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In brief

Although bowhead whales remained
genetically stable through 11,000 years of
Holocene environmental change,
commercial whaling upended this long-
term stability, driving population
subdivision and genomic erosion that are
still unfolding today.
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SUMMARY

Bowhead whales were heavily exploited during commercial whaling between the 16th and 20th centuries.
Current and near-future climate warming poses a new threat. Assessing bowhead vulnerability to climatic
change remains challenging due to insufficient knowledge regarding responses to past climates and pre-
whaling population dynamics. We integrate paleogenomics and stable isotopes (6'3C and 6'°N) from 206
bowhead fossils from the Atlantic Arctic with paleoclimate and ecological modeling based on 823 radio-
carbon-dated fossils, including 140 from this study. We find long-term resilience of bowheads to Holocene
environmental perturbations, with no detectable changes in genetic diversity or population structure. Simu-
lated commercial-whaling-driven genetic and fitness changes indicate that population subdivision and loss
of genetic diversity are unlikely to be fully realized, despite nearly a century since whaling ceased. Further-
more, even in simulated complete population recovery scenarios, overall fitness did not return to pre-whaling
levels, potentially compromising the future resilience of bowhead whales.

INTRODUCTION

Humans have relied on cetacean species to support their liveli-
hoods for millennia, with whale bones being common at many
coastal archaeological sites." In the Arctic and subarctic, subsis-
tence harvesting of cetaceans started with the arrival of the pre-
contact Inuit culture (Thule) ~1,000 years ago® and remains sig-
nificant to communities across the Arctic today. Bowhead
whales (Balaena mysticetus)—the only baleen whale found in
the Arctic year-round—were harvested relatively heavily by the
Thule,® who are the ancestors of modern Inupiat and Inuit. The
Thule culture emerged in Alaska around 1000 CE and, beginning
some time after 1200 CE, spread rapidly eastward, colonizing

much of the Canadian Arctic and Greenland.” Their subsistence
practices varied regionally, but in some areas, such as around
Somerset Island, bowhead whales were targeted during the
Classic Thule period (~1200-1500 CE).°

Levels of Thule harvests of bowhead whales in the central and
eastern Canadian Arctic are difficult to estimate but have been
approximated at ~11,500 whales landed between 1200 and
1529 CE,® roughly 20% of the total commercial harvests that fol-
lowed. Although the number of bowhead whales taken by the
Thule is large, these early hunters mainly targeted non-breeding
whales (primarily yearlings).® This age-selective harvest is likely
to have had limited impact on population growth and, hence,
population size. This is because compensatory dynamics, such
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as reduced intraspecific competition and natural mortality
replacement, can offset the loss of young age classes.”® Thus,
major anthropogenic-driven population declines of bowhead
whales likely did not occur before the introduction of commer-
cial-scale harvesting in 1540 CE.°

The bowhead whale was one of the first whale species to be
commercially exploited, beginning with whaling by the Basques
in the Strait of Belle Isle in southern Labrador, Canada.'® After
depletion of the whales around Labrador, the hunt moved east
to Svalbard (Norway) in 1611 CE,""'? and in 1847-1849 CE,
commercial whalers started to exploit the North Pacific, both
the Sea of Okhotsk and the Bering Sea.'’

Cumulative offtake (relative to population size) during the four
centuries of commercial bowhead whaling is estimated to have
been much more severe in the eastern sector of the Atlantic
Arctic compared with areas in the western sector.'® Prior to
whaling, the ’'East Greenland-Svalbard-Barents Sea’ (EGSB)
stock numbered in excess of 52,000 bowheads.'? Currently,
this population likely numbers only a few hundred individ-
uals.'®'® In contrast, a pre-whaling estimate for the 'East Can-
ada-West Greenland’ (ECWG) stock is ~18,500 individuals,'*
and the current population numbers ~6,000 individuals.'®

The main reason for commercial exploitation of bowhead
whales was the value of the oil rendered from their blubber,
which comprises 45%-55% of the weight of an individual.'®
Whale oil was the main source of light in cities across Europe
and the eastern United States until the mid-1800s, when gas
and then later petroleum became available.'® By the early 20th
century, when commercial bowhead whaling ceased to be prof-
itable, populations had been driven close to extinction.'® Bow-
head whale protection was put in place in 1931 with the signing
of the “Convention for the Regulation of Whaling,”® which
banned the harvest of all species in the right whale family
(Balaenidae).

The decimation of bowhead populations caused by com-
mercial whaling likely had wide-reaching effects, not only via
the loss of genetic diversity—and therefore the adaptive po-
tential of bowhead whales themselves —but also on Arctic ma-
rine food webs'’ and on Indigenous communities reliant on
these ecosystems for subsistence.'®'® Bowhead whales are
a major consumer of copepods and other zooplankton and a
keystone species responsible for nutrient cycling in Arctic
ecosystems. They live in tight association with sea ice, which
provides them with protection from killer whales (Orcinus
orca)’® and also provides them with a low-competition
environment.?’

The distribution and genetics of contemporary bowhead pop-
ulations provide valuable information on present-day levels of
population subdivision and genetic diversity.”>>° Although ge-
netic data from contemporary bowhead whale populations
have been used to study the genetic impacts of whaling,?*?5*"
detecting and quantifying population size changes using
contemporary data alone is challenging. This is partly because
of the long generation times of the species (35-50 years®?),
leading to a slow accumulation of genetic signatures of past de-
mographic events.”® Thus, the genetic consequences of
whaling are unlikely to be fully evident using contemporary
data alone.
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An accurate representation of long-term, pre-whaling popula-
tions is necessary to assess the near-future responses of bow-
head whales to a changing Arctic. To predict how bowhead
whales will respond to near-future change, we must first under-
stand long-term, baseline patterns of population diversity and
subdivision. By examining the impact of past environmental
shifts on populations, we can better assess the genomic conse-
quences of commercial whaling. This historical lens is key to
evaluating their resilience moving forward.

Previous studies that have used mitochondrial DNA retrieved
from ancient and present-day bowhead whales to assess the im-
pacts of past climate change and commercial whaling®®='
concluded that neither climate nor whaling has left a genetic
impact. However, mitochondrial DNA represents just a single
maternally inherited locus, raising questions as to whether the
data analyzed had the capacity to reveal the genetic effects of
these processes. Whole-genomic data, which incorporates
thousands of independent loci, provides a more powerful
approach to assessing past changes in demography and popu-
lation relationships.

Bowhead whales have an exceptional—and, in the context of
other marine mammals, unprecedented—fossil record. Bow-
head whales usually float when dead,*” and carcasses end up
on shore more frequently than is the case for other large ceta-
ceans that tend to sink to depth when they die. Large numbers
of bowhead bones discovered on beaches in the Canadian
Arctic Archipelago and in the Svalbard Archipelago (Norway)
span the past 11,000 years and provide a detailed chronology
of bowhead occurrence in these regions. The unprecedented
spatial and temporal extent of fossil remains has enabled their
use as proxies to estimate the timing and extent of Holocene
changes in sea-ice cover, sea level, and glaciation in sectors of
the Atlantic Arctic.*%

Using a multi-faceted approach integrating ancient biomole-
cular analyses (radiocarbon dating, ancient DNA/paleogenom-
ics, and stable isotope [5'°C and 5'°N] analysis) with paleocli-
mate data, ecological models, and genomic simulations, we
investigated the past 11,000 years of bowhead whale eco-evolu-
tionary history in the Atlantic Arctic, building on inferences from
the exceptional Holocene fossil chronology of 823 radiocarbon-
dated fossil remains, of which 140 are from this study (Figure 1).
Specifically, we (1) establish a long-term baseline of pre-whaling
demographic trends of bowhead whales, (2) elucidate the
genomic and paleoecological responses of bowhead whales to
Holocene climate change events, and (3) evaluate the future
long-term evolutionary impact of commercial whaling on the
species.

RESULTS AND DISCUSSION

Holocene environmental changes and habitat suitability

Our high-resolution paleoclimate reconstructions of Holocene
environmental change based on the HadCM3B-M2.1 for the Ca-
nadian Arctic and Svalbard archipelagos reveal fluctuations in
average sea-surface temperature (SST) and sea-ice cover (per-
centage of the predefined area covered by sea-ice) during the
past 11,000 years, with the most dramatic changes occurring
around Svalbard (Figures 2A and 2B). We find evidence of
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correlation between these two variables: R? = 0.62 for the Cana-
dian Arctic Archipelago and 0.93 for the Svalbard Archipelago
(Figure S1; Table S1). The HadCM3B-M2.1 is a specific version
of the Hadley Centre’s climate model HadCMS, used for simu-
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Figure 1. Sample localities and ancient bio-
molecular data for the Holocene bowhead
whale fossil assemblage

(A) Map showing the geographic range of the two
recognized bowhead management stocks in the
Atlantic Arctic. Faded colors show the historical
distribution that was lost after commercial
whaling. Current summer sea-ice concentrations
across the Arctic Ocean are indicated by blue
lines. The locality of the Holocene fossil samples
from which we retrieved ancient biomolecular
data (5"3C and §'°N stable isotopes, ancient DNA)
are shown as red dots. Sampling locations of the
individuals used to generate the contemporary
genomes are shown as yellow dots, and specific
geographic localities mentioned in the text are
indicated by a star.

(B and C) The complete dataset from (B) the Ca-
nadian Arctic Archipelago and (C) the Svalbard
Archipelago, including the total number of
radiocarbon-dated fossils, stable 5'3C and §'°N
isotopes, and ancient DNA for genetic sexing,
nuclear genomes (>0.2x coverage), and mito-
chondrial genomes (>10x coverage), are shown
in 500-year time bins.

lating climate processes over the past
60,000 years.* It shows that the largest
shifts in SST and sea-ice cover are likely
to have taken place in the early Holo-
cene, with large peaks in SST and
troughs in sea-ice cover in the Canadian
Arctic Archipelago at ~10-8.5 thousand
years ago (kya). This timing roughly coin-
cides with the onset of the Holocene
Thermal Maximum®®*” and the opening
of the Nares Strait ~9 kya that connects
Baffin Bay and the Lincoln Sea to the
Arctic Ocean, flooding the region with
nutrient-rich water from the Atlantic.*®
Differences in the timing of paleocli-
matic shifts in the western and eastern
sectors of the Atlantic Arctic probably
reflect heterogeneity in the timing and
duration of the Holocene Thermal
Maximum across the Arctic.®” The rapid
decline in SST observed in Svalbard ~6
kya may signal the end of the Holocene
Thermal Maximum in the region (Figure
2A). However, despite pronounced early
Holocene fluctuations in SST and sea-
ice cover, our ecological models do not
suggest concurrent changes in the esti-
mated area (Figure 2C) or spatial distribu-
tion (measured as average latitude)

(Figure 2D) of suitable bowhead whale habitats. Conversely,
habitat suitability projections are relatively stable across time
(Video S1), with suitable habitat being weakly correlated with
SST and sea-ice cover; R? values between 0.03 and 0.24
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Figure 2. Holocene environmental change, habitat suitability, and
paleoecology

(A and B) Holocene (A) SST and (B) percentage of the predefined area covered
by sea ice.

(C) Percentage of the predefined area containing suitable habitat for bowhead
whales based on our models.

(D-F) (D) Average latitude of suitable habitat within the predefined region.
Bone collagen stable (E) 5'3C and (F) §'°N isotope values from 196 Holo-
cene bowhead whale fossils, and their genetic sex, if available; the spec-
imens included 94 females, 78 males, and 24 individuals for which sex
could not be determined. Trend lines are from a local weighted regression
smoothed to fit our scatterplot data. Information about the Canadian Arctic
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(Figure S1; Table S1) suggest a level of resilience of bowhead
whale habitat to the climatic perturbations of the Holocene.

In agreement with our continuous spatiotemporal estimates of
suitable habitat, we observed limited changes in genetic diver-
sity of bowhead whales across the Holocene, as measured by
genome-wide single-nucleotide polymorphism (SNP) heterozy-
gosity and nuclear and mitochondrial nucleotide diversity () as-
sessed in 1,000-year time bins (Figures 3A and S2; see extended
data figure 1 and tables 1-3 on Zenodo). Correlations between
genome-wide SNP heterozygosity and SST and sea-ice cover
were low (R? values < 0.133) (Figure S3; Table S1). This suggests
that Holocene environmental shifts, as identified by changes in
SST and sea-ice cover, had negligible impacts on genetic diver-
sity and, presumably, population abundance of bowhead
whales. Alternatively, any local changes in genetic diversity
were buffered by inter-regional migration and gene flow.

