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Summary 24 
The bowhead whale, an Arctic endemic, was heavily overexploited during commercial 25 

whaling between the 16th-20th centuries1. Current climate warming, with Arctic 26 

amplification of average global temperatures, poses a new threat to the species2. Assessing 27 

the vulnerability of bowhead whales to near-future predictions of climate change remains 28 
challenging, due to lacking data on population dynamics prior to commercial whaling and 29 

responses to past climatic change. Here, we integrate palaeogenomics and stable isotope 30 

(δ13C and δ15N) analysis of 201 bowhead whale fossils from the Atlantic Arctic with 31 
palaeoclimate and ecological modelling based on 823 radiocarbon dated fossils, 151 of which 32 

are new to this study. We find long-term resilience of bowhead whales to Holocene 33 

environmental perturbations, with no obvious changes in genetic diversity or population 34 

structure, despite large environmental shifts and centuries of whaling by Indigenous peoples 35 

prior to commercial harvests. Leveraging our empirical data, we simulated a time-series 36 

model to quantify population losses associated with commercial whaling. Our results indicate 37 

that commercial exploitation induced population subdivision and losses of genetic diversity 38 
that are yet to be fully realised; declines in genetic diversity will continue, even without 39 

future population size reductions, compromising the species’ resilience to near-future 40 

predictions of Arctic warming.  41 

 42 

  43 
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2 

Main text 44 

 45 
Humans have relied on cetacean species to support their livelihoods for millennia, 46 

with whale bones being common at many coastal archaeological sites 3. In the Arctic and 47 

subarctic, subsistence harvesting of cetaceans started with the arrival of the Thule culture 48 

~1,000 years ago 4 , and remains significant to communities across the Arctic. In particular, 49 

the bowhead whale (Balaena mysticetus) – the only baleen whale found in the Arctic year 50 
round – was harvested relatively heavily by the Thule 5. However, this harvest may have had 51 

little impact because non-breeding whales (mainly yearlings) were predominantly targeted 6. 52 

Major anthropogenic-driven population declines of bowhead whales likely did not occur 53 

before the introduction of commercial-scale harvesting in 1540 CE 7. 54 

 55 

The bowhead whale was one of the first whale species to be commercially exploited, 56 

beginning with whaling by the Basques in the Strait of Belle Isle in southern Labrador, 57 
Canada. After depletion of the whales around Labrador, the hunt moved east to Svalbard 58 

(Norway) in 1611 8,9 and in 1847-1849, commercial whalers found bowhead whales in the 59 

North Pacific, in both the Sea of Okhotsk and the Bering Sea 1.  60 
 61 

The main reason for commercial exploitation of bowhead whales was the value of the 62 

oil rendered from their blubber, which comprises 45-55% of the weight of an individual 10. 63 

Whale oil was the main source of light in cities across Europe and the eastern United States 64 
until the mid 1800s, when gas and later petroleum became available 1. By the early 20th 65 

century, when commercial bowhead whaling ceased to be profitable, populations had been 66 

driven close to extinction 1. Bowhead whale protection was put in place in 1931 with the 67 
signing of the ‘Convention for the Regulation of Whaling’ 7, which banned the harvest of all 68 

species in the right whale family (Balaenidae).  69 

 70 

Bowhead whales are a major predator of copepods and other zooplankton, and a 71 
keystone species responsible for nutrient cycling in Arctic ecosystems. They live in tight 72 

association with sea ice, which they rely on for seasonal food resources 11 and for protection 73 

from killer whales (Orcinus orca) 12. The decimation of bowhead populations caused by 74 
commercial whaling has likely had wide-reaching effects on Arctic marine food webs13, and 75 

in addition had wide-reaching impacts on Indigenous populations reliant on these ecosystems 76 
14,15. Consequently, the future distribution and abundance of bowhead whales is projected to 77 

be negatively impacted by on-going declines in sea-ice cover caused by anthropogenic 78 

climate change 16. 79 

 80 

The distribution and genetics of contemporary bowhead populations provides 81 
valuable information on current levels of population subdivision and genetic diversity 17–20. 82 

