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1.  INTRODUCTION

Over the past several decades, Arctic warming has
occurred at twice the rate of the global average
(IPCC 2013), resulting in reductions in the extent,
thickness, and seasonal duration of sea ice (Stroeve
et al. 2012, Lindsay & Schweiger 2015, Wang & Over-
land 2015). These reductions are expected to have
significant, but not uniform, consequences for spe-
cies that depend on sea ice for important aspects of
their life history (Moore & Huntington 2008, Kovacs

et al. 2011, Laidre et al. 2015, Descamps et al. 2017).
One such species is the ringed seal Phoca hispida,
which builds subnivean lairs on the ice that are
essential for protecting pups from thermal stress and
predation (Smith & Stirling 1975, Smith 1976, Gjertz
& Lydersen 1986, Lydersen & Smith 1989, Hammill &
Smith 1991, Smith et al. 1991, Furgal et al. 1996).
Although ringed seals in some areas appear to have
adjusted to contemporary ice conditions (Bering and
Chukchi Seas; Crawford et al. 2015), ringed seals in
other regions have shown declines in body condition,
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ABSTRACT: Although Arctic ringed seals Phoca hispida hispida are currently abundant and
broadly distributed, their numbers are projected to decline substantially by the year 2100 due to
climate warming. While understanding population structure could provide insight into the impact
of environmental changes on this subspecies, detecting demographically important levels of
exchange can be difficult in taxa with high abundance. We used a next-generation sequencing
approach (DArTseq) to genotype ~5700 single nucleotide polymorphisms in 79 seals from 4 Pacific
Arctic regions. Comparison of the 2 most geographically separated strata (eastern Bering vs.
Beaufort Seas) revealed a statistically significant level of genetic differentiation (FST = 0.001, p =
0.005) that, while small, was 1 to 2 orders of magnitude greater than expected based on diver-
gence estimated for similarly sized populations connected by low (1% yr−1) dispersal. A relatively
high proportion (72 to 88%) of individuals within these strata could be genetically assigned to
their stratum of origin. These results indicate that demographically important structure may be
present among Arctic ringed seals breeding in different areas, increasing the risk that declines
in the number of seals breeding in areas most negatively affected by environmental warming
could occur.
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reproduction, and pup survival that are thought to be
correlated with earlier spring sea ice retreat and
declines in snow depth (Ferguson et al. 2005, 2017,
Stirling 2005, Harwood et al. 2012a, 2015a, Iacozza &
Ferguson 2014).

Ringed seals (subspecies P. h. hispida) are cur-
rently abundant and broadly distributed throughout
the Arctic. While most of what is known about their
population size is limited to surveys of only parts of
their range (e.g. Bengtson et al. 2005, Conn et al.
2014), combined regional estimates suggest an abun-
dance of around 3 million individuals (Laidre et al.
2015). Despite these large numbers, a status review
conducted by NOAA Fisheries concluded that it is
likely that the number of Arctic ringed seals will
decline substantially by the year 2100 and that seals
will no longer persist in substantial portions of their
range in the foreseeable future (Kelly et al. 2010b).
Following this review, Arctic ringed seals were listed
as threatened under the US Endangered Species Act
(77 FR 76706), a decision that was vacated in 20161

but subsequently reversed2. Although the status re -
view considered the extinction risk to the Arctic sub-
species as a whole, it was noted that such risk would
be elevated if population structure exists (Kelly et al.
2010b). The effects of climate warming have not
been uniform across the Arctic, with more marked
sea ice declines in some areas than in others (Frey et
al. 2014, 2015, Peng & Meier 2017, Wang et al. 2017).
As such, ringed seals in some parts of the subspecies’
range could be more severely impacted by Arctic
warming than those in other areas.

The extent of such impacts will depend in part on
the factors driving breeding habitat selection in Arc-
tic ringed seals. If selection of breeding and pupping
habitats is most strongly driven by habitat quality,
then seals that once used a region that now has little
to no ice or snow cover will move to less impacted
regions in subsequent years. However, if seals ex -
hibit high natal fidelity (i.e. return to reproduce in
the same area where they were born), they may con-
tinue to return to an area of suboptimal quality even
if high pup mortality and/or low breeding success
occurs, as has been observed among Northwest At -
lantic harp seals (Stenson & Hammill 2014). If this
pattern of behavior persists, the number of seals
breeding in those areas most negatively affected by
environmental warming could decline, potentially

leading to a loss of genetic diversity important to the
evolutionary potential of the species.

The drivers behind breeding site selection in ringed
seals are not well understood. Tagging studies have
shown that ringed seals can range widely during the
open water season (Heide-Jørgensen et al. 1992, Teil -
mann et al. 2000, Born et al. 2004, Freitas et al. 2008,
Kelly et al. 2010a, Crawford et al. 2012, Harwood et
al. 2012b). During the winter and spring subnivean
period, however, Arctic ringed seals maintain much
smaller ranges, and most tagged seals, including adult
males and females as well as subadults, demon-
strated breeding site fidelity across years (Kelly et al.
2010a, Martinez-Bakker et al. 2013, Luque et al.
2014, Harwood et al. 2015b). While this pattern of
behavior indicates that the choice of where to repro-
duce is not random, the limited duration of tagging
studies makes it difficult to identify the temporal
scale over which breeding site fidelity is maintained
and thus what factors influence its development.

If fidelity to breeding sites is driven by the return to
natal sites, then genetic differences between regions
should build over time. Estrous in ringed seals occurs
during lactation (McLaren 1958, Atkinson 1997); thus,
the timing and location of breeding and whelping are
closely linked. Given this link, natal site fidelity could
not only lead to maternally driven structure but may
also influence gene flow between regions, as has been
seen among ringed seals inhabiting Lake Sai maa,
Finland (P. h. saimensis), where significant and sub-
stantial genetic differentiation between areas within
the lake has been revealed at both mitochondrial and
nuclear markers (mitochondrial FST = 0.444, nuclear
FST = 0.107; Valtonen et al. 2012, 2014).

Detecting genetic differences between areas among
Lake Saimaa seals is facilitated by the small effective
size of this subspecies (~139−150 mature individuals;
Sipilä 2016), which allows genetic differences be tween
regions to develop more quickly. However, detecting
restricted dispersal in highly abundant taxa, such as
the Arctic ringed seal, is much more challenging. For
example, FST, which is commonly calculated as a met-
ric of connectivity between groups, can be estimated
under Wright’s island model as

FST-mtDNA ≈ 1/(2Nem − 1)

FST-SNP ≈ 1/(4Nem − 1)

where Ne represents the effective population size of
the groups being compared (Wright 1965), m repre-
sents the fraction of immigrants within a group, and
SNP is single nucleotide polymorphism. As described
in Lowe & Allendorf (2010), the extent to which gene
flow affects evolutionary processes (i.e. genetic con-
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nectivity) depends primarily on the absolute number
of dispersers (i.e. Nem), while demographic connec-
tivity, or the degree to which population growth and
vital rates are affected by dispersal, is dependent on
the relative contribution of net immigration to total re -
cruitment (i.e. m). Both types of connectivity are im -
portant, as genetic cohesion acts to maintain the evo-
lutionary potential of the species, while demographic
cohesion is needed to avoid depletion in the face of
localized threats. Given the relationships described
above in Wright’s (1965) equation, the effect size
(here, the magnitude of FST) associated with a partic-
ular threshold of genetic connectivity (Nem) remains
the same irrespective of population size. However,
for the same m, the FST for a small population will be
much larger, and much more easily detected, than
the FST for a large population. For example, if we as -
sume that the mature ringed seals that inhabit Lake
Saimaa are evenly distributed across the 4 regions
compared in the Valtonen et al. (2012) study and that
those 4 regions are connected by approximately 1%
dispersal per year (see Section 2.3.5 below for de -
tails), then the mtDNA FST would be 0.17. However,
in a hypothetical situation in which ~15 000 ringed
seals were evenly distributed across 4 regions in the
Arctic and connected by the same level of dispersal,
the mtDNA FST would be several orders of magni-
tude lower (FST = 0.001) and thus much more difficult
to detect.