Nevertheless, the apparent long-term stability observed in
bowhead whale genetic diversity across the Holocene, despite
significant environmental perturbations, is in contrast with other
Arctic marine mammals for which Holocene population recon-
structions are available. For example, Greenlandic polar bears
(Ursus maritimus) experienced marked concurrent declines in
suitable habitat and in effective population size during the Holo-
cene in response to increasing SST and decreasing sea-ice
cover.*

Spatiotemporal patterns of bowhead paleoecology

To further investigate the response of bowhead whales to envi-
ronmental change, we analyzed bone collagen stable carbon
(6'3C) and nitrogen (5'°N) isotope compositions from our fossil
chronology (Figures 2E and 2F; see extended data figure 2 on
Zenodo). These data provide a proxy for assessing temporal
shifts in resources at the base of the food web, i.e., in primary
productivity or nutrients, which can be driven by climatic and
environmental change.’® Bowhead whales are specialized
zooplankton feeders, and thus it is unlikely that they would shift
their trophic position during the time investigated by our study.
However, sea-ice microalgae, growing within and under sea
ice, and phytoplankton, growing in open water, experience
regional shifts in community composition and abundance in
response to reductions in sea-ice cover and thickness that alter
primary production regimes.*' These shifts at the base of the
food web drive bottom-up changes in ecosystem structure and
function, affecting pelagic secondary production. Such shifts
are reflected in the tissue isotopic and chemical compositions
of consumers, including bowhead whales.*?

Our analysis did not reveal a strong correlation between
spatiotemporal changes in bowhead 5'°C or §'°N signatures
and suitable habitat (R? < 0.066), although weak correlations be-
tween §'3C, §'°N, and both SST (R? < 0.22) and sea-ice cover
(R? < 0.12) were detected (Figures 2, S4, and S5; Table S1).
The overall trend in § isotope values through time was consistent,
regardless of the sex of the individual (see extended data figure 2

Archipelago is shown in orange and that from the Svalbard Archipelago is
shown in green.
See also Figures S1 and S3-S5.
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Figure 3. Spatiotemporal patterns of genetic diversity and popula-
tion subdivision in bowhead whales across 11,000 years

(A) “Corrected” individual genome-wide nuclear SNP heterozygosity. Het-
erozygosity values were corrected in the Holocene fossil individuals by
simulating ancient DNA damage patterns onto contemporary individuals and
calculating the deviation from the original, high-quality version of the same
individual. Error bars represent one standard deviation from the mean.

(B) The first axis of a PCA, plotted against the age of each sample. The ana-
lyses were based on genotype-likelihoods computed from genome-wide data
from 44 Holocene fossil individuals with at least 0.2x coverage and 19
contemporary individuals using PCAngsd. A Tracy-Widom test on the eigen-
values showed that only PC1 was significant, p < 0.01. Samples from the
Canadian Arctic Archipelago are shown in orange (33 pre-whaling Holocene, 7
contemporary). Samples from the Svalbard Archipelago are shown in green
(11 pre-whaling Holocene, 12 contemporary). Analyses were performed using
a panel of 2,280,657 transversion SNPs.

See also Figures S1 and S3-S5.

on Zenodo). We also did not find any strong correlation
(R? < 0.093) between 5'°C and 5'°N signatures, or between
5'3C, 5'°N, and genome-wide SNP heterozygosity (Table S1;
see extended data figures E3 and E4 on Zenodo). Our findings
show similar 5'3C values between the western and eastern sec-
tors of the Atlantic Arctic until ~6 kya, when 5'°C increased in in-
dividuals from the Canadian Arctic Archipelago relative to the
Svalbard Archipelago. §'3C values in specimens from the Cana-
dian Arctic Archipelago continued to rise until ~3.5 kya. The
timing of the onset of the increase corresponds with the end of
the Holocene Thermal Maximum, which may have caused a shift
in primary producers as temperatures changed. A similar in-
crease in §'°C has also been documented in Northwest
Greenland in sedimentary organic carbon,*® suggesting that
this pattern is not specific to bowhead whales but rather reflects
aregional shift in primary productivity in the western sector of the
Atlantic Arctic.

The clear differentiation in 5'N between bowhead whales
from the Canadian Arctic Archipelago and the Svalbard Archipel-
ago is likely due to regional variability in §'°N at the base of the
food web, as has been reported in other marine predators. %444
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During the second half of the Holocene, 5"°N in bowhead whales
around both the Canadian Arctic Archipelago and the Svalbard
Archipelago decreased gradually (Figure 2F), suggesting a
slow change in nutrient dynamics, possibly decreasing rates of
sedimentary denitrification, a process that results in *N-enrich-
ment in water column organic matter in Arctic and subarctic con-
tinental shelf environments.*® Such a change would be reflected
in the §'°N of consumers, such as bowhead whales.*’

Spatiotemporal patterns of genomic structuring
Bowhead populations are recognized by the International
Whaling Commission (IWC) as comprising four geographically
segregated stocks, based on genetics and non-genetic data,
including telemetry.*® Contemporary bowhead whales in the Ca-
nadian Arctic Archipelago belong to the ECWG stock (Figure 1A).
Contemporary bowhead whales from around the Svalbard Archi-
pelago belong to the EGSB stock. Bowhead whales regularly
travel within their respective management stock boundaries dur-
ing the year.

Our Fst analysis shows that the level of genetic differentiation
between the two stocks is ~3.7 x higher at present than during
the Holocene (0.0018 vs. 0.007). Although overall low, this indi-
cates a greater level of population subdivision between contem-
porary stocks than in the past (see extended data figure 5 on
Zenodo). Indeed, our principal-component analysis (PCA) found
no indications of genomic population subdivision in our fossil in-
dividuals, suggesting that bowhead whales comprised a single
panmictic population during the Holocene (Figure 3B; see
extended data figures 6-11 on Zenodo). However, regional dif-
ferences in 5'°N values suggest that whales primarily fed locally,
in areas corresponding to where their fossils were found
(Figure 2F). Although this points to some degree of geographic
segregation in foraging behavior, the lack of genetic structure
in the past indicates that gene flow between regions persisted
throughout the Holocene. This apparent contrast likely reflects
the different timescales captured by genetic vs. isotopic data:
while stable isotopes reflect short-term (decades), individual-
level foraging behavior, genomic data integrate signals over
many generations and are therefore more sensitive to long-
term gene flow. Even infrequent interbreeding is likely sufficient
to maintain genetic homogeneity, as our evolutionary simula-
tions suggested that the introduction of just one migrant per gen-
eration can counteract genetic drift and prevent population
divergence.

Our simulations show that a lack of post-whaling migration be-
tween stocks could still result in the genetic differentiation pat-
terns we see in our empirical data (Figure 4). This finding is in
contrast with what is known about contemporary stocks, as no
migration between regions has been recorded.**~*! Our ecolog-
ical modeling also supported a scenario of sustained Holocene
connectivity between the western and eastern sections of the
Atlantic Arctic; we found a high likelihood of suitable habitat
around both northern and southern Greenland, connecting the
Canadian Arctic Archipelago and the Svalbard Archipelago
from 11,000 years ago until 1950 (the most recent time point in
our models) (Video S1). The potential for connectivity via paths
north of Greenland is supported by fossil evidence of bowhead
whales in the far north of Greenland during the Holocene
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Figure 4. ABC results and simulated impact of commercial whaling
based on different recovery scenarios to percentages of pre-whaling
levels

(A) ABC results. Colored lines represent the posterior distribution of the
simulated populations representing the Canadian Arctic Archipelago (orange)
and the Svalbard Archipelago (green) under various population bottleneck
proportions. The dashed line represents the prior distribution.

(B-D) Simulated future projections, based on different recovery and migration
scenarios: (B) changes in Fsr between the two populations; (C) changes in
diversity (genome-wide heterozygosity) within the Canadian Arctic Archipel-
ago and Svalbard Archipelago populations; and (D) changes in fitness within
the Canadian Arctic Archipelago and Svalbard Archipelago populations.
Fitness was calculated by converting realized genetic load to mean population
fitness as e R+, following Bertorelle et al.>? Simulated bottleneck scenarios
included the population representing the Canadian Arctic Archipelago
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(Video S1). As our models are based on summer-suitable habitat,
it can be assumed that there were higher levels of suitable
habitat around southern Greenland during the winter, which
could have facilitated connectivity. Although there is no fossil ev-
idence from southern Greenland, this may be due to the acidity
of substrates in the region, which likely limits preservation of
organic material, potentially masking the presence of bowhead
whales.

The genomic impacts of commercial whaling

At the onset of commercial whaling, the range of bowhead
whales extended south of their current winter range in northern
Labrador, Canada (Figure 1A).°® Their range included the Strait
of Belle Isle and the Gulf of St. Lawrence, which were the first
areas where bowhead whales were heavily hunted by Basque
whalers.'® Their current absence from these areas can be ex-
plained by the extirpation of bowhead whales from the southern
parts of their range due to early commercial harvests.'® How-
ever, it could also be explained by a reversal of the relative south-
ward displacement of bowhead whales during the cooler cli-
mates of the Little Ice Age (~1300-1900 CE). Nevertheless, the
extirpation of bowhead whales from this area may have caused
a disruption in connectivity between contemporary stocks rela-
tive to their pre-whaling counterparts (Figure 3B).

During the four centuries of commercial bowhead whaling,
the cumulative harvests in the eastern sector of the Atlantic
Arctic are estimated to have been much more severe than in
the western sector.'® Estimates based on whaling records sug-
gest a >98% population size reduction in the east'>'® and an
~70% population size decline in the west.'*'® The difference
in whaling intensity between regions is mirrored in our dataset;
contemporary EGSB individuals have significantly lower mean
genome-wide SNP heterozygosity and lower genome-wide
nucleotide diversity compared with Holocene individuals (our
analysis suggests ~2% loss between pre- and post-whaling in-
dividuals for each estimated metric) (Figure 3A; see extended
data figure 1 and tables 1-3 on Zenodo). In contrast, contem-
porary bowhead whales from the ECWG stock have diversity
values that do not significantly differ from Holocene individuals
from the Canadian Arctic Archipelago, indicating that they more
closely reflect pre-whaling diversity than their Svalbard
counterparts.

The genetic impact of whaling is also visible to some degree in
the genomes of individuals from the contemporary EGSB stock.
Our demographic inference, using only the 12 contemporary in-
dividuals, estimated an ~12% loss in effective population size
(Ne) ~ 5 generations ago, which is equivalent to 250-175 years
ago, assuming a generation time of 35-50 years®” (see extended
data figure 12 on Zenodo). Similar findings were recently

decreasing by 48%, the population representing the Svalbard Archipelago
decreasing by 92%, and migration between the populations either ceasing
(migrants = 0 per generation) or continuing at the same level as pre-bottleneck
(migrants = 1 per generation) after the bottleneck. Plots start at the onset of the
simulated commercial whaling bottleneck ~525 years ago. Recovery scenario
to 25% of the pre-whaling population size for the Canadian Arctic Archipelago
was left out, as the simulated population only decreased to 48% of the pre-
whaling size.
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reported in bowhead whales in the ECWG stock, which showed
a large decrease in N, ~ 4 generations ago.?® However, demo-
graphic reconstruction based exclusively on contemporary ge-
netic data can be challenging, as inferences of past population
size changes are indirect and may be hindered by long genera-
tion times, short bottleneck duration, and population structure.*
Thus, long-term, pre-whaling data are imperative for reliably
quantifying the relative and long-term genetic impact of com-
mercial whaling.

To estimate the most probable magnitude of the bottleneck
caused by commercial whaling, we compared our empirical es-
timates of spatiotemporal changes in genetic diversity and Fst
(Figures 3A and S2; see extended data figure 5 on Zenodo)
with genomic simulations of various demographic scenarios in
an approximate Bayesian computation (ABC) framework
(Figure 4A). The prior distribution for the magnitude of the bottle-
neck in the Canadian Arctic Archipelago did not differ from the
posterior. This means we could not accurately estimate the
bottleneck size required to maintain genetic diversity, as
observed in the empirical dataset. In other words, the Canadian
population could have actually experienced any of our potential
scenarios, from no bottleneck to strong declines, as reductions
in N, often leave weak or delayed genetic signatures that may
not be detectable over short timescales.”® Using a model of a
2% relative reduction in genetic diversity in a population
modeled after our pre-whaling Svalbard Archipelago population,
we estimate that the most probable population decline was
approximately 92%.