Furthermore, although genetic data from contemporary bowhead whale populations have 83 

been used to study the genetic impacts of whaling 19,21,22, demographic inferences may be 84 

confounded by the duration of the whaling bottleneck, which was relatively short, 85 

considering the long generation time of the species (35-50 years 17). Thus, the full genetic 86 

consequences of whaling are unlikely to be fully evident using present-day data alone. An 87 
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accurate representation of long-term, pre-whaling populations is essential to reliably predict 88 

the near-future resilience of bowhead whales to a continuously warming Arctic. Only by 89 

understanding longer-term patterns of population diversity and subdivision, and by 90 

addressing the response of bowhead whales to previous environmental changes, can we 91 

assess the degree of genomic erosion associated with commercial whaling, and evaluate the 92 

potential of bowhead whales to cope with future change.  93 

 94 
Previous studies based on mitochondrial DNA from ancient and present-day bowhead 95 

whales have attempted to assess the impact of past climate changes and of commercial 96 

whaling on these populations 23–25. In these studies, neither climate nor whaling appear to 97 

have left a genetic impact. However, mitochondrial DNA represents just a single maternally 98 

inherited locus, raising questions as to whether there was no impact, or whether the data 99 

analysed lacked sufficient power to detect the genetic effects of these processes.  100 

 101 
Bowhead whales have an exceptional – and, in the context of other marine mammals, 102 

unprecedented – fossil record. Bowhead whales usually float when dead 26, and carcasses end 103 

up on shore more frequently than is the case for other large cetaceans that tend to sink to 104 
depth when they die. Large numbers of bowhead bones discovered on beaches in the 105 

Canadian Arctic Archipelago and in the Svalbard Archipelago (Norway) extend across the 106 

past 11,000 years and provide a detailed chronology of bowhead occurrence in these regions. 107 

The unprecedented spatial and temporal extent of fossil remains have enabled their use as 108 
proxies to estimate the timing and extent of Holocene changes in sea-ice cover in sectors of 109 

the Atlantic Arctic 27,28.  110 

 111 
Using a multi-faceted approach integrating ancient biomolecular analyses (ancient 112 

DNA/palaeogenomics, stable isotope analysis) with palaeoclimate data, ecological models, 113 

and genomic simulations, we investigated the past 11,000 years of bowhead eco-evolutionary 114 

history in the Atlantic Arctic, building on inferences from the exceptional Holocene fossil 115 
chronology of > 800 radiocarbon-dated fossil remains, of which 151 dates are new to this 116 

study (Figure 1). Specifically, we (i) establish the pre-whaling, long-term demographic trends 117 

of bowhead whales, (ii) elucidate their genomic and palaeoecological responses to Holocene 118 
climate change events, and (iii) evaluate the long-term genomic impact of commercial 119 

whaling. 120 

 121 

Holocene environmental changes and habitat suitability  122 

High-resolution palaeoclimate reconstructions of Holocene environmental change in 123 

the Canadian Arctic and Svalbard archipelagos reveal fluctuations in average sea-surface 124 

temperature (SST) and sea-ice cover during the past 11,000 years, with the most dramatic 125 
changes occurring around Svalbard (Figs 2A,B). According to projections from the 126 

HadCM3B-M2.1 coupled general circulation model, the largest shifts in SST and sea-ice 127 

cover took place in the early Holocene, with large peaks in SST and troughs in sea-ice cover 128 

in the Canadian Arctic Archipelago at ~10–8.5 thousand years ago (kya). This timing roughly 129 

coincides with the onset of the Holocene Thermal Maximum 29,30, and the opening of the 130 
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Nares Strait that connected Baffin Bay and the Lincoln Sea to the Arctic Ocean and flooded 131 

the region with nutrient-rich water from the Atlantic some 9 kya 31.  132 

 133 

Differences in the timing of the palaeoclimatic shifts in the western and eastern 134 

sectors of the Atlantic Arctic probably reflect heterogeneity in the timing and duration of the 135 

Holocene Thermal Maximum across the Arctic 30. The rapid decline in SST observed in 136 

Svalbard at ~6 kya may signal the end of the Holocene Thermal Maximum in the region (Fig 137 
2A). However, despite pronounced early Holocene fluctuations in SST and sea-ice cover, our 138 

ecological models do not suggest concurrent changes in the estimated area (Fig 2C) or spatial 139 

distribution (measured as average latitude, Fig 2D) of suitable bowhead whale habitat. 140 

Conversely, habitat suitability projections are relatively stable across time (Supplementary 141 

video S1), suggesting long-term ecological resilience of bowhead whales to the climatic 142 

perturbations of the Holocene.  143 

 144 
In agreement with our spatiotemporal estimates of suitable habitat, we observe limited 145 

changes in genetic diversity of bowhead whales across the Holocene, as measured by 146 

genome-wide single nucleotide polymorphism (SNP) heterozygosity and nuclear and 147 
mitochondrial nucleotide diversity (π) assessed in 1,000-year time bins (Fig 3A, 148 