Thus far, genetic analyses have largely failed to
de tect population structure within Arctic ringed
seals. Davis et al. (2008) compared the microsatellite
genotypes (n = 11 loci) of seals sampled at 8 sites
ranging from Saint Lawrence Island, Alaska, through
the Canadian Arctic, Greenland, and Norway and
into the White Sea in Russia. Though seals sampled
in the White Sea were significantly differentiated
from seals sampled at all other sites (ΦST = 0.0180−
0.0306, p < 0.001), the remaining comparisons
yielded very small estimates of differentiation, most
of which were not significant. However, sample
sizes for some of the areas were relatively low and
may have included seals sampled outside of the
breeding season. Subsequent analysis by Martinez-
Bakker et al. (2013) used a panel of 9 microsatellite
loci and included only samples collected during the
breeding season at 9 sites ranging from the Chukchi
Sea to the eastern Beaufort Sea. Though small but
significant differences in mtDNA control region
sequences were found between some strata, a geo-
graphic pattern among the sites with significant dif-
ferences was not evident, with no differences de -
tected among some of the most distant sites, while

in other cases neighboring sites showed statistically
significant differences. In general, the degree of dif-
ferentiation between sites was markedly low, and
the authors concluded that gene flow among these
Arctic sites was relatively high (Martinez-Bakker et
al. 2013).

While the failure to identify clear patterns of
genetic differentiation among Arctic ringed seals
suggests genetic connectivity between ringed seal
breeding sites, it is possible that weak, but demo-
graphically important, population structure exists
but was not detected in these previous studies. Tra-
ditional genetic markers, such as those used in the
above studies, may have little statistical power to
detect small, but biologically significant, levels of
genetic differentiation between areas (Waples &
Gaggiotti 2006, Lowe & Allendorf 2010). However,
recent advances in high-throughput next-genera-
tion sequencing (NGS) technologies have provided
a cost-effective means to simultaneously discover
and genotype large numbers (hundreds to thou-
sands) of SNPs, even in species for which little to no
genomic information is available (Baird et al. 2008,
Davey et al. 2011, Peterson et al. 2012). The produc-
tion of these extensive datasets can substantially
increase the power and precision of genetic analy-
ses even with limited sample sizes (e.g. Willing et al.
2012, Nazareno et al. 2017), allowing previously un -
detected patterns of demographic and evolutionary
structure to be resolved (Corander et al. 2013,
Reitzel et al. 2013, Benestan et al. 2015). In addition,
genome-wide scans of diversity using NGS tech-
nologies allow outlier loci, putatively under diver-
gent selection, to be identified (Benestan et al. 2016,
Gleason & Burton 2016); analysis of these loci can
reveal patterns of adaptive variation with important
implications for developing conservation and man-
agement strategies (Funk et al. 2012, 2018).

In this study, we take advantage of recent advances
in NGS to discover and genotype a large panel of
SNP markers (n = 5699 loci) in ringed seals (n = 79)
sampled during the breeding season in 4 regions of
the Pacific Arctic and use this dataset to evaluate
population structure in Arctic ringed seals. Com-
pared to previous studies, which relied on ≤11 micro-
satellite loci, the number and genome-wide place-
ment of the SNPs analyzed should greatly increase
the power to detect subtle differences between
regions. The results of this study will increase our
understanding of genetic and demographic connec-
tivity between regions so that the effect of regional
depletions of Arctic ringed seals by hunting or cli-
mate warming can be evaluated.
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2.  MATERIALS AND METHODS

2.1.  Samples

Tissue samples (n = 113) were collected from ringed
seals in the Pacific Arctic region during the spring
breeding season (March through May between 2000
and 2017; Fig. 1) and archived in the Southwest Fish-
eries Science Center’s Marine Mammal and Sea Turtle
Research Tissue Collection. The majority of these
samples (n = 59) were collected during a biomoni-
toring program run by the Alaska De partment of Fish
and Game from seals legally harvested for subsis-
tence by Alaska Natives. The re   maining samples
were collected from the remains of seals that were
killed by polar bears (n = 54). Following collection,
the samples were either stored at −80°C or were pre-
served in a salt-saturated 20% DMSO solution or
100% ethanol and subsequently archived in a −20°C
freezer.

Ringed seals are distributed throughout the study
area, making it difficult to identify biologically rele-
vant boundaries by which to divide groups for com-
parison. Thus, for analyses requiring that a priori
groups be identified for comparison, we stratified the
samples into 4 geographic areas. These strata corre-
spond to 4 of the 5 Alaska Native regions that harvest
ice seals and are represented by the Ice Seal Com-
mittee, which is the tribally authorized Alaska Native

organization that co-manages ice seals in partner-
ship with NOAA Fisheries. The fifth and southern-
most Alaska Native region is Bristol Bay. Few sam-
ples were available from this area; thus, it was not
included as a stratum in our analysis. The 4 strata
analyzed include (1) the eastern Bering Sea, (2) the
northern Bering Sea, (3) the southeastern Chukchi
Sea, and (4) the Beaufort Sea (Fig. 1). The eastern
Bering Sea and the Beaufort Sea strata also align
with 2 of the 3 biogeographic provinces (Eastern
Bering Shelf and Beaufort Sea provinces, respec-
tively) that have been delineated within the study
area (Sigler et al. 2011), although the third province
(Chirikov−Chukchi Province) includes both the
northern Bering and southeastern Chukchi strata
used in our analysis. A list of sample information is
in cluded in Table S1 in the Supplement at www. int-
res. com/ articles/ suppl/ n044 p011 _ supp .pdf.

2.2.  DArTseq library preparation and high-
throughput sequencing

Many NGS methods rely on the use of restriction
enzymes (REs) to reduce genome complexity prior to
high-throughput sequencing. DArTseq (RADseq;
Davey et al. 2011), which was developed by Diversity
Arrays Technology (DArT P/L), is one such method
(Jaccoud et al. 2001, Sansaloni et al. 2011, Kilian et
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al. 2012). In brief, this method entails a complexity
reduction step in which DNA is digested with a com-
bination of REs which act to exclude repetitive
regions of the genome while targeting low copy se -
quences. The resulting libraries are then sequenced
on a high-throughput sequencing platform, allowing
for high read coverage of regions most likely to be
informative in population studies.

DNA was extracted from these samples using the
Machinery-Nagel NucleoMag® tissue extraction kit
and following the manufacturer’s protocol (see www.
mn-net .com), with the exception that the proteinase
K tissue lysis step was extended to include an over -
night digestion at 37°C followed by a 3 h digestion at
55°C. DNA was quantified on a fluorometer using
Quant-iT PicoGreen, and DNA integrity was as -
sessed by electrophoresing 100 ng of DNA on a 1%
ethidium bromide (EtBr)-stained agarose gel at 70 to
80 V for approximately 1 h alongside a 1 kb DNA size
standard. Those extracts that demonstrated the pres-
ence of high molecular weight DNA on the gel and
that contained at least 500 ng of DNA were retained
in the study, and additional samples were selected as
needed to replace those that produced insufficient
DNA.

A trial RE digest was conducted for a subset (n = 6)
of the selected samples to ensure that DNA quality
was sufficient for restriction digest to be successful.
For this trial, 100 ng of DNA from each sample was
digested in a 50 μl reaction that contained 1 μl (10
units) of the HindIII RE, 5 μl of NEB buffer, and (for the
remaining volume) DNase/RNase-free distilled water.
The digestion was conducted in a thermo cycler for
3 h at 37°C. The resulting digests were electropho-
resed alongside the original undigested DNA extrac-
tions (from the same samples) and 5 μl of lambda DNA-
HindIII digest on a 1% agarose gel (pre-stained with
EtBr) at 50 V for a total of 2 h.