Using forward evolutionary simulations, we show that popula-
tion divergence and loss of genetic diversity associated with
commercial whaling are not yet fully realized in contemporary
populations (Figures 4B and 4C), likely due to the long generation
time of bowhead whales and the relatively recent timing of their
population bottleneck. The relative diversity of contemporary
bowhead whales underestimates the actual loss due to whaling,
which ceased in both regions less than ~5 generations ago.'°
Thus, it will likely take several more generations for the genetic
signs of low population size to become evident. This is not unex-
pected, as loss of genetic diversity has a time-lag relative to de-
mographic decline, particularly in long-lived species.”® Genetic
diversity loss in collapsed populations (e.g., Svalbard Archipel-
ago) is expected to continue, even if there is demographic recov-
ery,”>°% as small populations continue to pay a “genetic drift
debt.”’

Simulations incorporating different population recovery sce-
narios showed that, even in the best-case scenario, in which
both populations rebounded to their original pre-whaling sizes
(100% recovery), population differentiation would remain
elevated and genetic diversity would continue to decrease over
the next ~1,000 years (Figures 4B and 4C), albeit at different
rates depending on the recovery scenario. However, our findings
indicate that fitness recovers as demography recovers
(Figure 4D), likely because selection is effective at removing
some of the accumulated genetic load. Despite this, genetic
load and loss of fitness will likely never return to pre-whaling
levels within our simulated time frame, up to the year 3500 CE,
potentially leaving bowhead whales permanently less robust
than they were prior to commercial whaling.

¢? CellPress
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Our finding of sustained genomic erosion, especially in the
EGSB stock, brings into question the long-term resilience of
the population. Although fitness may recover as selection re-
moves deleterious variants, the ongoing loss of genome-wide di-
versity threatens their adaptive potential in response to future
environmental change. This depends on the available additive
genetic variance, which genetic drift reduces in collapsed popu-
lations.”> Genome-wide diversity is a key predictor of both pop-
ulation viability and adaptive potential.’®*° Beyond limiting
evolutionary potential, the loss of genome-wide diversity can
also erode immunogenetic variation,®° leaving collapsed popula-
tions more susceptible to emerging diseases. The loss of genetic
diversity will likely be exacerbated by further declines in popula-
tion size, which are predicted based on modeled future patterns
of habitat suitability, showing a significant decrease and north-
ward shift toward 2100 CE.®"® Qverall, our findings highlight
the pressing need for long-term protection and (genetic) moni-
toring of bowhead whale populations.

The relative impact of commercial whaling
Prior to commercial whaling, bowhead whales in the western
sector of the Atlantic Arctic endured hundreds of years of Palae-
oinuit subsistence hunting. The average harvests translate to
~40 individuals per year for Thule subsistence harvests and
~150 individuals per year for commercial harvests. However,
there was a relatively short, concentrated period of significantly
higher commercial takes in eastern Canada and West
Greenland, of up to 1,500 individuals per year between ~1830
and 1840 CE.®

Based on the size of bones retrieved from archaeological
sites, Thule are inferred to have focused almost exclusively
on non-breeding individuals (yearlings and small juveniles)®
and thus likely had lower impacts on the species relative to
commercial whaling, which was either non-selective or tar-
geted the largest animals.®® Indeed, a negligible impact of
Indigenous whaling is supported by our findings, which show
no evidence of genetic diversity loss prior to commercial
whaling (Figure 3). The longer period of sustained bowhead
harvests in the Canadian Arctic Archipelago by Thule and
commercial whalers, relative to Svalbard, where there have
never been subsistence harvests, makes the regional patterns
of diversity loss in contemporary individuals all the more pro-
found; our data show that commercial exploitation left the
Svalbard whales in a much worse state than their Canadian
counterparts, in agreement with regional differences in harvest
estimates.'®

The Arctic is experiencing transformative change due to
climate warming. The region is experiencing a 4-fold amplifi-
cation of the rate of change in temperature compared
with the global average.® Climate models predict further in-
creases in SST and losses of sea-ice cover in our two study
regions in the near future®°® (see extended data tables 4
and 5 on Zenodo). Although some climatic perturbations at
the Pleistocene/Holocene transition were similar in pace and
magnitude to what is predicted for the 21st century,®® abso-
lute temperatures in the Arctic this century are predicted to
exceed those experienced during the past 55 million
years.®®®” We show that bowhead whales across the Atlantic

Cell 189, 1-14, April 2, 2026 7



https://zenodo.org/records/17660988
https://zenodo.org/records/17660988

Please cite this article in press as: Westbury et al., Four centuries of commercial whaling eroded 11,000 years of population stability in bow-
head whales, Cell (2026), https://doi.org/10.1016/j.cell.2026.02.022

¢? CellPress

OPEN ACCESS

Arctic are likely to have been resilient to the past 11,000 years
of environmental perturbations. Our results indicate that higher
levels of nuclear genetic diversity and higher potential for gene
flow during the Holocene could have promoted genetic and
demographic stability in the face of past environmental
change. However, our study indicates that the impacts of
commercial whaling are driving population subdivision and
eroding genetic diversity and that we have yet to see the full
genomic consequences of the commercial decimation of bow-
head populations, which may impact the species’ resilience to
near-future climate change.

Bowhead whales are a sentinel species for elucidating the im-
pacts of environmental changes on Arctic marine ecosystems.®®
The exceptional bowhead whale fossil record—unique at a
global scale—provides a window into 11,000 years of bowhead
whale eco-evolutionary history and, by extension, the short-
chained food web of which they are a part. Our approach inte-
grates radiocarbon dating, genomic data, stable isotope anal-
ysis, ecological modeling, and simulations, providing a solid
framework for investigating long-term ecosystem response to
climate change and anthropogenic pressures. By linking past
environmental changes with species-specific responses, our
findings illustrate how anthropogenic pressures have disrupted
thousands of years of ecosystem stability. This underscores
the profound and lasting impact of human activities on Arctic
biodiversity and highlights the urgency of understanding how
historical disruptions shape the resilience of ecosystems today
and into the future.

Limitations of the study

Despite the comprehensive nature of our multi-proxy approach,
there are inherent limitations in our study. Although the integra-
tion of radiocarbon dating, paleogenomics, stable isotope, and
habitat modeling data provides considerable baseline insight
into long-term bowhead whale eco-evolutionary dynamics, it
is possible that physiological or behavioral traits that are not
visible in the fossil record, or recoverable through ancient bio-
molecules, may have changed in bowhead whales to cope with
past changes in the environment. Relatively little is known
about the current genetic health and demography of contem-
porary bowhead populations, particularly around Svalbard,
which makes it difficult to incorporate present-day population
status into future genomic simulations. Due to the low coverage
and damaged nature of paleogenomic data, we employed a
filtered SNP panel for our heterozygosity estimates; although
this enables robust relative comparisons within our dataset,
these values are not directly comparable to previously pub-
lished studies using different methodologies or datasets.
Furthermore, our finding of long-term stability in habitat suit-
ability is conditional on the spatial resolution of the paleocli-
mate simulations and ecological models employed. The resolu-
tion (1° x 1° latitude/longitude) reflects the limits of currently
available data for long-term paleo reconstructions, and it is
possible that finer-scale analyses could reveal more pro-
nounced local changes or shorter-term fluctuations in suitable
bowhead whale habitat. Lastly, because bowhead whale distri-
bution and movements can differ markedly between summer
and winter, our use of summer data for ecological modeling
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may underestimate the complexity of their year-round habitat
use. This consideration is particularly relevant in the context
of historic panmixia, as southward winter movements could
have further facilitated inter-population breeding and gene
flow during the Holocene.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Eline D. Lorenzen
(elinelorenzen@sund.ku.dk).

Materials availability
This study did not generate any new unique reagents.

Data and code availability

Raw genomic sequencing data are available at NCBI Bioproject ID
PRJUNA1174153, and code for the ecological models can be found at DOI:
https://doi.org/10.17605/0sf.io/gbxsy. Additional supplementary figures and
tables (Extended data figures 1-24 and Extended data tables 1-9) have
been deposited on Zenodo and are available at DOI: https://doi.org/10.
5281/zenodo.17660988.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The foundation of this study is two time series of radiocarbon dated subfossil bowhead whales (Balaena mysticetus) spanning the
Holocene (Figure 1A). The fossils — from the Canadian Arctic Archipelago and the Svalbard Archipelago (Norway) — were collected
in the field and partly radiocarbon dated by geologists in the 1980s and 1990s. Based on their individual radiocarbon age and relative
placement on raised beach ridges, the fossils were previously used to estimate Holocene changes of sea ice, sea level, and
glaciation.®33*

In essence, the two time series represent geographically independent lenses into the Holocene history of bowhead whales, one
from the western sector of the Atlantic Arctic (Canadian Arctic Archipelago), the other from the eastern sector of the Atlantic Arctic
(Svalbard Archipelago). We revisited the two fossil chronologies, and analysed a subsample of the bowhead whale specimens using
stable §'3C and 5'°N isotopes and ancient DNA. This overlap in the fossil record allows us to draw comparisons between environ-
mental changes and genetic changes, aligning different rates of response within a single temporal framework.

Bone collagen stable 5'°C and 5'°N isotope values provide data on the foraging ecology and feeding habitat of individuals, aver-
aged over years to decades.’® Thus, the temporal resolution of these data are on the time span of the past years to decades, relative
to the age of the specimen. Thus in the context of the 11,000 years investigated in our study, the stable isotope data provide insights
into shorter-term ecological and food-web changes, reflecting shifts in feeding habitat and prey composition that respond relatively
quickly to climate fluctuations.

The genetic profiles of the fossil specimens were compared with contemporary bowhead whale individuals from each area
(Figure 1A), to investigate spatiotemporal patterns of substructuring and diversity across the Atlantic Arctic. Genetic data capture
changes over more extended periods, reflecting population-level responses to longer-term environmental pressures, which are often
cumulative and only detectable after multiple generations.?® However, because our palacogenomic data come from a chronological
series of fossils spanning thousands of years, we are able to track gradual genetic changes alongside the shorter-term ecological
shifts revealed by isotopic data. To take our genetic results into the future, we incorporated forward-in-time genomic/evolutionary
simulations to assess the long-term impacts of commercial whaling derived from our results comparing the fossil and contemporary
individuals.

We used the global fossil chronology of bowhead whales, comprising 823 radiocarbon dated fossils (140 of which are from this
study) and reconstructions of climate and environmental conditions to inform ecological models and estimate bowhead whale habitat
suitability at fine spatial and temporal resolutions throughout the Holocene. Our modelling approach provides broad-scale insights
into how the geographic distribution of suitable habitat for bowhead whales shifted in response to climate-driven environmental
change at generational timescales. The fine temporal resolution of our spatial analysis delivers information on species-
environment relationships that are scalable to current-day conservation management and policy decisions.®® When integrated
with genetic and isotopic datasets, these ecological models enable us to link population-level responses inferred from DNA to the
dynamics and distribution of habitat availability, offering a more holistic view of how past environmental change has shaped bowhead
whale ecology and evolution.

Bowhead samples

All specimens analysed from the Canadian Arctic Archipelago were previously identified in the field as bowhead whales. The spec-
imens from the Svalbard Archipelago were identified from ancient DNA.> For ecological modelling, we compiled a record of previ-
ously unreported and already available radiocarbon dated subfossil bowhead whales from across the circumpolar Arctic, totalling
823 individuals after filtering®®>>°"~1" (Table S2). To ensure the reliability of our radiocarbon dates, we implemented an auditing
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criteria guided by the criteria described in Stuart and Lister.'®? We included only fossils that were known to be from bowhead whales
and that had been dated using AMS radiocarbon dating. As a further precaution, we excluded samples processed before 1980 CE if
we did not have information on whether dating of the specimen was performed using AMS radiocarbon dating on collagen and with
adequate pretreatment (especially cleaning), as these protocols were not in regular use until the early 1980s.'%'%® Radiocarbon
dates used in this study were produced at multiple laboratories using standard pretreatment methods appropriate to the time and
material type. For many historical or externally sourced dates, individual-level pretreatment data were not retrievable. While ultrafil-
tration is often applied to reduce contamination, it is not without limitations and may itself introduce modern or fossil carbon if filters
are insufficiently cleaned.'®* Therefore, we did not require this as a strict filtering criteria.