Supplementary figs S1, S2, Supplementary tables S1 - S4). This suggests that Holocene 149 

environmental shifts, as identified by changes in SST and sea-ice cover, had negligible 150 

impacts on the population abundance of bowhead whales. Alternatively, any local changes in 151 
genetic diversity were buffered by migration and/or gene flow, which is supported by our 152 

genomic simulations (Supplementary figure S3). Nevertheless, the remarkable long-term 153 

stability observed in bowhead genetic diversity across the Holocene, despite significant 154 
environmental perturbations, is in stark contrast with other Arctic marine mammals for which 155 

Holocene demographic reconstructions are available. For example, Greenlandic polar bears 156 

(Ursus maritimus) experienced marked declines in area of suitable habitat and in population 157 

size in the Atlantic Arctic during the Holocene, in response to increasing SST and decreasing 158 
sea-ice cover 32. 159 

 160 

Spatiotemporal patterns of bowhead palaeoecology 161 
  To further test the response of bowhead whales to environmental change, we 162 

analysed bone collagen stable carbon (δ13C) and nitrogen (δ15N) isotope compositions from 163 

our fossil chronology (Fig 2E,F, Supplementary figure S4). These data provide a proxy for 164 

assessing temporal shifts in resources at the base of the food web, i.e., in primary productivity 165 

or nutrients, which can be driven by climatic and environmental change 33. Bowhead whales 166 

are specialised low trophic zooplankton feeders, and thus it is unlikely they would shift 167 

trophic position during the time investigated by our study. Sea-ice microalgae, growing 168 
within and under sea ice, and phytoplankton, growing in open water, experience regional 169 

shifts in community composition and abundance, in response to reductions in sea-ice cover 170 

and thickness that alter primary production regimes 34. These shifts at the base of the food 171 

web drive bottom-up changes in ecosystem structure and function, affecting pelagic 172 

secondary production. Such shifts are reflected in the tissue isotopic and chemical 173 

compositions of consumers, including bowhead whales 35. 174 
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 175 

Our analysis did not reveal any clear association between spatiotemporal changes in 176 

SST or in sea-ice cover and bowhead δ13C and δ15N signatures (Fig 2); these results were 177 

consistent regardless of the sex of the individual (Supplementary figure S4). Our findings 178 

show similar δ13C values between the western and eastern sectors of the Atlantic Arctic until 179 

~6 kya, when δ13C increased in individuals from the Canadian Arctic Archipelago relative to 180 

the Svalbard Archipelago. δ13C values in specimens from the Canadian Arctic Archipelago 181 
continued to rise until ~3.5 kya. The timing of the onset of the increase corresponds with the 182 

end of the Holocene Thermal Maximum, which may have caused a shift in primary producers 183 

as temperatures changed. A similar increase in δ13C has also been documented in Northwest 184 

Greenland in sedimentary organic carbon 36, suggesting this pattern is not specific to 185 

bowhead whales, but rather reflects a regional shift in primary productivity in the western 186 

sectors of the Atlantic Arctic.  187 

 188 
We carried out a genomic analysis of nuclear SNPs to find those with the highest 189 

likelihood of change in allele frequency associated with time. This revealed 18 sites located 190 

within 16 annotated genes, linked to an array of potential phenotypes that may be associated 191 
with responses to environmental changes in the Arctic, including body size, metabolism, 192 

regulation of cardiovascular and renal systems, and development of adipose tissue 193 

(Supplementary tables S5, S6). Visualising changes in allele frequency through time reveals 194 

an allelic shift at most of the sites at ~5-3 kya (Supplementary figure S5). The relative 195 
conformity in timing of allele changes, despite the sites being present in vastly different parts 196 

of the genome, suggests a large change in selective pressure across the species range. The 197 

timing coincides with the divergence in the trajectory of δ13C values between the two regions, 198 
and hence supports an ecological driver of change (Fig 2E).  199 

 200 

The clear differentiation in δ15N between the Canadian Arctic Archipelago and the 201 

Svalbard Archipelago is likely due to regional variability in δ15N at the base of the food web, 202 
as has been reported in other marine predators 37–39. During the second half of the Holocene, 203 

δ
15N in bowhead whales around both the Canadian Arctic Archipelago and the Svalbard 204 

Archipelago decreased gradually (Fig 2F), suggesting a slow change in nutrient dynamics, 205 
possibly decreasing rates of sedimentary denitrification, a process which results in 15N-206 

enrichment in water column organic matter in Arctic and subArctic continental shelf 207 

environments 40. Such a change would be reflected in the δ15N of consumers, such as 208 

bowhead whales 41. 209 

 210 

Spatiotemporal patterns of genomic structuring 211 
Bowhead populations are recognised by the International Whaling Commission 212 