Although sample selection was initially based on
maintaining relatively even coverage of the 4 re -
gions, not all of the samples chosen produced DNA
of sufficient quantity and quality for the DArTseq
library preparation protocol. In total, 89 samples from
the eastern Bering Sea (n = 34), northern Bering
Sea (n = 14), southeastern Chukchi Sea (n = 9),
and Beaufort Sea (n = 32) were included (Table S1).
Approximately 50 to 100 ng of DNA from each of
these samples was diluted in 10 to 20 μl TE buffer
and then shipped to DArT P/L at the University of
Canberra, Australia, for library preparation and
sequencing.

Once at the DArT P/L laboratory, DNA quality was
re-evaluated. For a subset of samples, the DNA pro-

vided was divided in 2 parts prior to digestion/
ligation to act as technical replicates to be assessed
for scoring consistency (referred to as the repro-
ducibility score, used in filtering below). Double
digestion was performed using methylation-sensitive
REs as described by Kilian et al. (2012). The only
modification to this protocol was that the single PstI-
compatible adaptor was replaced with 2 different
adaptors corresponding to the PstI and SphI RE over-
hangs. The PstI-compatible adapter was designed to
include the Illumina flowcell attachment sequence, a
sequencing primer, and a staggered, varying length
barcode region, similar to the sequence reported by
Elshire et al. (2011). The SphI-compatible adapter
simply comprised the Illumina flowcell attachment
region and SphI overhang sequence. Ligated frag-
ments with both a PstI and SphI adaptor were ampli-
fied by PCR using an initial denaturation step of 94°C
for 1 min, followed by 30 cycles with the following
temperature profile: denaturation at 94°C for 20 s,
annealing at 58°C for 30 s, and extension at 72°C for
45 s, with an additional final extension at 72°C for
7 min. Equimolar amounts of amplification products
from each sample were combined before single-end
sequencing for 77 cycles on an Illumina Hiseq2500 to
yield approximately 2.5 million reads per sample.

Samples were genetically sexed by amplification
and real-time PCR (Robertson et al. 2018). Samples
from 1 male and 1 female for which sex had been
determined via examination of a stranded animal
were included as positive controls in all amplifica-
tions. Sex was determined by the amplification pat-
tern: males had 2 products and females had 1.

2.3.  Data analysis

2.3.1.  Pipeline processing

The FASTQ-formatted sequences generated from
the sequencing lane were processed using propri-
etary diversity array technology (DArT P/L) analyti-
cal pipe lines. In summary, the primary pipeline filters
out poor-quality sequences and corrects low-quality
bases from singleton tags using collapsed tags as a
template. More stringent selection criteria are ap plied
to the barcode region to ensure that sequences are
reliably assigned to the appropriate sample. Identical
sequences are then collapsed into fastqcoll files that
are processed through the secondary DArT P/L
pipeline, which uses proprietary SNP and SilicoDArT
(presence/absence of restriction fragments in repre-
sentation) calling algorithms (DArTsoft14) to produce
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genotypes for each sample. Multiple samples were
processed from DNA to allelic calls as technical repli-
cates; those loci with reproducibility scores less than
90% across replicates were removed. Calling quality
was assured by high average read depth per locus
(mean across all markers of 31.2 reads per locus, min-
imum of 5 reads per locus). The mean call rate across
loci was 84.8%. Given that a ringed seal reference
genome is not yet available, mapping efficiency of
reads against such a reference could not be evalu-
ated. The data were converted to a matrix of SNP loci
by individuals, with the contents stored as integers:
0, homozygote, reference state; 1, heterozygote; and
2, homozygote, alternate state.

2.3.2.  Additional filtering

For this analysis, only the codominant SNP geno-
type data (allSnps_singlerow_dartseq.csv) received
from DArT P/L were analyzed. The genotype data
were imported into R (v3.5.0) and then filtered to
remove SNPs that had average read counts less
than 10. SNPs with high read depth, which can rep-
resent false heterozygotes caused by copy number
variations or paralogous sequences, were also re -

moved. For this criterion, we first calculated the aver-
age read depth (d) across all loci and then removed
those loci with average read depths greater than d +
4 × √d, which has been shown to be effective in
reducing the number of false heterozygotes (Li
2014). We then used the package dartR 1.1.11 (Gru-
ber et al. 2018) to remove loci that (1) had repro-
ducibility scores, which were calculated based on
the technical replicates described above, less than
100%; (2) had been called in less than 90% of indi-
viduals; (3) were monomorphic; and (4) were sec-
ondary SNPs (e.g. SNPs that were found on the
same sequence fragment as 1 or more other SNPs),
in which case only the locus with the highest poly-
morphic information content was re tained. After this
filtering was completed, we removed individuals that
were missing >20% of the data.

The remaining filtering steps were conducted in R
using the strataG package (Archer et al. 2017). These
steps included removing (1) loci with minor allele fre-
quencies ≤0.05, (2) any loci that were not bi-allelic,
(3) loci that had expected heterozygosity greater
than 0.6, (4) one of each pair of samples that shared
80% or more of their alleles (i.e. samples that were
likely collected from the same individual), and (5)
loci that were out of Hardy-Weinberg equilibrium in
3 or more of the a priori defined geographic strata.

2.3.3.  Identification of outlier loci and analysis of
relatedness

We used the R package OutFLANK v0.2 (Whitlock
& Lotterhos 2015) to identify SNPs that might be
under diversifying selection. This approach is based
on identifying loci with atypical values of FST as out-
liers. OutFLANK uses an improved method for deriv-
ing the null distribution of population differentiation
for presumed neutral loci and results in fewer false
positives than some other methods. We ran OutFLANK
with a 5% left and right trim of the null distribution of
FST and a false discovery rate (q-value) of 5%.

The R package related 1.0 (Pew et al. 2015) was
used to estimate pairwise relatedness (r) between all
pairs of genotyped individuals based on the allele
frequencies of the full sample set. The ’compareesti-
mators’ function was then used to generate simulated
genotypes for 200 dyads representing 4 categories of
known relatedness (unrelated, half sibling, full sib-
ling, and parent−offspring) based on the allele fre-
quencies of a subset of the SNP data (n = 500 ran-
domly chosen loci). The distribution of r values for
simulated individuals within each category was plot-
ted against those generated from the sampled indi-
viduals to visualize how well our dataset was able
to discriminate between relationship categories. Al -
though related allows for coefficients to be generated
under 7 different estimators, here we present only the
results based on the Lynch & Ritland (1999) estima-
tor, which had the highest correlation coefficient be -
tween the observed and expected relatedness values.

2.3.4.  Comparisons between geographic strata

The R package strataG (Archer et al. 2017) was
used to generate summary statistics describing the
genetic diversity retained in each stratum, including
the observed and expected heterozygosity and the
number of alleles. This package was also used to esti-
mate genetic differentiation (FST) between pairs of
the a priori defined geographic strata. Significance of
comparisons was evaluated via bootstrapping across
1000 permutations. A correction for multiple tests
was not applied when interpreting the results of the
pairwise comparisons, as each comparison was test-
ing an independent hypothesis. Corrections for mul-
tiple tests effectively reduce the critical value (α), or
Type I error rate, at the expense of the Type II error
rate (Perneger 1998); as such, inappropriate applica-
tion of correction factors can have serious conserva-
tion management implications.
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To evaluate the impact of sample size on our com-
parisons, we randomly subsampled the 2 largest
strata (the eastern Bering Sea stratum and the Beau-
fort Sea stratum) to create 20 datasets in which the
sample sizes were equivalent to (1) the sample size of
the southeastern Chukchi Sea stratum (n = 8), (2) the
sample size of the northern Bering Sea stratum (n =
14), (3) a sample size of 20, and (4) a sample size of
25. Pairwise comparisons were then conducted for
these datasets (60 in total), and the proportion of sig-
nificant tests was counted.

Pairwise comparisons between regions were re -
peated after subdivision of strata by sex to explore
whether sex-based differences in structure could be
detected.