The largest number of specimens suitable for ecological modelling were from the Canadian Arctic Archipelago and Svalbard Ar-
chipelago chronologies; a subset of these samples were analysed using ancient biomolecules, mentioned above and detailed later.
We included 60 previously unreported radiocarbon dates of bowhead fossils from around the Svalbard Archipelago, and East
Greenland (Table S2). The samples were identified and dated following.®” We also included 80 previously unreported radiocarbon
dates from bowhead whale fossils from around the Central Canadian Archipelago, which were identified and dated following.**
This yielded a total of 823 fossils with reliable radiocarbon dates.

To ensure comparability between sample ages across our analyses, we recalibrated all original radiocarbon dates with Calib v7.0.4
59 using the marine13 calibration curve, a specified age span of 100 years, and unique marine reservoir correction (delta R) values
depending on the region in which the specimen was found. For samples from the Canadian Arctic (n = 652) we used a delta R of
170+95"'%°; from around Alaska (n = 4), we used a delta R of 506+83'%; from the Svalbard Archipelago and the Norwegian coast
(n = 167), we used a delta R of 7+39."®” Due to the marine reservoir effect complicating the calibration of individuals dated to within
the last ~500 years, individuals that produced nonsensical ages (e.g. negative results) were given an age of 500 years BP.

For stable isotope and ancient DNA analyses, we sub-sampled radiocarbon dated bowhead whale bone specimens from the Ca-
nadian Museum of Nature, Ottawa (Canadian Arctic Archipelago samples) and the Natural History Museum, University of Oslo (Sval-
bard Archipelago samples). All except one Canadian sample (>33 kya) and three Late Pleistocene Svalbard samples were dated to, or
close to, the Holocene. An overview of the samples and their associated biomolecular data is included in Tables S3 (stable 5'3C and
5"®N isotopes) and S4 (ancient DNA).

Contemporary bowhead whales are recognised as belonging to four distinct management units (termed stocks or breeding pop-
ulations), based on genetics and non-genetic data (incl. telemetry).“® To contextualise the Holocene ancient DNA data, we included
comparable genomic data from samples collected from the two contemporary stocks in the Atlantic Arctic. We generated genomic
data from seven samples from the contemporary ‘East Canada-West Greenland’ stock, and downloaded published genomic data
from 12 bowhead individuals from the ‘East Greenland-Svalbard-Barents Sea’ stock (sampled 2017-2018, Genbank bioproject:
PRJNA643010).%? Sample and data overviews for the contemporary samples are provided in Extended data table 6.

METHOD DETAILS

Ecological niche modelling

Climate data

Palaeoclimate data were accessed using a high resolution (1° x 1°) oceanic climate dataset for the period 60 thousand years ago (kya)
through to the present (1950 CE)."*® These data were generated by temporally linking discrete snapshot simulations from the
HadCM3B-M2.1 coupled general circulation model.>*> The HadCM3B-M2.1 model has a nominal oceanic resolution of
1.25° x 1.25° and is run as a series of snapshots at 1,000-year intervals between 0 (1950 CE) and 22 kya, and 2,000-year intervals
between 60 kya and 22 kya. The snapshot simulations have been linked using splines based on monthly climatologies, before inter-
annual and millennial scale variability (e.g. Dansgaard-Oeschger'*® and Heinrich'“® events) was imposed on the timeseries. The data
has been downscaled to the final 1° x 1° resolution using bilinear interpolation. Tests of the HadCM3B-M2.1 model show that it re-
produces global and regional sea-surface temperatures and surface salinity.®> While no validation of the HadCM3B-M2.1 sea-ice
dynamics has been done, a validation using the same underlying model (HadCM3), has shown a good fit to observed sea-ice extents
and declines.’"’

Simulation of the climate system by even the most advanced global climate models contain notable biases.*? Consequently, it is
crucial to address these model biases in order to achieve realistic palaeoclimate simulations for use in studies of long-term ecological
dynamics.'“® Our climate data were bias-corrected using an additive delta (change-factor) method'“* for sea surface temperature,
and a multiplicative correction for sea surface salinity and sea ice concentration (sea ice cover). Sea surface temperature and salinity
were bias corrected against the World Ocean Atlas 2018 dataset (https://www.ncei.noaa.gov/products/world-ocean-atlas), with sea
ice cover corrected against the Twentieth Century Reanalysis dataset’** using a climatological period of 1850-1950 CE. Multiplica-
tive bias corrections were capped at 3x the simulated value.'*® Corrected sea ice cover values that exceeded 100% were truncated
back to 100%. No bias-correction was done on sea ice thickness due to there not being a suitable dataset covering the end of the
model simulation period (1850-1950 CE).

The resulting palaeoclimate simulations were a continuous time series of maps of climatological monthly averages, calculated over
a 30-yr window, with a step of 50 years, for the period 60 kya to 0 kya. We extracted seasonal data for sea surface temperature (SST;
°C), sea surface salinity (SAL, %), sea ice cover (SIC, % of the study area covered by sea ice), and sea ice thickness (SIT, m) for our
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study region. This data was then used to generate 30-yr averages of four variables (for each season) at 50-year timesteps: (i) seasonal
mean SST; (ii) seasonal mean SAL; (iii) seasonal mean SIC; and (iv) seasonal mean SIT. All fossil records for bowhead whales were
then matched to this data and used to calibrate an ecological niche model.

Following exploratory data analyses we opted to use summer (June, July, August) SST, SAL, SIC in our ecological niche model. We
did not use summer SIT as we were unable to bias-correct it. These metrics are theorised to be as successful as more direct (prox-
imal) variables in predicting the relationships between environmental pattern and process, particularly in extreme environments
where species are not occupying optimal parts of their potential realised niches.’*°~"*” The choice of summer seasonal data is justi-
fied as we have a large number of samples above the northern edge of the contemporary Canadian Arctic Archipelago population
boundary (Figure 1), and bowhead whales from this region are known to move northwards in summer following the sea ice as it re-
treats.®® Furthermore, bowhead whales around the Svalbard Archipelago have been observed to be on average ~100 km offshore
during the summer.®" Given that we only used radiocarbon dated fossil records - primarily located along coastlines - to calibrate and
validate our ecological models, Svalbard fossils in all likelihood resulted from animals that died in summer.

Previous work has shown that bowhead whales prefer cold, ice-covered water, with individuals spending most of their time in a
narrow temperature range > -1°C SST < 1°C, near the marginal ice zone, but also moving into areas with >90% SIC during winter.""
Proximity to coastline, and consequently, bathymetric depth has also been shown to be an important variable controlling bowhead
whale distribution,®’ but we were not able to calculate these metrics (e.g. bathymetric depth, distance from continental shelf) accu-
rately because accurate bathymetric data for our high-resolution palaeoclimate reconstructions do not exist.'*® We included salinity
as a proxy for regional differences in ocean productivity, with decreased pelagic and benthic diversity often occuring in areas of lower
salinity.'*® Consequently, our estimates of SST, SAL, and SIC metrics could be considered both proximal and distal predictors as
they have a direct (proximal) influence on bowhead whale physiology and behaviour (and therefore fitness), and an indirect (distal)
influence on prey distributions.

Ecological niche model

We created an ecological niche model (ENM) for bowhead whales using the Hypervolume package for R.”' We generated best es-
timates of the ecological niche as a 3-dimensional hypervolume'“® across time.'*® Hypervolumes were constructed using the
“Gaussian” hypervolume method,*° with bandwidths, number of standard deviations, and the probability threshold tuned using in-
dependent calibration and validation datasets. Gaussian hypervolumes were built by defining a Gaussian kernel density estimate on
an adaptive grid of random n-dimensional points around the original data points. The bandwidth multiplier, number of standard de-
viations, and the probability threshold all control the size and configuration of the kernel density estimate.”"'*°

Tuning and cross-validation resulted in the optimised hypervolume model having high accuracy as measured by AUC and Boyce
Index. Tuning for the hypervolume parameters resulted in our final hypervolumes using a bandwidth multiplier of 1.5, three standard
deviations, and a probability threshold of 0.99. 97 % of our validation points were also shown to fall within the 3-dimensional boundary
of our hypervolume. Our tuned ENM projections had good ability to discriminate between areas of high suitability at our withheld vali-
dation sites, relative to background samples (AUC = 0.83; Boyce index = 0.97).

We withheld a stratified 10% of our expanded occurrence records to use as an independent validation set, with the remaining 90%
of records used to calibrate the hypervolume. We intersected the 30-year averages for our climate and environmental variables for
each georeferenced fossil for the period + 2 SD around the estimated age of the fossil, ensuring that each fossil record had a time
series of climate data associated with it."®' This time series represents the period over which bowhead whales were likely to have
been present near the fossil sites, given inherent dating uncertainty. Before pairing the fossil records with the environmental and
climate data (see above) to define the niche, we merged records where there was spatiotemporal overlap within each 1° x 1°
grid-cell. To do this, longitude and latitude values for fossils (Table S2) were rounded to one decimal place (retaining ~11.1 km of
accuracy) and grouped. Each record was then checked for temporal overlap with all other records in the same group. Temporal over-
lap was defined as overlapping confidence intervals for the calibrated radiocarbon ages (Calibrated Age + 2 S.D.). Where temporal
overlap occurred, the confidence intervals were merged for all overlapping records resulting in a single record with an expanded age
interval. Pre-processing the collated fossil records using this approach reduced the number of records for modelling the niche to 585
(n = 526 calibration, n = 59 validation). Expanding the calibration and validation datasets to their full temporal coverage resulted in
10,798 calibration records and 1,148 validation records.

To characterise the environmental conditions at each fossil location, SST, SIC, and SAL were calculated as the average values from
the nearest ocean grid-cell containing the fossil and the 8-nearest cells. The 9-cell averaging approach was chosen to minimise fine-
scale artificial accuracy/biases introduced during the bias correction and downscaling of the climate data'*® and to overcome po-
sitional uncertainty regarding the potential ocean cells from which the fossils were likely to have arisen. For this process, fossils that
were located on land according to the temporally explicit land/sea mask, were snapped to their nearest ocean-cell, up to a maximum
distance of 150 km, before the nearest 8-cells to the “new” fossil location were identified (Extended data figure 13).

Climate suitability projections

Spatially and temporally explicit projections of habitat suitability were created at 50-year generational time steps from 11 kya to 0 kya
for bowhead whales. We opted to set an upper limit on our hindcasts as only 7% of our fossil record was from fossils older than 11 kya
and we therefore had reduced confidence in projections of habitat suitability before this time. Comparisons between spatial projec-
tions of habitat suitability from the hypervolume package, and more common maximum entropy methods'>? have shown similar
results.'*°
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PC1 in the Principal Component Analysis of environmental variables influencing bowhead whale distribution across the Canadian
Arctic Archipelago and the Svalbard Archipelago explains 66.2% of the variance, primarily driven by sea surface temperature (SST).
PC2 explains 27.4% of the variance, with contributions from salinity and sea ice cover. Furthermore, there is some overlap between
the Canadian and Svalbard groups, but they remain distinct, particularly on PC1 (Extended data figure 14).

Fluctuations in habitat suitability were not highly affected by the modelled changes in fractional sea ice cover or variation in SST,
suggesting that habitat suitability was a function of all the variables in the hypervolume (Figures 2A-2C and S1; Table S1). Habitat
suitability peaked in the Svalbard Archipelago at the onset of the Holocene, but did not peak in the Canadian Arctic Archipelago until
~10-8 kya, when average summer SST was between 1-1.5 °C and summer fractional sea ice cover was between 40% and 50%. The
ENM projected a decreasing trend in average habitat suitability from 10.5 kya to ~9.5 kya in Svalbard, however, in the Canadian Ar-
chipelago habitat suitability decreased at a slower rate from 10 kya to 5 kya (Figure 2C). After these time periods, habitat suitability
fluctuated slightly around a long-term mean. Analysis of the centre of gravity of habitat suitability, indicated a southward shift of up to
~2° in both subpopulations, as habitat suitability decreased (Figure 2D). Animations of habitat suitability through time for the study
region are provided as a supplementary video (Video S1).