(IWC) as comprising four geographically segregated stocks, based on genetics and non-213 

genetic data, including telemetry 42. Contemporary bowhead whales in the Canadian Arctic 214 

Archipelago belong to the ‘East Canada West Greenland’ stock (Fig 1A). Contemporary 215 

bowhead whales from around the Svalbard Archipelago belong to the ‘East Greenland 216 

Svalbard Barents Sea’ stock. Our FST analysis shows the level of genetic differentiation 217 

between the two stocks is ~3.7x higher at present than during the Holocene, indicating that 218 
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population subdivision between stocks is a recent phenomenon (Supplementary figure S6). 219 

Indeed, we found no indications of genomic population subdivision in our fossil individuals, 220 

suggesting bowhead whales comprised a single panmictic population during the Holocene 221 

(Fig 3B and Supplementary figures S7 - S12). However, our observed regional differences in 222 

δ
15N indicate whales mostly fed locally, in the western or eastern sector of the Atlantic 223 

Arctic, where their fossils were found (Fig 2F), suggesting geographic segregation of 224 

individuals in both archipelagos. These divergent findings may be reconciled if sufficient 225 
levels of connectivity across the Atlantic Arctic were maintained throughout the Holocene, to 226 

facilitate gene flow and prevent genetic subdivision. This scenario is supported by genomic 227 

simulations, which show no genetic subdivision when the populations are connected by as 228 

few as ~5 migrants per generation (Supplementary figure S3).  229 

 230 

Our ecological modelling showed a high likelihood of suitable habitat around 231 

northern and southern Greenland, connecting the Canadian Arctic Archipelago and the 232 
Svalbard Archipelago from 11,000 years ago until 1950 (the most recent time point in our 233 

models) (Supplementary video S1). Movement of bowhead whales between the western and 234 

eastern sections of the Atlantic Arctic north of Greenland is supported by Holocene fossil 235 
evidence (Supplementary video S1). Although there is no fossil evidence from the southern 236 

coast of Greenland to support this, the absence of fossil remains could reflect the acidity of 237 

substrates in the region, which likely limits the preservation of organic material, potentially 238 

masking whale presence.  239 
 240 

The genomic impacts of commercial whaling 241 
At the onset of commercial whaling, the range of bowhead whales extended further 242 

south of their current winter range in northern Labrador, Canada (Fig 1A) 43. Their range 243 

included the Strait of Belle Isle and the Gulf of St Lawrence, which were the first areas where 244 

bowhead whales were heavily hunted by Basque whalers 1.  This extension of their historical 245 

range so far south of their current distribution could be due to their relative displacement 246 
during the cooler climates of the Little Ice Age (~1300-1900 AD). The disruption of gene 247 

flow between contemporary stocks relative to their pre-whaling counterparts (Fig. 3B, 248 

Supplementary figure S6) could in part be explained by the extirpation of bowhead whales 249 
from the southern parts of their range by early commercial harvests 1.  250 

 251 

During the four centuries of commercial bowhead whaling, the cumulative offtakes in 252 

the eastern sector of the Atlantic Arctic are estimated to have been much more severe than in 253 

the western sector 1. The ‘East Greenland Svalbard Barents Sea’ stock numbered in excess of 254 

52,500 bowhead individuals prior to whaling 9. Contemporary bowhead whales in the region 255 

number some few hundred individuals 9,44, suggesting a >98% population size decline. In 256 
contrast, the pre-whaling estimates for the ‘East Canada West Greenland’ stock is ~18,500 257 

individuals 45, and the current population numbers ~6,000 individuals 46, equivalent to ~70% 258 

population size decline. The difference in whaling intensity between regions is mirrored in 259 

our dataset; contemporary ‘East Greenland Svalbard Barents Sea’ individuals have 260 

significantly lower mean genome-wide SNP heterozygosity and genome-wide nucleotide 261 

diversity compared to Holocene individuals (our analysis suggests ~2% loss for each 262 
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estimate; Fig 3A, Supplementary figure S1, Supplementary tables S1, S3). In contrast, 263 

contemporary bowhead whales from Canada have diversity values that do not significantly 264 

differ from Holocene individuals from the Canadian Arctic Archipelago, indicating they 265 

reflect long-term pre-whaling diversity more closely than their Svalbard counterparts.  266 

