Seeb LW, Varnavskaya N V., et al. Mitochondrial DNA variation

and genetic population structure of chum salmon Oncorhynchus keta around the Pacific Rim. J Fish

Biol. 2008; 73: 1256–1266. https://doi.org/10.1111/j.1095-8649.2008.01995.x

30. Abe S, Yoon M, Sato S, Moriya S, Urawa S, Urano A. Genetic variation and population structure of

chum salmon in the North Pacific rim inferred from mitochondrial and microsatellite DNA analyses.

Aquaculture. 2007; 272: S239. https://doi.org/10.1016/j.aquaculture.2007.07.019

31. Hasegawa Y, Tomida Y, Kohno N, Ono K, Nokariya H, Uyeno T. Quaternary Vertebrates from Shiriya

Area, Shimokita Peninsula, Northeastern Japan. Mem Natl Sci Museum. 1988; 21: 36–39.

32. Miyazaki S, Horikawa H, Kohno N, Hirota K, Kimura M, Hasegawa Y, et al. Summary of the fossil record

of pinnipeds of Japan, and comparisons with that from the eastern North Pacific. Isl Arc. 1994; 3: 361–

372. https://doi.org/10.1111/j.1440-1738.1994.tb00120.x

33. Andersen LW, Lydersen C, Frie AK, Rosing-Asvid A, Hauksson E, Kovacs KM. A population on the

edge: genetic diversity and population structure of the world’s northernmost harbour seals (Phoca vitu-

lina). Biol J Linn Soc. 2011; 102: 420–439. https://doi.org/10.1111/j.1095-8312.2010.01577.x

34. Slade R, Moritz C, Heideman A. Multiple nuclear-gene phylogenies: application to pinnipeds and com-

parison with a mitochondrial DNA gene phylogeny. Mol Biol Evol. 1994; 11: 341–356. PMID: 8015430

Secondary contact in Japanese harbour seals

PLOS ONE | https://doi.org/10.1371/journal.pone.0191329 January 31, 2018 11 / 11

https://doi.org/10.1111/j.1365-294X.2010.04815.x
https://doi.org/10.1111/j.1365-294X.2010.04815.x
http://www.ncbi.nlm.nih.gov/pubmed/20819160
https://doi.org/10.1111/j.1095-8649.2008.01995.x
https://doi.org/10.1016/j.aquaculture.2007.07.019
https://doi.org/10.1111/j.1440-1738.1994.tb00120.x
https://doi.org/10.1111/j.1095-8312.2010.01577.x
http://www.ncbi.nlm.nih.gov/pubmed/8015430
https://doi.org/10.1371/journal.pone.0191329