Throughout the Holocene, suitable habitat for bowheads showed strong connectivity across much of the Arctic (Video S1),
including the Russian Arctic where particularly little is known about present-day bowhead whales distribution.>® Despite a relative
lack of contemporary information, and no fossil records from these locations, bowhead whale sightings have been reported from
Franz Josef Land.'®® Further east, bowhead whales have also been observed in the western Laptev Sea,'** and the north of the No-
vosibirsk Islands Archipelago, which separates the Laptev and East Siberian seas.'>®

Therefore, although our finding of differentiation between contemporary stocks may reflect a recent colonisation by a distinct
group of bowhead whales, this is not supported by our other findings. Our habitat modelling suggests that connected suitable habitat
was present across the circumpolar Arctic throughout the Holocene and up until the present day (Video S1). Coupling this with the
high mobility of bowhead whales, and the fact that Canadian and Svalbard individuals represented a single population throughout the
Holocene, despite sampling sites between regions being separated by several thousand km, it seems unlikely a genetically differen-
tiated population existed to recolonise Svalbard. This is also supported by our forward-in-time genomic simulations showing that the
commercial whaling induced population bottleneck would lead to increased population differentiation (Figure 4B).

Using the full multi-temporal fundamental niche hypervolume, we used the 10% validation test set to fine-tune the two parameters
that affect the probability density (i.e. habitat suitability) of the hypervolume: (i) weight.exponent, and (ii) edges.zero.distance.factor.
These two parameters in combination control the rate and distance at which habitat suitability shifts to 0 from its empirical maximum.
A grid search was done using both parameters (edges.zero.distance.factor range = 1:10; weight.exponent range = -1:-3), before ex-
tracting values of habitat suitability at fossil locations (temporally explicit), and then calculating the Boyce Index and area-under the
receiver operating curve (AUC) values.'*®'>” The Boyce index is a presence-only evaluation measure used to discriminate how much
projections of habitat suitability at presence locations differ from random expectation, with higher Boyce values indicating greater
habitat suitability at presence locations than would be expected by chance. Likewise, higher AUC values indicate greater capacity
for the hypervolume projections to discriminate between background locations and training/validation sites. Background points for
calculating both measures were defined using the background points from the full hypervolume. Final parameters were chosen
based on the combination of parameters that maximised the Boyce Index and AUC and consequently habitat suitability at fossil lo-
cations through time. Following tuning and validation, the weight.exponent was set to -1 and edges.zero.distance.factor was set to 3.
As the outputs of the hypervolume_project function are not bound by [0, 1],”""°° each of the projections of habitat suitability was then
rescaled to the range 0-1 using the 10% training presence threshold (OR10). The OR10 is defined as the threshold which excludes
regions with suitability values lower than the values for 10% of training records — the assumption being that the lowest 10% of training
records are from regions that are not representative of the species overall habitat and can be omitted. Values were rescaled using the
formula:

X - x — OR10
T P95%(X > OR10) — OR10

Where X, is the rescaled suitability value, x is the original value, OR10 is the 10" percentile omission threshold from the training data,
and Pgs is the 95" percentile of all x values > OR10. We opted to rescale based on the 95" percentile of suitability values due to the
extreme right skew of the suitability values inflating the maximum value. Projections of habitat suitability were then reprojected using
bilinear interpolation to a stereographic polar projection with a resolution of 100 km x 100 km.

Stable isotope analysis
Approximately 100 mg of powdered bone was obtained from each subfossil bowhead whale specimen using a dremel drill and dem-
ineralized in 0.5 M HCI for 4 h under constant motion (orbital shaker). The samples were then rinsed with Type | water (18.2 MQ-cm),
treated with 0.1 M NaOH for 20 minutes. This step was repeated until there was no colour change in the solution. The samples were
then heated at 75°C for 36 hrs in 3.5 mL 0.01 M HCI to solubilize the collagen, and freeze-dried.

We determined carbon and nitrogen isotopic and elemental compositions using a Nu Horizon isotope ratio mass spectrometer
(IRMS) coupled to a EuroVector 3000 elemental analyzer (EA). The 5'C and 5'°N values were calibrated relative to the international
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reference scales (VPDB and AIR) using USGS40 and USGS41a.'%%"% We assessed measurement uncertainty using three in-house

standards with the following established isotopic compositions: SRM-1 (caribou bone collagen, 5'°C = -19.36+0.11 %o,
5"°N = +1.81+0.11 %o), SRM-2 (walrus bone collagen, 5'°C = =14.77+0.11 %o, §'°N = +15.59+0.11 %0), SRM-14 (polar bear bone
collagen, 5'°C = -13.67+0.07 %o, &8'°N = +21.60+0.15 %¢), and SRM-15 (phenylalanine, §'*C = -12.44+0.04 %o,

5'°N = +3.08+0.12 %0). To check for homogeneity of the collagen, twenty percent of the samples were analysed in duplicate. Stan-
dard uncertainty was calculated to be +0.14 %, for 5'*C and +£0.28 %o for 5'°N."®°

In total, we successfully generated bone collagen stable §'3C and §'°N isotopes from 196 Holocene specimens (Figure 1B;
Table S3). We also generated §'3C and 5'°N values from four Late Pleistocene individuals (1 from Canada, 3 from Svalbard), but
as they are not directly comparable to the Holocene individuals, we excluded them from downstream analyses. When plotting the
results through time, we observed no obvious differentiation between genetically identified females and males (Extended data figure
E2). Therefore, we did not separate the data by sex in interpretations.

We generated locally estimated scatterplot smoothing (LOESS) trendlines using the statistical software package PAST v4.037° with
a smoothing factor of 0.25.

Genomics

Ancient DNA data generation

We obtained ~50 mg of bone powder from each subfossil bowhead whale specimen using a dremel drill for DNA analyses. We ex-
tracted DNA from the bone powder using a modified version of a previously published protocol.'®" Modifications included using a
modified version of the Qiagen PB binding buffer'® and concentrating the extraction supernatant to ~100ul using Amicon spin col-
umns prior to purification. We measured the DNA concentration in the extracts using the Qubit high sensitivity kit. We performed a full
USER enzyme treatment step to remove uracil residues from damaged DNA and the resultant abasic sites.'®® We built lllumina
sequencing libraries from the USER treated extracted DNA following the BEST protocol,'®* with 1uL of a predetermined lllumina
adapter mix concentration (1 - 50 uM) based on the DNA extract amount (Extended data table 7) and a set number of indexing
PCR cycles, predetermined a priori through a qPCR reaction.

Index PCR was performed using dual-indexing and libraries were combined into pools of ~50 unique indices. Index reactions were
performed using the Kapa Hifi Uracil + Readymix and the following PCR conditions: 98°C for 45 seconds, then 98°C for 15 seconds,
60°C for 30 seconds, and 72°C for 20 seconds for the number of cycles predetermined via gPCR, and finally a cool down to 10°C. We
sequenced each library pool on a single lllumina Hiseq 4000 lane at the GeoGenetics Sequencing Core, University of Copenhagen
using 80 bp single end (SE) chemistry. We selected individuals for deeper sequencing based on endogenous DNA content (number of
unique mapped reads/total number of raw reads), age, and locality. We built additional sequencing libraries for the selected samples
following the same protocol as above, which were sequenced on an lllumina Hiseq 4000 with 80 bp SE chemistry.

We enriched 34 Svalbard individuals for mitochondrial genomes using RNA baits based on the published bowhead whale mito-
chondrial genome (Genbank accession: KY026773.1). Enrichment was performed using the hybridization capture myBaits Custom
DNA-Seq kit (Arbor Biosciences). Following myBaits recommendations, we used between 150 — 280 ng of starting material of each
indexed library for every capture reaction. The capture procedure was carried out as described in the myBaits manual v.5.00; we
used the High Sensitivity conditions, which are optimised for ancient samples, with a hybridization step at 55 °C for 24 h. Post-cap-
ture, the libraries were re-amplified using Kapa Hifi Uracil + Readymix and the following PCR conditions: 98 °C for 45 minutes, then 98
°C for 20 seconds, 60 °C for 30 seconds, and 72 °C for 45 seconds for 14 cycles, and a final elongation at 72 °C. Re-amplified libraries
were quantified and quality checked as described above. Sequencing was carried out on a NovaSeq 6000 at Novogene Europe with
150 bp PE chemistry.

Contemporary genomic data generation

We extracted DNA from the seven contemporary Canadian individuals using a DNeasy blood and tissue kit (Qiagen) following the
manufacturer’s protocol. We fragmented the extracted DNA to an average length of ~450 bp using a M220 Focused-
Ultrasonicator™ (Covaris). We built lllumina sequencing libraries from the fragmented extracts using the BEST protocol,164 with
an lllumina adapter mix concentration of 20uM, and 15 cycles during the indexing PCR step. We cleaned the indexed libraries using
a SPRI bead DNA purification method. Each indexed library was sent to Novogene for 10 Gb of 150 bp paired end (PE) sequencing on
a Novaseq lllumina platform.

Data processing

For the 202 subfossil individuals that successfully produced sequencing data, we trimmed adapter sequences and removed reads
shorter than 30 bp from the raw reads using skewer v0.2.2.”°> We mapped the trimmed reads to the bowhead whale reference
genome (http://www.bowhead-whale.org/'®®) including the mitochondrial genome (Genbank accession: KY026773.1) using Bur-
rows-wheeler-aligner (BWA) v0.7.15"° utilising the aln algorithm, with the seed disabled (-| 999) (otherwise default parameters).
We parsed the alignment files and removed duplicates and reads of mapping quality score <30 using SAMtools v1.6.”° We checked
for ancient DNA damage patterns using mapDamagev2.”’

Of the 202 individuals, a total of 44 individuals had nuclear genome-wide coverages ranging from 0.20x-3.45x, comprising 33 from
Canada and 11 from Svalbard (Table S4). Individuals had typical ancient DNA damage patterns, with elevated C-T transitions on the
5-prime end of the reads, and elevated G-A transitions at the 3-prime end of the reads (Extended data figure 15).

e6  Cell 189, 1-14.e1-e13, April 2, 2026


http://www.bowhead-whale.org/

Please cite this article in press as: Westbury et al., Four centuries of commercial whaling eroded 11,000 years of population stability in bow-
head whales, Cell (2026), https://doi.org/10.1016/j.cell.2026.02.022

Cell ¢ CelPress

OPEN ACCESS

We generated a total of 107 complete mitochondrial genomes (>10x) from the fossil material. All 65 Canadian mitogenomes and 20
of the Svalbard mitogenomes were obtained via shotgun sequencing. An additional 22 Svalbard mitogenomes were obtained via
target enrichment. We were also able to generate mitochondrial genomes from three of our four Late Pleistocene samples:
CGG_1_023629, CGG_1_023776, CGG_1_023745. The mean coverages of the mitogenomes ranged between 10x and 271.45x
(Table S4).

All samples that yielded mitochondrial genomes were confirmed to be bowheads based on similarity to the reference genome and
to each other, validating previous identifications. An overview of the individuals used in the mitochondrial and nuclear genomic an-
alyses is found in Extended data table 6.

For the 19 contemporary individuals (Canada n = 7, Svalbard n = 12), we trimmed adapter and poly-G sequences and removed
reads shorter than 30 bp from the raw reads and merged overlapping paired-end reads using Fastp v0.20.1.”* We mapped both
merged and unmerged reads to the bowhead whale reference genome using BWA with the mem algorithm (otherwise default param-
eters). We parsed the alignment files and removed duplicates and reads of mapping quality score <30 using SAMtools. This resulted
in partial- and low-coverage genomes (0.23x - 1.24x) from seven contemporary ‘East Canada-West Greenland’ stock bowhead
whales, and higher coverage (9.96x - 20.94x) for the downloaded published data from the twelve contemporary ‘East Greenland-
Svalbard-Barents Sea’ stock individuals (Table S5). Our seven contemporary Canadian samples all yielded complete mitochondrial
genomes (496.8 - 3902.5x).

Combining this with 15 available Svalbard samples,
mitogenomes.

Nuclear genomes

We found putative sex chromosome scaffolds in the bowhead whale reference genomes by aligning it to the Cow X (Genbank acces-
sion: CM008168.2) and Human Y (Genbank accession: NC_000024.10) chromosomes. We performed the alignments using satsuma
synteny v2.17® with default parameters.