2.3.5.  Calculating expected effect size

When interpreting the results of genetic analyses
to delineate management units, Palsbøll et al. (2007)
advocate placing the focus on the amount of genetic
divergence rather than on rejecting panmixia, to
address the case where statistical power is too low to
reject panmixia among demographically independ-
ent units and where the statistical power is sufficient
to reject panmixia even among demographically cor-
related groups. This approach involves, first, deter-
mining the amount of population genetic divergence
that corresponds to the relevant dispersal rate and,
second, comparing the empirical results with this cri-
terion, as done by Martien et al. (2012).

Here, we used this approach and Wright’s (1965)
equation (see Section 1) to calculate the expected
magnitude of FST between demographically inde-
pendent stocks of Arctic ringed seals. Limited in -
formation is available on the dispersal rate at which
groups become demographically independent, al -
though simulations based on cetaceans have shown
that if the dispersal rate between 2 groups is less
than a few percent per year, 1 group could eventu-
ally be extirpated if the groups are managed as a
single unit and human-caused mortality is dispro-
portionately focused on only one of the groups (Tay-
lor 1997). Generation length for ringed seals was
estimated to be approximately 18 yr by Pacifici et al.
(2013), based on a maximum life span of 46 yr and
an age of first reproduction of 6.9 yr. No information
on the generation length of ringed seals within our
study area was available, but to identify a lower
bound on generation time, we also calculated the
effect size based on a maximum life span of 15 yr
(the average age of females in Lydersen & Gjertz

1987) and an age of first reproduction of 4 yr. Based
on these parameters, a 1% dispersal rate per year
translates into a per generation rate of 0.07 to 0.18
(m in the equation noted in Section 1). Although the
abundance of ringed seals in the strata we com-
pared is not known, aerial surveys of the eastern
Chukchi Sea indicated that ~231 000 seals were
present in May and June of 1999 and 2000 (Bengt-
son et al. 2005), while aerial surveys of the eastern
Bering Sea during April and May of 2012 indicated
that ~170 000 seals were present (Conn et al. 2014).
Using these abundance estimates to represent the
census size (Nc) of our strata and further assuming
that ringed seals have an Ne:Nc ratio at the low to
middle range of that typical of mammals (0.2;
Frankham 1995), we calculated an input Ne value
that ranged from 34 000 to 46 200 seals.

2.3.6.  Clustering analyses

Two methods were used to evaluate the number of
genetic clusters (K) that could be detected in our
dataset. Model-based Bayesian clustering was con-
ducted using the program STRUCTURE 2.2.3
(Pritchard et al. 2000). This analysis was based on a
model of admixture with correlated allele frequen-
cies. Given that the inclusion of related individuals
may lead to false inferences in STRUCTURE analy-
ses (Anderson & Dunham 2008, Rodríguez-Ramilo &
Wang 2012), 1 of the individuals in the single puta-
tive paternal half-sibling pair that was identified
(described in Section 3.1) was removed prior to con-
ducting this analysis. In addition, the number of sam-
pled in dividuals per stratum has been shown to have
a strong impact on the ability of STRUCTURE to
correctly estimate the number of clusters (Fogelqvist
et al. 2010, Puechmaille 2016). Given that the sample
sizes representing the eastern Bering Sea stratum
(n = 28) and the Beaufort Sea stratum (n = 29) were
similar and markedly larger than those representing
the other 2 strata (n = 14, northern Bering Sea; n = 8,
southeastern Chukchi Sea), the STRUCTURE analy-
sis was run using both the full SNP dataset (all 4
strata) and only the 2 strata with similar and larger
sample sizes. Both the 2- and 4-strata analyses were
initially run with no a priori information on geo-
graphic origin of the samples included. To evaluate
whether the performance of STRUCTURE improved
when information on the geographic location of sam-
pling was included a priori, the 2-strata analysis was
also run with the inclusion of a location prior (i.e.
LOCPRIOR = 1).
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For all 3 analyses, the model was run using values
of K ranging from 1 to 10, with 3 replicate runs for
each value of K and a burn-in of 200 000 steps fol-
lowed by 1 000 000 Markov chain Monte Carlo itera-
tions. The output from replicate runs was summa-
rized using STRUCTURE HARVESTER (Earl 2012).
The most parsimonious number of clusters present
within the dataset was inferred based on the K value
that had the highest lnPr(X|K) or, for K > 2, the ad hoc
statistic delta K (Evanno et al. 2005). Membership
scores for each value of K were aligned and averaged
over replicates using CLUMPP v1.1.2 (Jakobsson &
Rosenberg 2007), and barplots were generated to
visualize the results using the R package pophelper
(Francis 2017).

While STRUCTURE forms genetic clusters of indi-
viduals by minimizing departure from Hardy-Wein-
berg and linkage disequilibria, discriminant analysis
of principal components (DAPC) is a non-model based
method that optimizes genetic separation be tween
groups and minimizes variation within groups (Jom-
bart et al. 2010). We ran DAPC using the R package
adegenet v2.1.3 (Jombart 2008) and following the
recommendations of the online tutorial provided by
the developers (Jombart & Collins 2015). First, the
function ‘find.clusters’ was run to identify the most
likely number of clusters in the data in the absence of
a priori sampling information. This function converts
the genotypic data into uncorrelated principal com-
ponents (PCs) and ranks the clustering solutions for
different values of K using the Bayesian information
criterion (BIC). For the ringed seal dataset, BIC in -
creased in a roughly linear fashion with increasing
values of K, and the contribution of additional PCs to
the total variance did not asymptote (Fig. S1a). The
lowest BIC was found at K = 1, indicating that no dis-
tinct genetic clusters were detected within the SNP
dataset (Fig. S1b).

Given this result, we proceeded by running the
DAPC (function ‘dapc’ in adegenet) with sampling
locality provided as a prior. We initially ran the
DAPC with the number of PCs retained limited to the
number of samples divided by 3, which is the maxi-
mum number recommended by the developers. We
then used the function ‘optim.a.score’ with 100 simu-
lations to identify the optimal number of PCs to retain
without leading to overfitting of the discriminant
functions, which can result in spurious discrimination
of any set of clusters. The a-score is a measure of the
proportion of successful re-assignments to the a pri-
ori defined clusters corrected for the number of
retained PCs. The DAPC was then re-run using the
optimal number of PCs and retaining 3 discriminant

functions (the number of putative populations minus 1,
as recommended). The function ‘scatter.dapc’ in ade-
genet was then used to plot the results of the DAPC
analysis when sampling locality was used as a prior.
Inertial ellipses were drawn to encompass 67% of the
variance (the default value) within each stratum.

2.3.7.  Assignment test

We used the R package assigner v0.5.7 (Gosselin et
al. 2016) to evaluate whether our dataset could be
useful in assigning individuals to the group in which
they were sampled. Given the small sample sizes for
the northern Bering Sea (n = 14) and particularly the
southeastern Chukchi Sea (n = 8) stratum, we re -
stricted these analyses to using only the eastern
Bering Sea (n = 28) and the Beaufort Sea (n = 29)
strata, which had relatively high sample sizes and
also represent the 2 most geographically disparate
strata. Although the sample sizes were similar for
these 2 strata, we created 10 subsets of the data by
randomly subsampling 28 individuals from each stra-
tum to avoid any bias created by uneven sample
sizes. Assigner employs the gsi_sim algorithm (Ander-
son et al. 2008) to conduct a self-assignment analysis
using a leave-one-out (LOO) approach. Each individ-
ual is sequentially removed from the set of baseline
samples, and the remaining individuals are used to
calculate FST at each locus. The loci are ranked ac -
cording to the FST values, and the chosen number of
loci are retained based on that ranking. These loci
are then used to assign the LOO individual to the
stratum that has the highest probability of producing
its genotype. This approach (training, holdout, LOO
[THL] method) was used to avoid high-grading bias
(Anderson 2010) while maximizing the sample size of
individuals retained in the training dataset from
which the baseline allele frequencies for each stra-
tum are calculated. Assignment success is then esti-
mated as the proportion of individuals that are cor-
rectly assigned to their sampling location of origin.
The analysis was run both with and without imputing
missing genotype data; imputation was conducted
using the random forest algorithm based on 100
trees. For each subsample, we ran the THL analysis
for 10 iterations and with the number of ranked SNPs
ranging from 10% of the total number to the full
dataset.

