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Abstract

Phylogenomic analysis of highly-resolved intraspecific phylogenies obtained from complete
mitochondrial DNA genomes has had great success in clarifying relationships within and
among human populations, but has found limited application in other wild species. Analyti-
cal challenges include assessment of random versus non-random phylogeographic distri-
butions, and quantification of differences in tree topologies among populations. Harp Seals
(Pagophilus groenlandicus Erxleben, 1777) have a biogeographic distribution based on
four discrete trans-Atlantic breeding and whelping populations located on “fast ice” attached
to land in the White Sea, Greenland Sea, the Labrador ice Front, and Southern Gulf of St
Lawrence. This East to West distribution provides a set of a priori phylogeographic hypothe-
ses. Outstanding biogeographic questions include the degree of genetic distinctiveness
among these populations, in particular between the Greenland Sea and White Sea grounds.
We obtained complete coding-region DNA sequences (15,825 bp) for 53 seals. Each seal
has a unique mtDNA genome sequence, which differ by 6 ~ 107 substitutions. Six major
clades / groups are detectable by parsimony, neighbor-joining, and Bayesian methods, all
of which are found in breeding populations on either side of the Atlantic. The species coales-
centis at 180 KYA; the most recent clade, which accounts for 66% of the diversity, reflects
an expansion during the mid-Wisconsinan glaciation 40 ~ 60 KYA. Fgt is significant only
between the White Sea and Greenland Sea or Ice Front populations. Hierarchal AMOVA of
2-, 3-, or 4-island models identifies small but significant ®sc among populations within
groups, but not among groups. A novel Monte-Carlo simulation indicates that the observed
distribution of individuals within breeding populations over the phylogenetic tree requires
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significantly fewer dispersal events than random expectation, consistent with island or a pri-
ori East to West 2- or 3-stepping-stone biogeographic models, but not a simple 1-step
trans-Atlantic model. Plots of the cumulative pairwise sequence difference curves among
seals in each of the four populations provide continuous proxies for phylogenetic diversifica-
tion within each. Non-parametric Kolmogorov-Smirnov (K-S) tests of maximum pairwise
differences between these curves indicates that the Greenland Sea population has a
markedly younger phylogenetic structure than either the White Sea population or the two
Northwest Atlantic populations, which are of intermediate age and homogeneous structure.
The Monte Carlo and K-S assessments provide sensitive quantitative tests of within-spe-
cies mitogenomic phylogeography. This is the first study to indicate that the White Sea and
Greenland Sea populations have different population genetic histories. The analysis sup-
ports the hypothesis that Harp Seals comprises three genetically distinguishable breeding
populations, in the White Sea, Greenland Sea, and Northwest Atlantic. Implications for an
ice-dependent species during ongoing climate change are discussed.

Introduction

Analyses of multiple complete intraspecific mtDNA genomes were first applied to humans to
clarify the historical emergence of modern humans and their subsequent migrations Out of
Africa [1]. The accumulation of many thousands of such genomes has clarified more recent
population movements in great detail, including those influenced by successive Holocene glaci-
ations [2]. For example, high-resolution mitogenomic sampling of Iberian refugial lineages
effectively discriminates postglacial dispersal and ecological events [3]. Only a few other wild
species have been the subject of extensive mitogenomic phylogeographic analysis. Atlantic Cod
(Gadus morhua) have a much more ancient species structure than previously suspected, with
coalescence during the Wisconsinan glacial, and major clade differentiation at the peak of the
Sangamon / Wiirm interglacial rather than subsequent to the last Recent glacial [4]. The major
clades are phylogeographically mixed, and well-separated geographic samples coalesce only
towards the base of the gene tree. The sister species of Atlantic Cod, the Walleye Pollock
(Gadus chalcogrammus), includes geographically isolated populations originally supposed to
be of recent origin that are shown by mitogenomic analysis to be ancient [5]. In contrast, sepa-
rate geographic populations of freshwater whitefish (Coregonus) are discrete genomic clades
[6]. Major phylogenetic lineages in Killer Whales (Orcinus) correspond to discrete geographic
populations including some assignable to subspecies [7], and in Fin Whales (Balaenoptera) to
what appear to be recognizable species [8].

Standard methods of phylogenetic analysis and (or) quantitative assessment of within-spe-
cies mtDNA population structure founder when every individual is a distinct branch. Hier-
archal analysis of molecular variance (AMOVA) among haplotypes per se is uninformative, as
the entire variance occurs among individuals with respect to the total (Fgr = 1.0). AMOVA
based on nucleotide divergences between haplotypes (¢st < 1.0) may partition variance
among populations (¢psc > 0.0,) or groups (¢t > 0.0), but does not capture phylogenetic
structure within and among populations. Similarly, row by column tests of the relative abun-
dances of major clades across populations cannot take into account phylogenetic relationships
either within or among those clades [9]. Evaluation of hypotheses that phylogeographic sub-
components within species have different phylogenetic tree topologies is elusive, not least
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