Relatedness

We assessed whether any of our contemporary individuals could be closely related to each other using NGSrelate v2."%” As input for
this we calculated genotype likelihoods for the contemporary individuals using ANGSD v0.921.”° We calculated genotype likelihoods
using the GATK algorithm (-GL 2), specified the output as a binary beagle file (-doGlf 3), and applied the following filters: only include
reads with a mapping quality greater than 20 (-minmapQ 20), only include bases with base quality greater than 20 (-minQ 20), only
include reads that map to one location uniquely (-uniqueonly 1), a minimum minor allele frequency of 0.05 or greater (-minmaf 0.05),
only call a SNP if the p-value is less than 1e® (-SNP_pval 1e-6), infer major and minor alleles from genotype likelihoods (-doMajor-
Minor 1), skip triallelic sites (-skipTriallelic 1), remove sex scaffolds and scaffolds shorter than 100 kb (-rf), and call allele frequencies
based on a fixed major and an unknown minor allele (-doMaf 2). We determined a relatedness coefficient (RAB) >0.125 (equivalent of
first cousins) as closely related.

When considering a relatedness coefficient score (RAB) >0.125, equivalent to first cousins, as our cut off for closely related indi-
viduals, we did not find any closely related individuals in our contemporary genomes. This is in line with previous findings,?? that also
did not find closely related individuals in the same ‘East Greenland-Svalbard-Barents Sea’ individuals.

Sex determination

We calculated the average coverage of scaffolds aligning to the X chromosome and the autosomes (scaffolds not aligning to either
the X or the Y chromosome) using SAMtools depth. We determined the sex of an individual by calculating the X:A, the ratio of
coverage on the X scaffolds to the autosomal scaffolds. Of the 202 individuals analysed, 16 subfossil individuals had <5,000 mapped
reads and were not considered further for sex determination analysis.®° If an individual had an X:A ratio of <0.7 it was designated as a
male. If an individual had an X:A ratio of >0.8 it was designated as a female. Individuals with ratios between 0.7 and 0.8 were deemed
undetermined.®® To investigate changes through time, we subsequently pooled individuals into 1,000 year time bins and calculated
the ratio of males to females.

Genetic sexing showed the Holocene dataset of 202 individuals contained 100 females, 83 males, and 19 individuals with unde-
termined sex. The proportions of females to males in our dataset was relatively consistent through time at ~6:4 (Extended data figure
16), although the proportion from the Canadian samples and the Svalbard samples varied. Of the 109 specimens available from the
Canadian Arctic Archipelago, we genetically identified 45 as female, 61 as male, and 3 were undetermined. Of the 93 available spec-
imens from the Svalbard Archipelago, we genetically identified 55 as female, 22 as male, and 16 were undetermined. Information on
individual genetic sexing is provided in Table S4. We did not genetically sex the contemporary samples.

Population structure

We investigated population structure by computing covariance matrices for Principal Component Analyses (PCA) using PCAngsd
v0.95%" using all individuals with >0.2x genome-wide coverage. As the input for PCAngsd, we generated a genotype likelihood beagle
file in ANGSD using the following parameters: -minmapQ 30, -minQ 30, -GL 2, -doGilf 2, -doMajorMinor 1, remove transitions
(-rmtrans 1), -doMaf 2, -SNP_pval 1e-6, -minmaf 0.1 -skiptriallelic 1, -uniqueonly 1, only include sites where at least 40 individuals
have coverage (-minind 40), only including autosomal scaffolds >100kb (-rf).

We tested the robustness of our PCA results to coverage and aDNA damage patterns by repeating the analyses with modified ver-
sions of the 12 high-coverage contemporary ‘East Greenland-Svalbard-Barents Sea’ individuals, while keeping all factors, including
parameters, unmodified. To test the impact of coverage, we downsampled all 12 contemporary ‘East Greenland-Svalbard-Barents

22,166 e had a total sample size of 110 Holocene fossils and 22 contemporary
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Sea’ individuals to ~2x using SAMtools. To test the impact of shorter read lengths and aDNA damage patterns, we trimmed the for-
ward reads of the 12 individuals to 80 bp using skewer, and simulated aDNA damage patterns on the ends of the reads, using TA-
PASv1.2,%° based on the mean damage misincorporation values generated by mapDamagev2 from all ancient bowhead samples.
We mapped the simulated aDNA reads back to the bowhead whale reference genome using the same parameters as implemented
for the ancient specimens. Finally, we downsampled the aDNA simulated individuals to 1x using SAMtools. We computed the geno-
type likelihoods in this aDNA simulated dataset in ANGSD using the same filtering as for the complete dataset and computed PCAs
using covariance matrices from PCAngsd. This resulted in three additional PCA runs: 1) Contemporary EGSB samples downsampled
to ~2x coverage, fossil and ECWG individuals remained unchanged, 2) Contemporary EGSB samples have ancient DNA damage
patterns simulated onto the reads as well as and reduced read lengths (80bp), fossil and ECWG individuals remained unchanged,
3) Contemporary EGSB samples have ancient DNA damage patterns simulated onto the reads as well as and reduced read lengths
(80bp) and are downsampled to 1x, fossil and ECWG individuals remained unchanged.

We extracted the 2,280,657 transversion SNP sites remaining after filtering the aDNA simulated dataset (all ancient individuals
>0.2x, all contemporary ‘East Canada-West Greenland’ individuals, and the simulated aDNA damaged ‘East Greenland-
Svalbard-Barents Sea’ individuals), which we term as the population SNP panel.

Finally, using the population SNP panel, we reran the original analysis (all ancient individuals >0.2x, all contemporary ‘East Canada-
West Greenland’ individuals, and all ‘East Greenland-Svalbard-Barents Sea’ individuals) using both genotype likelihoods and pseu-
dohaploid base calls (-doIBS 2 and -doCov 1in ANGSD) as well as a genotype likelihood PCA using only the subfossil individuals. We
determined the significance of the Principal component axes using a Tracy-Widom test on the eigenvalues in R."%"5° A significant
value was determined based on p<0.01.

The PC1 axis clustered all 44 Holocene fossil samples together, regardless of geographic origin, while the 19 contemporary Ca-
nadian and ‘East Greenland-Svalbard-Barents Sea’ individuals formed unique clusters (Figure 3B). We retrieved similar results when
downsampling the 12 contemporary ‘East Greenland-Svalbard-Barents Sea’ individuals to 2x, as well as simulating ancient DNA
damage on the ‘East Greenland-Svalbard-Barents Sea’ individuals and downsampling these genomes to 1x (Extended data figures
6-14). When computing a PCA with only Holocene fossil samples, one individual became separated from all others on the PC1 axis
(Extended data figure 11). When plotting the PC1 and PC2 axes, PC2 highlights variation among contemporary individuals sampled
from the ‘East Greenland-Svalbard-Barents Sea’ stock (Extended data figure 17). Further investigations into the significance of the
principal components using a Tracy Widom test showed that only PC1 was significant when including both fossil and contemporary
individuals, while when only including fossil individuals, no PC was significant. We found consistent results between using genotype
likelihoods and pseudo haploid base calls (Extended data figure 18).

Using the same genotype likelihoods computed for the PCA with the population SNP panel, we calculated admixture proportions in
our dataset using NGSadmix®? specifying K=2, 3, and 4. To determine convergence in our dataset, we repeated the analysis up to 50
times per K value. If two runs produced the same likelihood values then we classified this as converging. Out of the three investigated
K, only K=2 converged indicating only this value is suitable for our data. The result for K=2 shows the contemporary ‘East Greenland-
Svalbard-Barents Sea’ individuals to have the most unique ancestry (Extended data figure 19). Despite not converging, we also
investigated the replicate with the highest likelihood for K=3 (Extended data figure 19). Results do not show a clear pattern of pop-
ulation structure in space or time, suggesting there is only one main set of differentials in the dataset.

We quantified the levels of genetic divergence between pre-whaling and post-whaling bowhead whales and between localities us-
ing fixation index (Fst) values. Despite the PCA analysis suggesting a single panmictic population in our Holocene subfossil individ-
uals, to further investigate this, we chose to pool individuals into one of four populations; pre-whaling Canada, pre-whaling Svalbard,
post-whaling Canada, post-whaling Svalbard. We created a consensus pseudohaploid base call (-dohaplocall 2) file using the pop-
ulation SNP panel (-sites) in ANGSD. We calculated Fst in 500 kb non-overlapping sliding windows, with a minimum requirement of
100 (variant) sites per window using the available popgenWindows.py (https://github.com/simonhmartin/genomics_general).

Overall, Fst values were very low. All comparisons had mean Fgr values >0, but the distribution of Fst values across the genomes
overlapped with 0 (Extended data figure 5). When comparing Holocene individuals from Canada and Svalbard, we obtained a mean
Fst of 0.002. When comparing contemporary individuals from the same regions, we obtained a mean Fst of 0.007.
Genome-wide SNP heterozygosity
It has been suggested previously that genome-wide SNP heterozygosity can be estimated relatively accurately in very low-coverage
individuals (<1x) when using genotype likelihoods and sites with common variants (minor allele frequency >0.1).""° We tested this
with our dataset by calculating genome-wide SNP heterozygosity independently, five times, on three different high-coverage
‘East Greenland-Svalbard-Barents Sea’ individuals, with different simulated treatments using the population SNP panel. The SNP
panel had rare variants (minimum minor allele frequency 0.1), transition polymorphisms, and monomorphic sites removed. Treat-
ments included (i) no treatment (i.e. the full high-coverage dataset), (ii) the same dataset downsampled to 2x, (iii) R1 reads trimmed
to 80 bp and the addition of aDNA damage patterns, (iv) R1 reads being trimmed to 80 bp, the addition of aDNA damage patterns, and
downsampled to 1x, and (v) trimmed R1 reads to 80 bp, the addition of aDNA damage patterns, and downsampled to 0.2x. The simu-
lated aDNA damage was added using TAPAS as described above for the PCA tests.

We calculated genome-wide SNP heterozygosity for each individual independently for the filtered sites using genotype likelihoods
in ANGSD with the following parameters: -minmapQ 30 -minQ 30 -doCounts 1 -GL 2 -doMajorMinor 1 -rmtrans 1 -doMaf 2 -skip-
triallelic 1 -uniqueonly 1, compute sample allele frequencies (-doSaf 1), compute a folded SFS (-fold 1), reduce all sites with >2x
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coverage to 2x (-capdepth 2). We computed a folded SFS from the sample allele frequencies using realSFS, part of the ANGSD tool-
suite. To fold the SFS we used the reference genome as both the -ref and -anc parameters. To calculate the variance in our results we
randomly sampled 500 thousand sites from our SNP panel 20 times, and independently calculated genome-wide SNP heterozygosity
for each individual using each of the 20 subsampled SNP panels. Based on our results, we proceeded to calculate the genome-wide
SNP heterozygosity for all individuals in our dataset >0.2x following the same protocol and restricted our genome-wide SNP hetero-
zygosity estimates to sites in the population SNP panel. Furthermore, as our tests on the impact of aDNA damage showed a bias
towards higher genome-wide SNP heterozygosity in specimens with ancient DNA damage, we compared the pooled results (both
original coverage and downsampling) obtained from the undamaged individuals (17-07, 17-12, and 17-19) to the pooled results
from the same individuals with aDNA damage simulated to calculate the average difference. We subtracted the average difference
(0.008) from the values obtained for our empirical Holocene fossil specimens (Extended data figure 1). Although we saw increased
within individual variation when downsampling the aDNA damage simulated individuals from 1x to 0.2x, the majority of samples
investigated were >1x (30/44), with 0.2x only being the minimum cutoff. Therefore, our overall results should not be highly influenced
by this increased variation at very low coverages. We note that our results represent SNP heterozygosity, and therefore should only
be relatively compared between individuals analysed with the same SNP panel.

Downsampling coverages did not appear to cause large deviations in mean heterozygosity but did increase variation in the results,
especially when downsampling from 1x to 0.2x. However, when simulating ancient DNA damage, we saw a noticeable increase in
heterozygosity. The mean deviation between contemporary and ancient simulated samples was 0.008. We did not observe any
obvious associations between sequencing depth and heterozygosity estimates (Extended data figures 20 and 21; Extended data
table 8).