To further evaluate the results of the assignment
test, we created 20 subsets of the data in which the
individuals included in the original analysis were
randomly assigned to 1 of 2 strata without replace-
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ment. The analysis described above was then re -
peated with the proportion of ranked SNPs ranging
from 50 to 80% of the total. The assignment success
based on these randomized datasets was then com-
pared to the empirical results.

3.  RESULTS

The analyses presented here utilized only the co -
do minant SNP data provided by DArT P/L, which
included 100 281 SNPs genotyped. The species of 2
of the 89 samples genotyped were determined via
mitochondrial DNA control region sequencing to
have been misidentified, and these 2 samples (1 from
the southeastern Chukchi Sea stratum and 1 from the
Beaufort Sea stratum) were removed from the analy-
sis prior to filtering. A summary of the number of loci
and/or samples re moved at each filtering step is
shown in Table 1. Our final SNP dataset included 79
individuals with 80% or greater locus coverage for
5699 bi-allelic SNP loci. Measures of SNP diversity
were similar among strata (Table 2), with average
expected heterozygosity ranging from 0.250 to 0.263
and average observed heterozygosity ranging from
0.219 to 0.228.

3.1.  Identification of outlier loci 
and relatedness analysis

The OutFLANK analysis did not
identify any loci as being putatively
under selection given a q-value thresh-
old of 0.05. The OutFLANK approach
generally has a low rate of false posi-
tives and has been noted as being only
suited for identification of loci under
strong spatially diversifying selection
(Whitlock & Lotterhos 2015).

The mean relatedness coefficient
calculated for all pairs of genotyped
individuals was −0.013 (SD = 0.0144).
All except 1 pair of individuals had
coefficients that fell at or below 0.066.
The coefficients estimated from the
sampled individuals fell within the
range of those calculated from the sim-
ulated genotypes of unrelated individ-
uals (−0.108 to 0.122, median = −0.002;
Fig. S2), where unrelated refers to
individuals that do not fall in the other
3 categories (i.e. parent−offspring, full

sibling, half sibling). The one exception to this pat-
tern was a pair of individuals that were sampled dur-
ing the same year in Hooper Bay, Alaska, and had a
relatedness coefficient of 0.237. This value is similar
to what would be expected between half-sibling
pairs, and it fell in the middle of the distribution cal-
culated for the simulated half-sibling pairs. Review of
the harvest data associated with these 2 samples
revealed that they were part of the same cohort (one
was estimated to be 10 mo old, the other 12 mo old,
both males). Given that they did not share the same
mtDNA haplotype, these 2 individuals appear to be
paternal half siblings that are the offspring of a single
male mating with 2 different females in the same
year (2007).

3.2.  Comparisons between geographic strata

Overall differentiation was low but significant (FST =
0.001, p = 0.028; χ2 p-value = 0.012). Pairwise compar-
isons between the a priori defined geographic strata
revealed low but statistically significant levels of ge-
netic differentiation between the eastern Bering Sea
stratum and the Beaufort Sea stratum (FST = 0.001, p =
0.005; Table 3). With the exception of the comparisons

Criterion                                              No. of           No. of loci        No. of loci 
                                                        individuals        removed         remaining

Unfiltered dataseta                                90                      0                  100 281
Avg. read count <10                              90                  18 613               81 668
Avg. read count >d + 4 × √db               90                  16 483               65 185
Remove flagged individuals                 81                  13 346               51 839
Reproducibility <1.0                              81                   5700                46 139
Call rate ≤0.9                                         81                  17 031               29 108
Secondary loci                                       81                   8584                20 524
Individual coverage <0.8                      79                    148                 20 376
Minor allele frequency <0.05               79                  14 596                5780
Heterozygosity >0.60                            79                      0                    5780
Out of HWE in 3 or more strata            79                     81                   5699

aFour samples failed to pass the DArT quality assurance/quality control
screening process and were removed prior to any filtering; 

bThis step is intended to remove loci with excessive coverage, which may re -
present paralogs or repetitive elements. 

Table 1. Number of putative single nucleotide polymorphisms (SNPs) retained
after each filtering step. Samples flagged for removal included n = 2 samples
identified in the mtDNA analysis as bearded seals, n = 2 from stranded indi-
viduals that may not have died during the breeding season, n = 3 samples col-
lected from regions outside the study area (Okhotsk Sea), and n = 2 samples
identified as duplicates (i.e. samples collected from the same animal). Second-
ary loci are defined as SNPs found on the same sequence fragment as 1 or
more other SNPs. When secondary loci were identified, only the locus with the
highest polymorphic information content was retained. d: average read depth 

across all loci; HWE: Hardy-Weinberg equilibrium
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involving the northern Bering Sea, the magnitude of
the remaining pairwise comparisons was similar (FST =
0.001) but not significant.

When individuals were randomly subsampled
from the eastern Bering Sea and the Beaufort Sea
strata and then compared to each other, only 2 of
20 comparisons were statistically significant with a
sample size of 8, while 4 of 20 were statistically
 significant with a sample size of 14 (Table S2).
When sample sizes were increased to 20 per stra-
tum, 14 of 20 were statistically significant, and at 25
samples per stratum, all but one test (of 20) were
significant.

When the samples were subdivided by sex, the
comparison between the eastern Bering Sea and the
Beaufort Sea remained statistically significant for
both males and females (females, FST = 0.003, p =
0.016; males, FST = 0.002, p = 0.016). No other sex-
specific comparisons were significant (Table 3).

3.3.  Calculating expected effect size

If we assume a generation length between 7 and
18 yr, a dispersal rate of 1% per year, and effective
population sizes ranging from 34 000 to 46 200 seals,
then we would expect a maximum FST-SNP value be -
tween 1 × 10−4 (minimum 3 × 10−5). The empirical
estimates of FST based on the SNP data (FST = 0.001)
are approximately 1 to 2 orders of magnitude higher
than these expected effect sizes for all pairwise com-
parisons, except for 2 (both of which include the
northern Bering Sea).

3.4.  Clustering analyses

The results of the STRUCTURE analysis using the
full SNP dataset (with 1 of the samples comprising the

putative half-sibling pair removed) are shown in
Fig. 2a. The ΔK method (Evanno et al. 2005) identified
K = 2 as the most likely number of clusters (Fig. S3).
However, at K = 2, there was no clear geographic pat-
tern to the assignments, although some individuals
did assign strongly to one of the putative clusters
(Fig. 2a). However, in general the number of individ-
uals that were assigned to each cluster was roughly
even, and many individuals were relatively admixed,
both of which are suggested to be indicative of a lack
of population structure (Pritchard et al. 2010). Given
these results, and that the mean estimated lnP(K) was
highest for K = 1 (albeit only slightly), which cannot
be evaluated using the ΔK method, we consider it
most likely that there is a single cluster. When a priori
information on the geographic location of sampling
was incorporated, the results were similar for K = 2,
and runs for K = 3 and higher tended to lump all indi-
viduals in a single cluster, with the exception of those
samples with the highest amounts of missing data
(Fig. 2b).

No further resolution was obtained when we re -
peated the STRUCTURE analyses using only the
eastern Bering Sea and the Beaufort Sea strata
(Fig. 2c), which contained similar sample sizes and
thus should not be subject to biases due to uneven
sampling. Although the ΔK method identified K =
5 as the optimal clustering solution, the mean esti-
mated lnP(K) re mained highest for K = 1 (Fig. S3),
and no geographic pattern was apparent when
the barplots showing individual assignments were
examined (Fig. 2c).

As noted in Section 2.3.6, running the K-means
clustering method in the absence of information on
the geographic origin of samples found that the
lowest BIC was for a single cluster (Fig. S1b). We
then ran the DAPC model with the samples strati-
fied a priori by geographic location and with the
number of PCs set to the number of samples divided
by 3, as recommended by the developers. Optimiz-
ing the a-score for this initial DAPC model indicated
that 22 PCs should be retained. However, the a-score
was low (a-score maximum = 0.148), indicating
weak or unstable discrimination of individuals into
the a priori defined groups. A clear peak in the a-
score across the range of PCs tested was not
observed (Fig. S1c). The 3 discriminant functions
that were retained (the number of groups minus 1)
explained 33.2% of the variance. The scatter plots
showed only slight separation be tween the mean
values representing each group, and the ellipses
encompassing 67% of the variance within groups
showed substantial overlap (Fig. 3).

Stratum                 n                 P               He                  Ho

E Bering              28            0.982          0.260             0.219
N Bering              14            0.987          0.257             0.228
SE Chukchi          8             0.984          0.250             0.223
Beaufort               29            0.979          0.263             0.224
All                        79            0.991          0.267             0.223

Table 2. Single nucleotide polymorphism diversity indices
for samples after subdivision into strata. n: no. of samples; P:
proportion of loci genotyped within the stratum, He: mean
expected heterozygosity across loci; Ho: mean observed 

heterozygosity across loci
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3.5.  Assignment test

Assignment success was maximized when missing
genotype data were imputed using the random for-
est algorithm; thus, only those results are reported
here. When overall assignment success was defined
as the proportion of samples that were correctly
assigned back to their sampling origin with a proba-
bility of 50% or greater, the overall assignment suc-
cess was greater than 70% once 1140 or more loci
were analyzed and was maximized at 80% correctly

assigned when 2850 loci were analyzed (Fig. 4).
When the threshold for assignment of an individual
to a given stratum was raised to a probability of
70% or greater, the values remained similar, with
up to 79% being assigned correctly (Table 4).
Assignment success was somewhat higher for the
Beaufort Sea stratum (reaching a high of 88% cor-
rect assignments) than for the eastern Bering Sea
stratum (72% correct assignments) (Fig. 4). When
all loci were included in the analysis, assignment
success was 72 to 76% with the 50% probability

Fig. 2. Estimated probability of ancestry (vertical bars) of
each individual to the estimated clusters based on 5699 sin-
gle nucleotide polymorphism loci. Only the results for K = 2
through 5 clusters are presented. The first 2 plots include in-
dividuals from all 4 strata (with 1 of the pair of putative half
siblings removed): in (a) no a priori information on geographic
location of sampling is included, and in (b) location priors are
incorporated. Plot (c) includes only those individuals repre-
senting the eastern Bering Sea and the Beaufort Sea strata
(with 1 of the pair of putative half siblings re moved), with
no a priori information on sampling locations included. EBS:
Eastern Bering Sea, NBS: Northern Bering Sea, SECS: 

Southeastern Chukchi Sea, BFS: Beaufort Sea
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threshold and 71 to 75% with the 70% prob-
ability threshold.

When the assignment test was repeated
using the simulated datasets in which indi-
viduals were randomly grouped in 1 of 2
strata, the maximum assignment success was
55.5%, which is similar to what would be
expected at random when as signing be -
tween 2 groups (Fig. 5).

4.  DISCUSSION

Early studies of many commercially ex -
ploited marine fish and mollusc species found
little to no genetic differentiation, which was
typically attributed to a high degree of gene
flow in marine environments and to the large
effective sizes of many populations (Cano et
al. 2008). In several cases, however, the ad -
vent of high-throughput se quencing and the
associated ability to evaluate population
structure at thousands (vs. tens) of loci has
uncovered evidence of population structure
(e.g. Benestan et al. 2015, Momigliano et al.
2017). Similarly, early studies of subspecies
and stocks of spinner dolphins Stenella lon-
girostris in the eastern tropical Pacific, which
historically numbered in the low millions
(Wade et al. 2007), found little evidence of
genetic differences using traditional genetic
markers (mtDNA and microsatellites), despite
the presence of morphological differences
(Dizon et al. 1994, Galver 2002). Using >3700
nuclear SNP loci identified through a geno-
typing by sequencing approach, however,
Leslie & Morin (2016) were able to show
genetic structure that supported the morpho-
logically distinguished groups.

The issue with detecting population struc-
ture in taxa with high abundance is that the
rate at which genetic differences evolve be -
tween groups is in versely proportional to

N Bering
SE Bering
Beaufort
SE Chukchi

DA eigenvalues

a

DA eigenvalues

b

DA eigenvalues

c

Fig. 3. Results of running a discriminant analysis
(DA) of principal components on the single nucleo-
tide polymorphism genotype data using sampling
locality as a prior and retaining 22 principal compo-
nents. Points represent individual genotypes, color
coded by their original sampling locality. The iner-
tial ellipses represent 67% of the variance within
each stratum: (a) first 2 discriminant factors, (b) sec-
ond and third discriminant factors, and (c) first and 

third discriminant factors
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effective population size. In such scenarios, we
would expect to find small effect sizes (i.e. FST) even
when gene flow is limited (Taylor &
Dizon 1996). While previous genetic
studies have failed to identify clear
patterns of population structure among
Arctic ringed seals (Davis et al. 2008,
Martinez-Bakker et al. 2013), those
studies used a relatively low number of
genetic markers (≤11 microsatellite loci)
to compare geographic strata. As such,
some question remained as to whether
those datasets were powerful enough
to detect small, but potentially bio -
logically relevant, genetic differences
be tween regions in this abundant
 subspecies.

To address this uncertainty, we in -
creased the number of nuclear loci
genotyped by several orders of magni-
tude (to ~5700 SNPs in 79 individuals).
Low levels of divergence (FST < 0.001)
between regions were detected in the
SNP analysis, and only the comparison
of the 2 most distant strata (the eastern
Bering Sea and the Beaufort Sea

strata) was statistically significant. No loci were iden-
tified as being putatively under selection in our
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Fig. 4. Proportions of samples assigned
correctly to their stratum of sampling ori-
gin (based on a 50% threshold) as the
number of loci increased from 10% of all
loci to the full dataset. For analysis based
on only a proportion of the loci, loci were
selected based on their ranking as derived
from computing FST values between strata.
Missing data were imputed based on the 

random forest algorithm

Comparison                                                                            FST              FST p

All samples
E Bering Sea (n = 28) vs. N Bering Sea (n = 14)                 0.000            0.490
E Bering Sea (n = 28) vs. SE Chukchi Sea (n = 8)              0.001            0.154
E Bering Sea (n = 28) vs. Beaufort Sea (n = 29)                 0.001            0.005
N Bering Sea (n = 14) vs. SE Chukchi Sea (n = 8)             0.001            0.263
N Bering Sea (n = 14) vs. Beaufort Sea (n = 29)                 0.000            0.316
SE Chukchi Sea (n = 8) vs. Beaufort Sea (n = 29)              0.001            0.207

Females only
E Bering Sea (n = 12) vs. N. Bering Sea (n = 8)                  0.002            0.204
E Bering Sea (n = 12) vs. SE Chukchi Sea (n = 5)              0.004            0.096
E Bering Sea (n = 12) vs. Beaufort Sea (n = 11)                 0.003            0.016
N Bering Sea (n = 8) vs. SE Chukchi Sea (n = 5)             −0.001           0.693
N Bering Sea (n = 8) vs. Beaufort Sea (n = 11)                   0.000            0.452
SE Chukchi Sea (n = 5) vs. Beaufort Sea (n = 11)              0.001            0.263

Males only
E Bering Sea (n = 16) vs. N. Bering Sea (n = 6)                −0.002           0.877
E Bering Sea (n = 16) vs. SE Chukchi Sea (n = 3)              0.001            0.356
E Bering Sea (n = 16) vs. Beaufort Sea (n = 18)                 0.002            0.016
N Bering Sea (n = 6) vs. SE Chukchi Sea (n = 3)               0.006            0.108
N Bering Sea (n = 6) vs. Beaufort Sea (n = 18)                   0.000            0.522
SE Chukchi Sea (n = 3) vs. Beaufort Sea (n = 18)              0.002            0.271

Table 3. Pairwise comparisons between strata with all samples included and
after subdividing by sex. n: sample size. Bold: significant values (p < 0.05)
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analysis, although additional explo-
ration of the dataset could be valuable,
as the ap proach we used is known to
be conservative (Whitlock & Lotterhos
2015). The lack of evidence for local
adaptation, together with the low mag-
nitude of genetic differentiation identi-
fied be tween strata, suggests that gene
flow between regions has been suffi-
cient to avoid the loss of essential
genetic variability needed to maintain
the evolutionary potential of the sub-
species. It is important to note, how-
ever, that large portions of the Arctic
ringed seal’s range were not analyzed
(e.g. the Canadian Arctic and the
Okhotsk Sea); thus, ad ditional struc-
ture of evolutionary significance may
have been identified with broader geo -
graphic  sampling.