We tested for significant differences between all pre-whaling Holocene specimens (since population structure results suggest that
they were a single panmictic population), contemporary ‘East Canada-West Greenland’ stock specimens and contemporary ‘East
Greenland-Svalbard-Barents Sea’ stock specimens by pooling the 20 subsampled genome-wide SNP heterozygosity estimates
from all individuals in the given bin together and performing a Mann-Whitney-Wilcoxon Test in R v4.1.1.72
Genome-wide nucleotide diversity
We investigated nucleotide diversity through time by splitting our dataset of individuals with >0.2x coverage into 1,000 year time bins.
As the PCA suggested a single panmictic population in the pre-whaling Holocene, we kept contemporary Canada and contemporary
Svalbard bowhead whales as two separate populations, but pooled the ancient individuals from the two regions to increase sample
size in the pre-whaling Holocene time bins. We created a consensus pseudohaploid call (-dohaplocall 2) file in ANGSD at the sites in
the population SNP panel (-sites parameter) and using the following filters; -doMajorMinor 1 -rmtrans 1 -doMaf 2 -SNP_pval 1e-6
-minmaf 0.1 -skiptriallelic 1 -uniqueonly 1 -minind 40. We estimated nucleotide diversity from the pseudohaploid call file in 500 kb
non-overlapping sliding windows, with a minimum requirement of 100 sites per window using the popgenWindows.py (https://
github.com/simonhmartin/genomics_general). We assessed the significance of differences between the bins using a Mann-
Whitney-Wilcoxon Test in R v4.1.1 .”> We used a Bonferroni correction to identify the threshold for significance (p-value of 0.05/
6038 windows), giving us an upper p-value for significance of 0.000008.

We observed similar levels of nuclear nucleotide diversity (x) across the subfossil time bins. The majority of comparisons based on
the fossil data (samples >500 years old), did not produce significant differences in diversity levels, with mean values ranging from
0.362 to 0.366 (Figure S2; Extended data table 3). However, we did observe significantly lower levels of nucleotide diversity
(Extended data table 3) in the contemporary ‘East Greenland-Svalbard-Barents Sea’ individuals (0.355 +/-0.035) relative to the
pre-whaling time bins, and also relative to contemporary Canada (0.366 +/- 0.042). In contrast, the diversity of contemporary Cana-
dian individuals was not significantly different to the pre-whaling time bins.

Simulating bottleneck impact on genetic diversity estimates

We used an Approximate Bayesian Computation (ABC) approach to infer levels of commercial whaling associated population
decline. The principle of ABC methods relies on running simulations over a wide range of parameters under a specific model to
find those parameter values that generate datasets that most closely match the observed data.'”’ We simulated data using
msprime.®” We used uniform distributions for key demographic parameters to explore a broad range of demographic models. We
modeled a scenario where an ancestral population split into two populations (corresponding to Canada and Svalbard) T, generations
ago. These populations then were allowed to experience an instantaneous bottleneck T, generations ago, reducing their sizes. Our
model also accounted for asymmetrical gene flow both before and after the divergence.

The divergence time between the two populations was drawn from a uniform distribution ranging from 200 to 5,000 generations,
sampled at 100-generation intervals. Ancestral effective population sizes for both Canada and Svalbard were sampled from a uniform
distribution ranging from 1,000 to 10,000. We aimed to infer the intensity of the bottlenecks, defined as the proportional reduction in
effective population size (Ng) and estimated as the ratio of present to past population sizes. Therefore, we set the prior of this ratioto a
wide uniform distribution varying between 0 and 99%, representing virtually no change in size to a strong bottleneck. We varied T},
the time of the bottleneck, between 12 to 16 generations before present. Migration rates were allowed to vary before and after the
bottleneck, ranging from 0 to 5 migrants per generation.

We performed 1,000,000 simulations by randomly drawing parameter values from the priors. The simulated data were summarized
using two genetic statistics informative about within-population diversity and between-population differentiation, which were avail-
able in the empirical dataset. Specifically, we estimated i) genetic diversity (r), the mean number of pairwise differences between
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individuals in each ancestral and present-day population, and ii) Fs pre-bottleneck and post-bottleneck. We then calculated the ra-
tios between pre-bottleneck and post-bottleneck values for each of these summaries. We used a rejection ABC approach, where the
Euclidean distance between the simulated and observed data was computed based on three summary statistics: Fsr pre-/post-
bottleneck, = Canada pre-/post-bottleneck, = Svalbard pre-/post-bottleneck. These three ratios were treated equally and combined
into a single Euclidean distance metric. Among the one million simulated datasets, we retained the 10,000 simulations (1%) with the
smallest Euclidean distances, i.e., those considered closest to the empirical data according to these three summary statistics.

The posterior estimates of the putative population size change varied between the Canada and Svalbard populations. In the case of
the Svalbard, the inferred posterior favored a clear bottleneck (a peak in posterior value at ~0.92), whereas no bottleneck was
observed in Canada (Figure 4A). For Canada, the prior did not clearly differ from the posterior, and was wide and relatively flat, sug-
gesting that there isn’t enough information in the data to clearly support a bottleneck signal. The migration rates prior to the whaling-
induced bottleneck did not show significant deviation from the prior distribution, indicating no particular migration pattern was
favored. In contrast, for the post-whaling migration rates, the posterior exhibited a shift towards higher values suggesting migration
in our tested models. Due to the lack of support for any specific pre-whaling migration rate, we cannot conclusively determine
whether migration rates increased or decreased post-whaling.

To infer the long-term impact of the bottlenecks, we performed forward-in-time simulations of neutral and deleterious variation us-
ing SLIM3,%8 parametrized with the most likely bottleneck intensities obtained from ABC. These simulations aimed to estimate the
future response of genome-wide diversity and fitness loss under different demographic recovery scenarios. We used the best esti-
mated proportional reduction in N of 92% for the Svalbard population. Since the ABC method did not resolve the bottleneck intensity
for Canada, we applied a conservative decline of 48%. Simulations were run using a non-Wright-Fisher model with random mating
and overlapping generations to allow faster execution.

We simulated two ancestral populations of different sizes based on pre-whaling estimates of the ‘East Greenland-Svalbard-
Barents Sea’ stock (52,500 individuals)'? and the ‘East Canada-West Greenland’ stock (~18,500 individuals).'* We converted pop-
ulation size into effective population size by dividing by 10,'"? resulting in Ne=5,250 and N,=1,850. The ancestral populations
exchanged five individuals per generation to simulate the low level of differentiation observed in ancient genomes. To initialize the
simulations, we first generated a tree sequence in msprime representing the ancestral (meta)population at mutation-drift equilibrium
for neutral mutations. This tree sequence was then used as input to SLIM3, where we introduced deleterious mutations and simulated
forward in time for 2,000 steps to allow the system to reach a mutation-drift-selection equilibrium. We confirmed equilibrium by moni-
toring stable trends in genome-wide nucleotide diversity and genetic load prior to initiating bottleneck scenarios.

As bowhead whales have long generation times (35-50 years, °%), and commercial whaling occurred within the last ~500 years, we
simulated the bottlenecks 15 generations ago (corresponding to 525 years ago). After the bottleneck, we simulated two scenarios: no
migration or one migrant per generation. We modeled several demographic recovery scenarios starting from the present day to
explore how populations might rebound following bottlenecks. These scenarios included trajectories where the population either re-
mained at its reduced post-bottleneck Ne, or gradually recovered to 25%, 50%, 75% or 100% of its pre-whaling N,. Recovery was
simulated by doubling the population size each generation until reaching the specified recovery percentage. A doubling of population
size each generation reflects empirically observed growth rates of ~3-4% per year in bowhead whale populations, specifically the
ECWG and Bering-Chukchi-Beaufort stocks' """

We simulated neutral and deleterious mutations at relative proportions of 1:2.3 with selection coefficients drawn from a gamma
distribution, a 5% lethal tail, and a negative relationship between selection and dominance coefficients as implemented in Kardos
et al."”® We simulated an exome architecture of 20,000 genes of 600 bp each with a recombination rate of 16 per base-position
per generation (to reduce strong background selection), no recombination within genes and a mutation rate of 2.77x10°8.77¢ This
resulted in a realistic amount of genetic load (mean = 5.2, sd = 0.4 lethal equivalents), within the range of lethal equivalents estimated
for mammals.'”” We estimated different genomic metrics through time; average genome-wide heterozygosity per population, ge-
netic differentiation (Fs7) between populations and the amount of expressed genetic load (realized load) and its effect on fitness
per population using formulas from Bertorelle et al.>” In our simulations, the realised load (RL) determines individual fitness, and it
quantifies the severity of inbreeding depression. We converted the realised load to mean population fitness as e ™", following Bertor-
elle et al.?

Simulated future scenarios indicate that Fst between populations will remain higher compared to pre-whaling levels, even if migra-
tion continues at high rates - comparable to those observed after the bottleneck. Fst will likely continue to increase over the next
~1,000 years under the various ‘recovery’ scenarios (Figure 4B). This suggests that the intense genetic drift caused by the population
collapse alone is sufficient to drive the increase in Fst values. Moreover, the drift debt ensures that this effect persists long into the
future. Simulated future scenarios show that diversity will continue to decrease over the next millenia, irrespective of population re-
covery or migration efforts (Figure 4C). While any level of population recovery can halt the decline in fitness for both populations, even
with a complete recovery to 100% of pre-whaling population sizes, fitness levels never return to their pre-whaling state (Figure 4D).
Allele changes correlating with time
As input for Ohana,®* we created a genotype likelihood beagle file for all Holocene fossil individuals with >0.2x (-doGlf 2) using
ANGSD and the following parameters; -minmapQ 25, -minQ 25, -uniqueonly 1. We used the GATK algorithm to call genotype likeli-
hoods (-GL 2), calculate per-site allele frequencies assuming a fixed major and unknown minor allele (-doMaf 2), calculated major and
minor alleles using GL (-doMajorMinor 1), minor allele frequency of 0.05 (-minmaf 0.05). This resulted in 12,926,345 sites.
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The genotype likelihoods of all individuals were converted to Igm as the input for Ohana using the convert function bgl2lgm. We
used gpas to estimate the ancestral component proportions matrix Q (number of individuals x number of ancestral components)
and allele frequencies matrix F (number of ancestral components x number of SNPs) from the genotype matrix (Igm) file with the num-
ber of ancestral components (-k) ranging from 2 to 6 with an iteration stopping criteria from log likelihood difference (-e 0.0001). In the
end, we scanned for selection in each ancestral component while taking into account the sample age as a vector using neoscan. We
converted the lle_ratio scores to p-values under a mixture of chi-square distributions,'”® and found the best-fitting genome-wide pa-
rameters of the mix using a Kolmogorov-Smirnov test in R.

To evaluate the power of this method and our empirical dataset to uncover alleles undergoing allele frequency changes signifi-
cantly correlated with time, we simulated a comparable dataset under neutrality and performed the same analysis as with the empir-
ical data. We used the coalescent simulator msprime'”®"'#° to generate neutrally evolving genetic data for samples that match the
empirical data in this manuscript. We ran a demographic model taking into consideration the two pre-whaling populations described
in the manuscript (pop1_Ne = 5,250, pop2_Ne = 1,850, generation time = 35, migration rate = 5, recombination rate = 1e-08, mutation
rate = 2.77e-08, population split time = 15, 000 years), the sample sizes for each, and the sample ages. We simulated mutations
across a 10 Mb genomic region and generated a genotype matrix. This matrix was then the input for simGL (https://github.com/
Racimolab/simGL) to simulate genotype likelihoods, accounting for variable coverage among samples and error rates of 0.00316
based on the minqg 25 used in the other analyses. Coverage for each site was modelled as a Poisson distribution with a lambda value
corresponding to the average coverage per individual. The resulting genotype likelihoods were converted to beagle format and an-
alysed using Ohana, following the same procedure as before. We investigated 2000 percentiles (between 0 - 100 in 0.05% incre-
ments) and produced a QQplot of the percentile results of the empirical data versus the simulated data. We found the simulated
data to have lower p-values relative to the empirical data in higher percentiles > 90% (Extended data figure 22). Therefore we
concluded that we did not have sufficient power in our empirical dataset to infer the significance of sites that underwent changes
in allele frequency correlated with time.

Recent demographic history from modern genomes

We attempted to reconstruct the recent demographic history of the ‘East Greenland-Svalbard-Barents Sea’ stock using genetic opti-
mization for N, estimation (GONE)® using the 12 high coverage contemporary genomes. As input we generated a PLINK file using the
largest 150 autosomes in ANGSD (-doplink 2) with the following parameters -uniqueOnly 1 -GL 2 -remove_bads 1 -minMapQ 20
-minQ 20 -SNP_pval 1e-6 -skipTriallelic 1 -doMaf 2 -domajorminor 1 -minmaf 0.05 -dopost 1 -doplink 2 -minind 12.