It is less clear how the low, and in 1
comparison statistically significant, lev-
els of observed divergence relate to
demographic connectivity, which de -
pends on the relative contribution of
dispersal to population dynamics and
acts on ecological, rather than evolu-
tionary, time scales (Waples & Gag-
giotti 2006, Lowe & Allendorf 2010).
The tipping point where populations
become demographically independent
usually occurs when the underlying
genetic signal is weak, and in highly

abundant species, genetic differentiation can persist
despite a relatively low migration rate (Waples &
Gaggiotti 2006). To provide some context in which
our estimates of genetic divergence can be inter-
preted, we calculated the ex pected level of nuclear
differentiation between areas when dispersal is low
(1% per year). The empirical estimates of FST based
on the SNP data (FST = 0.001 for all but 2 of the pair-
wise comparisons) are approximately 1 to 2 orders of
magnitude higher than this expected effect size.
Clearly, these estimates of differentiation rely on a
number of assumptions, in terms of both the life his-
tory values used as well as the assumptions inherent
in Wright’s model (see Whitlock & Mc Cauley 1999 for
critique). However, while the actual rate could differ
substantially, this exercise suggests that our results
are consistent with what would be expected if some
breeding sites used by Arctic ringed seals are con-
nected by dispersal low enough to result in demo-
graphic independence.

No.    Beaufort Sea Eastern Bering Sea            Overall
of loci          No. of       Proportion       No. of       Proportion       Proportion  
                  samples     of samples     samples     of samples        of samples
                 assigned      assigned      assigned      assigned           assigned
                 correctly   correctly (%)   correctly   correctly (%)    correctly (%)

Stratum of origin >50%                                               
570                304                54                310                55                      55
1140              430                77                336                60                      68
1710              443                79                352                63                      71
2280              494                88                396                71                      79
2850              491                88                402                72                      80
3419              486                87                404                72                      79
3989              476                85                401                72                      78
4559              448                80                394                70                      75
5129              456                81                394                70                      76
5699              453                81                397                71                      76

Stratum of origin >70%                                               
570                288                51                299                53                      52
1140              423                76                321                57                      66
1710              439                78                345                62                      70
2280              490                88                390                70                      79
2850              485                87                394                70                      78
3419              486                87                400                71                      79
3989              471                84                396                71                      77
4559              443                79                386                69                      74
5129              451                81                388                69                      75
5699              447                80                395                71                      75

Table 4. Results of running gsi_sim in the R package assigner. Values are aver-
aged after 20 iterations. Due to limited sample sizes representing the northern
Bering Sea and southeastern Chukchi Sea strata, only the eastern Bering Sea
and the Beaufort Sea strata were analyzed here. For the upper half of the
table, a sample is considered to be assigned correctly if it had a probability of
assignment to its stratum of origin >50%. For the bottom half of the table, a
 sample was considered to be assigned correctly if it had a probability of 

assignment to its stratum of origin >70%
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Fig. 5. Assignment success (proportions of samples that as-
signed to their stratum of origin at 50% or greater) in the
empirical data (red) versus those generated from analysis of
datasets in which individuals are randomly assigned to 1 of 

2 strata of origin (green)
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Attempting to put the small but significant differ-
ence detected between the eastern Bering Sea and
the Beaufort Sea in the pairwise comparisons of SNP
data into the context of some of our other findings is
challenging given the limitations of many genetic an-
alytical approaches to discriminate be tween popula-
tions when divergence is low. For example, simulation
testing of clustering methods, such as STRUCTURE
(Pritchard et al. 2000, Evanno et al. 2005), has shown
that such methods may have trouble accurately iden-
tifying the number of genetic clusters, and assigning
individuals to those clusters, at low levels of genetic
differentiation (FST < 0.01) (Latch et al. 2006, Waples &
Gaggiotti 2006, Kalinowski 2011), an issue which may
persist even when thousands of loci are analyzed
(Benestan et al. 2015). The DAPC, which maximizes
between-group variability while minimizing that
within groups, has been able to at least partially sepa-
rate out weakly differentiated stocks in some scenar-
ios (e.g. Benestan et al. 2015, Leslie & Morin 2016,
Dussex et al. 2018). When used with the ringed seal
data, however, the DAPC was not able to identify ge-
netic clusters in the absence of a priori information on
geographic location of sampling and revealed sub-
stantial overlap of clusters even when geographic
stratifications were incorporated.

Some support for the general pattern of popula-
tion structure detected in our pairwise comparisons
can be derived from the assignment test results.
Assignment tests have been shown to lack power
when differentiation is low, although their perform-
ance also depends on sample sizes and the number
and variability of loci genotyped (Paetkau & Stro -
beck 1994, Berry et al. 2004, Paet kau et al. 2004,
Hall et al. 2009, Lowe & Allendorf 2010). Here, we
found that for the 2 most well-sampled groups, indi-
viduals could be assigned back to their stratum of
origin with moderately high success (>70%) using
the ~1100 loci that demonstrated the greatest dif-
ferences between groups, with maximum assign-
ment success (72% of the northern Bering Sea and
88% of the Beaufort Sea) being achieved when
between 2280 and 3419 loci were used. While these
patterns in assignment success suggest that a rela-
tively large number of loci are needed to have a
moderately high probability of correctly as signing
samples to groups, the results indicate that some
features (here, allele frequencies) differ be tween at
least the 2 most well-sampled strata, which would
be expected if population structure exists between
those groups. Benestan et al. (2015) used similar
methodology to conduct a LOO assignment test on
American lobsters, which, like Arctic ringed seals,

have high abundance and weak but significant
 levels of genetic differentiation (FST ~ 0.001). Similar
to our results, they found that assignment success
peaked at around 3000 loci. They also found that
average assignment success increased with the
number of individuals sampled, with mean assign-
ment success remaining <75% when fewer than 30
individuals were sampled from each group.

4.1.  Integrating other lines of evidence

In some cases where the genetic signal is small
and/ or its interpretation ambiguous, evaluating the
genetic results in the context of other lines of evi-
dence has proven informative. Within our study area,
however, there are limited data from additional lines
of evidence with which to corroborate the relevance
of our genetic findings. The observations of ringed
seals demonstrating fidelity to breeding sites over
multiple years are congruent with what would be
expected if natal fidelity is occurring, although the
lack of known returns of seals to breed in regions
where they were first identified as young of the year
limits the inferences about population structure that
can be drawn from the tagging data. In addition, the
finding of a pair of putative paternal half siblings that
were sampled in the same year at the same site is
intriguing. Given the size of the population and that
males are thought to maintain breeding territories
throughout a given breeding season, it seems im -
probable that 2 seals sired by the same male in the
same season would be sampled so close in proximity
the following season if they were choosing wintering
sites at random. While this finding suggests that at
least some male yearling seals show an affinity for
remaining in or returning to their natal site during
their first winter post-weaning, ringed seals do not
begin breeding until they are at least 6 or 7 yr old,
and tagging data have shown that subadult seals
overwinter near the ice edge, while breeding adults
winter farther north in heavy and shorefast ice
(Crawford et al. 2012). Thus, evidence that seals may
show fidelity to their natal sites during their first year
is not necessarily indicative of seals returning to their
natal sites as breeding adults.