We ran the GONE software using two different parameter sets, one with the default parameters, but with the maximum number of
SNPs per scaffold as 10000, and the other with the same parameters but with additional changes in the NGEN and NBIN parameters
to 1000 as previously suggested.'®' Each of the parameter sets were run for 100 replicates. We calculated the mean and 95% con-
fidence intervals from these replicates in R.

When running GONE to infer the recent demographic history of the high coverage EGSB individuals, we saw similar patterns
regardless of parameter choice, either default parameters or using the parameters from Kardos et al.'®' However, default values pro-
duced slightly higher N, values. When using default parameters, we saw a relatively stable N, of ~4e® up until ~5 generations ago
when it drops to ~3.5e®. When using the parameters from Kardos et al.'®" we see a relatively stable N, of ~3.5e® up until ~5 gen-
erations ago when it drops to ~3e®. Although the method does capture a decrease in N, approximately coinciding with commercial
whaling, the N, values are much higher than would be expected based on what has previously been calculated for the pre-whaling
population sizes of this stock (52,500 bowhead individuals).'® This unrealistically high N, leads us to caution the applicability of this
method for our bowhead whale dataset.

We evaluated whether our low-coverage contemporary ECWG samples could produce a reliable site frequency spectrum (SFS) to
be used in demographic analyses that require this as input (e.g. stairway plots'® or fastsimcoal'®®). To do this, we calculated the SFS
for our high-coverage EGSB individuals and compared it to one generated after downsampling the same individuals to ~2x. We
downsampled using SAMtools. We calculated the SFS from allele frequencies using ANGSD and the parameters: count allele fre-
quencies (-dosaf 1) -uniqueOnly 1 -GL 2 -remove_bads 1 -minMapQ 20 -minQ 20 -skipTriallelic 1 -doMaf 2 -domajorminor 1 -minind
12. We polarised the SFS using a right whale (Eubalaena glacialis) individual (NCBI BioSample: SAMN32746534) as the ancestral
sequence (-anc). We mapped the right whale individual to the bowhead whale reference genome using the same approach as for
the contemporary bowhead whales. We converted allele frequencies into the SFS using winsfs v0.7.5°

Investigations into the reliability of the site frequency spectrum obtained from low coverage data (~2x) revealed a mismatch be-
tween values obtained for high coverage individuals, and those same individuals downsampled to 2x (Extended data figure 23). Spe-
cifically, we see aloss in low frequency alleles in the downsampled data even when using winsfs, a method that should alleviate some
of the bias due to low coverage.

Mitochondrial genomes

We generated mitochondrial genome consensus sequences for Late Pleistocene, pre-whaling Holocene and contemporary individ-
uals using a consensus base call approach (-dofasta 2) in ANGSDv0.9217? for each individual independently, using the following pa-
rameters; minimum base and mapping qualities of 25 (-minmapQ 25, -minQ 25), only include reads that map to a single site uniquely
(-unigueonly 1), minimum read depth of 5 (-mininddepth 5), and build the consensus sequence only for the mitochondrial genome (-r
KY026773.1). Only individuals with an average coverage of at least 10x (Late Pleistocene = 3, pre-whaling Holocene = 104,
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contemporary = 19) were included in further analysis. We also downloaded three mitochondrial genomes from contemporary Sval-
bard individuals recently confirmed to have come from unique individuals; individuals named A, H and .22

Mitochondrial nucleotide diversity

To investigate changes in genetic diversity through the Holocene, we estimated nucleotide diversity (z)'®* with DnaSP v.6.12.03% for
each sampling area for every 1,000 year time bin. We pooled samples from Canada and Svalbard for the ancient specimens but kept
contemporary populations separate. We excluded gaps and missing data from the analyses.

All time bins except contemporary Svalbard (haplotype diversity of 0.993) had haplotype diversities equal to 1 (Extended data table
9). Furthermore, unlike with the nucleotide diversity estimates based on the nuclear data, we observed fluctuations in levels of mito-
chondrial nucleotide diversity through time in the mitochondrial data, albeit with highly overlapping standard deviations (Figure S2B).
We observed the lowest levels of nucleotide diversity between 5-4 kya and 2-1 kya. Contemporary individuals do not show lower
levels of mitochondrial nucleotide diversity than the Holocene individuals.

Population structure

We constructed an unrooted haplotype network for all complete mitochondrial genomes (Late Pleistocene, pre-whaling Holocene,
contemporary) individuals using the Median-joining network'®° as implemented in PopART.®° Fixation index values (Fst) were calcu-
lated by pooling individuals into 2,000 year time bins and splitting them into their two respective regions using Arlequin v3.5,°" using
default parameters and an input file generated with DnaSP. P-values were calculated using 1000 permutations and a significance
was defined as a p-value < 0.05.

Haplotype network analyses did not show any spatial or temporal subdivision (Figure S6). Seven haplotypes were shared either
across space or across time; four haplotypes were shared between Canada and Svalbard, and one haplotype was shared among
three Canadian individuals spanning 12,000 years. The three Late Pleistocene individuals fit within the diversity of Holocene/contem-
porary individuals. Investigations into Fst values compared between regions and by pooling individuals into 2,000 year time bins re-
vealed no significant differences.

Demographic history

We inferred the changes in female effective population size (Ne) through time employing the Bayesian skyline plot method'®® im-
plemented in BEAST v.2.6.1.%° Based on the network (Figure S6) and Fsr analyses of our 107 complete mitochondrial genomes,
which spanned >30,000 years in age, we do not see any evidence for population structure, and thus we treated all the data as a single
population. We aligned the mitochondrial genomes of all individuals and extracted 38 regions, including protein-coding regions,
rRNAs, tRNAs and the control region, based on published coordinates. The sequences of these 38 regions were combined into
six subsets, (i) first, (ii) second, and (iii) third codon position of the protein-coding regions, (iv) tRNAs, (v) rRNAs, and (vi) the control
region. The best-fit partitioning scheme and substitution model for the six subsets were identified employing Partitionfinder v.2.1.1.9
The best partitioning scheme and substitution models based on the corrected Akaike Information Criterion were employed as input
for Beast2.

The six partitions were analysed using unlinked substitution models that had a linked genealogy and molecular clock. We used tip
dates based on the mean calibrated age of each specimen. Five groups of coalescent intervals and a strict molecular clock were
assumed. Posterior distributions of parameters were estimated using MCMC sampling, which consisted of 500,000 burn-in steps
followed by 500 million steps, sampled at every 10,000 steps. Convergence to stationarity and mixing were assessed using Tracer
v.1.7.1%* and by running an independent replicate with a different seed. Both runs converged to the same joint density or posterior. A
minimum effective sample size of 400 was obtained for all the parameter estimates.

Our skyline plot calculated using the entire mitochondrial genome dataset of 129 individuals including Late Pleistocene, Holocene,
and contemporary individuals shows maternal effective population size (Ngf) across the past 50 ky (Extended data figure 24). Ns was
relatively low and stable until the onset of the Last Glacial Maximum ~24 kya, when we observe a rapid and continual increase until
~14 kya. After the peak in Ngs ~14 kya, there is a gradual decline until the present, with estimated N¢; 3-fold higher than estimates for
the last glacial period.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses were performed as described in the STAR Methods using R and other software specified in the
relevant STAR Methods subsections. Unless otherwise stated, sample sizes (n) represent individual specimens for fossil material or
individual animals for contemporary genomes. Exact values of n, along with what n represents, are reported in the relevant STAR
Methods subsections, associated figures and figure legends, and corresponding Supplemental and Extended Data tables.

Statistical testing and model evaluation procedures, including test selection, parameter settings, summary statistics, significance
thresholds, and corrections for multiple comparisons, are specified in the STAR Methods subsections corresponding to each anal-
ysis. These include non-parametric hypothesis testing using Mann-Whitney-Wilcoxon tests, multiple-testing correction using Bon-
ferroni adjustment for window-based comparisons, permutation-based significance testing for mitochondrial FST, and axis-signif-
icance testing for ordination using Tracy-Widom tests for principal component analyses. Measures of central tendency and
dispersion or precision (including mean, median, standard deviation, and confidence intervals) are reported where applicable in
the results, figures, tables, and STAR Methods.
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For analyses relying on statistical assumptions, these assumptions were addressed as part of the analytical design. Non-para-
metric tests were used where data distributions or sample sizes did not meet parametric assumptions. Model robustness and un-
certainty were evaluated using independent validation datasets and performance metrics for ecological niche modelling (including
AUC and Boyce Index), downsampling and ancient DNA damage simulations to assess sensitivity of population genetic inference
to coverage and damage profiles, and simulation-based inference frameworks (including Approximate Bayesian Computation
and forward-time simulations) to quantify demographic change and its genomic consequences.
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Figure S1. Correlations between HS, SIC, and SST, separated into the two study regions, Canada and Svalbard, related to Figures 2 and 3 and
STAR Methods

(A-C) Canadian region: (A) sea-ice cover (SIC) against habitat suitability (HS), (B) sea-surface temperatures (SSTs) against HS, and (C) SIC against SSTs.
(D-F) Svalbard region: (D) SIC against HS, (E) SSTs against HS, and (F) SIC against SSTs.

Red line denotes the linear regression model (generalized linear model with default Gaussian family) between the two variables.
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Figure S2. Holocene nucleotide diversity in bowhead whales, related to STAR Methods

(A and B) Mean (A) nuclear and (B) mitochondrial diversity are provided in 1,000-year time bins, to the exclusion of the nuclear estimates of 6,000-8,000 years ago,
which were pooled into a 2,000-year time bin due to low sample size. Error bars show one standard deviation on each side of the mean. Black dots show pooled
Holocene Canadian and Svalbard individuals, contemporary “ECWG” stock is in orange, and the contemporary “EGSB” stock is in green. Sample sizes for each
bin are indicated. Individuals with radiocarbon dates <500 years before present (BP) that could not be accurately calibrated due to the marine-reservoir effect
were added to the 0-1,000 bin.
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Figure S3. Correlations between genome-wide SNP heterozygosity, habitat suitability, sea ice cover, and sea surface temperature, sepa-
rated into the two study regions, Canadian Arctic Archipelago and Svalbard Archipelago, related to Figures 2 and 3 and STAR Methods

(A-C) Canadian region: (A) genome-wide SNP heterozygosity against habitat suitability (HS), (B) genome-wide SNP heterozygosity against sea ice cover (SIC),
and (C) genome-wide SNP heterozygosity against sea surface temperatures (SSTs).
(D-F) Svalbard region: (D) genome-wide SNP heterozygosity against HS, (E) genome-wide SNP heterozygosity against SIC, and (F) genome-wide SNP het-

erozygosity against SSTs.

Red line denotes the linear regression model (generalized linear model with default Gaussian family) between the two variables.
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Figure S4. Correlations between 5'3C values and habitat suitability, sea ice cover, and sea surface temperature, separated into the two study
regions, Canadian Arctic Archipelago and Svalbard Archipelago, related to Figures 2 and 3 and STAR Methods

(A-C) Canadian region: (A) 5'3C against HS, (B) 5'*C against SIC, and (C) 5'°C against SSTs.

(D-F) Svalbard region: (D) §'°C against HS, (E) 5'°C against SIC, and (F) 5'3C against SSTs.

Red line denotes the linear regression model (generalized linear model with default Gaussian family) between the two variables.
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Figure S5. Correlations between §'°N values and habitat suitability, sea ice cover, and sea surface temperature, separated into the two study
regions, Canadian Arctic Archipelago and Svalbard Archipelago, related to Figures 2 and 3 and STAR Methods
(A-C) Canadian region: (A) 5'°N against HS, (B) §'°N against SIC, and (C) 5'°N against SSTs.

(D-F) Svalbard region: (D) 5'°N against HS, (E) 5'°N against SIC, and (F) §'°N against SSTs.

Red line denotes the linear regression model (generalized linear model with default Gaussian family) between the two variables.
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Figure S6. Haplotype network of 129 bowhead whale mitochondrial genomes (>10x), related to STAR Methods
Sample sizes for each time bin are provided and include 65 Holocene fossil sequences from Canada and 42 from Svalbard, in addition to Late Pleistocene (>30
kya) and contemporary sequences. Samples from the Canadian Arctic Archipelago are shown in orange and from the Svalbard Archipelago in green.
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