Some evidence that population structure may exist
within the range of the Arctic ringed seal comes from
recent studies identifying morphometric and life his-
tory differences among seals inhabiting the Cana-
dian Arctic (Ferguson et al. 2018, 2019). Seals from
sites located in the northern portion of the area stud-
ied (the Canadian High Arctic) were larger (both in
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total length and girth) than their counterparts in the
more southern waters of Hudson Bay. The northern
seals grew more slowly, reaching asymptotic size 5 to
7 yr later than the southern seals; had lower fecun-
dity and longer life spans; and exhibited sexual di -
morphism that was not present among the southern
seals. Within this area, latitudinal differences in diet
and foraging behavior have also been observed (Yur -
kowski et al. 2016), and Ferguson et al. (2018, 2019)
suggest that the divergent life history patterns that
have emerged between the northern and southern
seals are a response to differences in local environ-
mental conditions. Of note, however, is that changes
in growth rates and the average age of maturity of
females have been observed to occur within areas
over short time scales (between 1975− 1984 and 2003−
2012) in ringed seals in Alaska due to environmental
conditions (Crawford et al. 2015), indicating there is
flexibility within the species for both morphology and
maturity.

4.2.  Study design considerations

All samples analyzed in this study were collected
opportunistically, either from harvested seals or
research programs focused on other objectives (i.e.
not on evaluating population structure). We only
used samples that were collected during the breed-
ing season to focus on the period when genetic differ-
ences by strata, if present, would be most pro-
nounced in the dataset. This restriction, however,
re duced the number of samples available for the
study. Given these limitations, we increased power to
detect demographically important genetic differenti-
ation by increasing the number of loci genotyped,
which, at least for microsatellite loci, has been shown
to improve statistical power more than a larger sam-
ple size (Hale et al. 2012, Landguth et al. 2012). Note,
however, that while the magnitude of differentiation
(FST = 0.001) was similar among all comparisons
except for 2 of those involving the northern Bering
Sea, significant differentiation in the pairwise com-
parisons only occurred among the 2 strata with the
highest (and roughly similar) sample sizes. In addi-
tion, comparisons based on random subsamples of
individuals from those 2 strata did not consistently
detect significant differentiation until the sample
sizes reached 20 or higher. While the failure to detect
significant differences in most of our comparisons
could be a reflection of insufficient sampling, simula-
tion-based studies have shown that with large num-
bers of SNPs (>1500 loci), accurate estimates of FST

can be derived with as few as 2 samples (Nazareno et
al. 2017).

Simulations have shown that in addition to sample
size, sampling scheme can also affect inference of
population structure (Schwartz & McKelvey 2009,
Koen et al. 2013, Oyler-McCance et al. 2013, Land -
guth & Schwartz 2014). While the strata analyzed
were represented by at least 8 samples genotyped at
~5700 loci, the sampling was uneven and patchy, and
large portions of the range of the Arctic subspecies
were not represented. Sample collection efforts
occurred over a 12 yr period, during which time the
sea ice conditions fluctuated. These fluctuations may
have affected the distribution and behavior of the
seals, but the limited number of samples collected
from any area in a given year was too small to evalu-
ate potential temporal changes in genetic diversity or
structure. Most of the samples representing the 2
northernmost strata were collected from seals killed
by polar bears and were broadly distributed through-
out a larger area, while all of the Bering Sea samples
were from harvested seals and were collected in a
few communities (Hooper Bay in the eastern Bering
Sea stratum and Savoonga and Gambell, which are
about 60 km apart, on Saint Lawrence Island in the
northern Bering Sea stratum). If adult seals show site
fidelity to breeding areas, irrespective of whether
such areas represent their natal sites, then more spa-
tially concentrated sampling of the 2 southern strata
relative to the northern strata could have increased
the probability of sampling related individuals (i.e.
half siblings). However, as long as each stratum is
sampled randomly, the inclusion of close relatives by
chance should not introduce a bias into our sample
sets. While the 1 putative paternal half-sibling pair
that was detected in our dataset was found in the
eastern Bering Sea stratum, the individuals were
sampled in different months of the same year (i.e.
they were not sampled together). Repeating the pair-
wise comparisons after removing 1 of the half siblings
did not change the results substantively (Table S3).

Our results, although robust, highlight the need for
dedicated sampling efforts to (1) increase the sample
sizes representing different areas, (2) fill in geo-
graphic gaps between sampling sites, and (3) broaden
the temporal scale of sampling to evaluate the stabil-
ity of the genetic signal.

5.  SUMMARY AND FUTURE WORK

As the Arctic continues to warm, ringed seals face
a variety of potential threats associated with declin-
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ing habitat quality. Given that the magnitude of
these threats to ringed seals is unlikely to be uniform
across their range, understanding connectivity be -
tween areas, and the mechanisms underlying it, is
important in predicting the overall risk to the sub-
species. For example, if connectivity is low and
fidelity to breeding areas is largely driven by the re -
turn to natal areas, the continued return of seals to
reproduce and breed in areas with low snow cover
and/or unstable ice would likely lead to low pup sur-
vival due to the collapse of subnivean lairs and the
subsequent exposure of pups to cold, increased pre-
dation risk, and potential early separation from their
mothers. Under this scenario, eventually the sites
most negatively impacted by climate warming would
no longer be used by seals for pupping and breeding
in the spring, although seals might continue to use
the area for foraging during the non-breeding sea-
son. However, if connectivity between breeding sites
is high and selection of sites is driven by prey distri-
bution, it is plausible that seals could choose to
reproduce and breed in areas with high prey avail-
ability but poor ice stability and/or low snow cover. In
such a case, overall declines in abundance associated
with reduced pup survival might occur, but the
breeding sites would continue to be used, acting as a
population sink.

Our results, as well as those of previous studies
(Davis et al. 2008, Martinez-Bakker et al. 2013), indi-
cate that interchange between ringed seal breeding
areas likely occurs. This connectivity, if it continues,
may protect the seals from the loss of evolutionary
potential and adaptive capacity as they navigate
habitat alterations and loss in the face of environ-
mental warming. However, the magnitude of nuclear
differentiation we observed between the southern-
most (eastern Bering Sea) and northernmost (Beau-
fort Sea) strata, while small, is markedly higher than
that estimated assuming 1% dispersal per year, and
the statistically significant differences between these
areas suggest a lack of panmixia across our study
area. In combination with the relatively high rate at
which samples from these 2 strata could be geneti-
cally assigned to their region of origin, these results
suggest that subtle, but demographically important,
structure is present among breeding areas used by
Arctic ringed seals in the Bering, Chukchi, and Beau-
fort seas, consistent with most seals returning to their
natal sites to breed as adults. If such return continues
despite reduced habitat quality at breeding sites
most negatively affected by environmental warming,
declines in the number of seals breeding in those
areas could occur.

Our results suggest that a comprehensive analysis
of samples collected during the breeding season and
throughout the range of the Arctic subspecies, in com-
bination with the large-scale genotyping ap proach
used here, is needed to more fully assess demographic
structure across the range and to thereby better under-
stand the impacts of future environmental changes
on ringed seals. One advantage of the approach used
here is that it provides a re source from which SNP
genotyping assays could be de signed that would
facilitate expanding the spatial as well as temporal
scope of the current study. In particular, these data
could be mined to identify a panel of the most in -
formative SNPs that could be used with low-quality
and/or historic samples, which might greatly expand
the number of samples. Another genetic approach
that has proven useful for characterizing population
structure in weakly differentiated populations is kin-
ship analysis (Kane & King 2009, Saenz-Agudelo et
al. 2009, Palsbøll et al. 2010). Such an approach is
challenging in large populations (Hellberg 2009)
given the number of samples that need to be col-
lected and genotyped. However, concentrated sam-
pling of seals in a portion of the range that is contin-
ued over multiple breeding seasons could provide
insight into whether natal fidelity occurs, in which
case, with sufficient sampling one would expect to
find individuals of breeding age that represent parent−
offspring pairs.
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