 267 

The genetic impact of whaling is also visible in other parameters in the genomes of 268 

the ‘East Greenland Svalbard Barents Sea’ stock. Our demographic reconstruction based on 269 
12 contemporary samples from the Svalbard Archipelago estimated ~12% loss in effective 270 

population size (Ne) ~5 generations ago, which is equivalent to 175-250 years ago (with a 271 

generation time of 35-50 years 17; Supplementary figure S13). Similar findings were recently 272 

reported in bowhead whales in the ‘East Canada West Greenland’ stock, which show a large 273 

decrease in Ne ~4 generations ago 20. However, the reliability of bowhead demographic 274 

reconstruction based exclusively on contemporary data is questionable, as inferences of 275 

population changes are indirect, and may be confounded by long generation time, short 276 
bottleneck duration, and the magnitude of population depletion. Thus, long-term pre-whaling 277 

data is imperative for reliably quantifying the relative and long-term genetic impact of 278 

commercial whaling.  279 
 280 

To estimate the most probable level of Holocene migration between the western and 281 

eastern sectors of the Atlantic Arctic, and the magnitude of the bottleneck caused by 282 

commercial whaling, we compared our empirical estimates of spatiotemporal changes in 283 
genetic diversity and FST (Fig 3A, Supplementary figures S1 and S6) with genomic 284 

simulations of various demographic scenarios. Based on a model of our pre-whaling 285 

Canadian bowhead population, we estimate that stable genetic diversity would have been 286 
maintained if populations were reduced by a maximum of 50% (Fig 4A). Similarly, using a 287 

model of a 2% reduction in genetic diversity in a population modelled after our pre-whaling 288 

Svalbard bowhead population, we estimate a population decline of 92-96%. To emulate the 289 

relative temporal change in FST observed between Holocene and contemporary individuals, 290 
our simulations require migration to have been reduced to ~1 individual per generation, or to 291 

have ceased entirely (Fig 4). Thus, our findings suggest the sustained migration levels that 292 

buffered changes in genetic diversity during the Holocene (at least ~5 individuals per 293 
generation) are likely no longer happening in contemporary populations. Our spatiotemporal 294 

estimates of habitat suitability do not suggest a loss of habitat connectivity south or north of 295 

Greenland since the onset of commercial whaling, indicating any cessation or reduction in 296 

gene flow is driven by demographic changes rather than environmental changes. 297 

 298 

Using forward simulations, we show that population divergence and loss in genetic 299 

diversity associated with commercial whaling is not yet fully realised in contemporary 300 
populations (Fig 4B,C), likely due to the long generation time of bowhead whales and the 301 

relatively recent timing of the bottleneck. The diversity of contemporary bowhead whales 302 

underestimates the actual loss due to whaling, which ceased in both regions < ~5 generations 303 

ago 1, and thus it may take several more generations for the genetic signs of low population 304 

size to become evident. If all other demographic factors stay the same, genetic diversity will 305 

continue to decrease in both populations, resulting in ~1% decrease in the ‘East Canada West 306 
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Greenland’ stock and ~4% decrease in the ‘East Greenland Svalbard Barents Sea’ stock over 307 

the next 100 years or ~3% decrease in the ‘East Canada West Greenland’ stock and ~15% 308 

decrease in the ‘East Greenland Svalbard Barents Sea’ stock over the next 1,000 years. This 309 

is expected, as genetic diversity loss has a time-lag relative to demographic decline, 310 

particularly in long-lived species 47. Genetic diversity loss in collapsed populations (e.g., 311 

Svalbard) is expected to continue even if there is demographic recovery 48,49, because small 312 

populations continue to pay a ‘genetic drift debt’ 50. This sustained genomic erosion, 313 
especially in the ‘East Greenland Svalbard Barents Sea’ stock, brings into question the long-314 

term resilience of the population. The loss of genetic diversity will likely be exacerbated by 315 

further declines in population size, which are predicted based on modelled future patterns of 316 

habitat suitability, which shows a significant decrease and northwards shift towards year 317 

2100 16. Overall, this highlights the pressing need for long-term protection and (genetic) 318 

monitoring of bowhead whale populations.  319 

 320 
Prior to commercial whaling, bowhead whales in the western sector of the Atlantic 321 

Arctic endured hundreds of years of Palaeoinuit subsistence hunting. Thule harvests in the 322 

central and eastern Canadian Arctic are difficult to estimate, but have been approximated at 323 
~11,500 whales between 1200–1529 AD 5, roughly 20% of total commercial harvests. The 324 

average offtakes translate to ~40 individuals per year for Thule subsistence harvests, and 325 

~150 individuals per year for commercial harvests. However, there was a relatively short, 326 

concentrated period of significantly higher commercial offtakes in eastern Canada and West 327 
Greenland of up to 1500 individuals per year between ~1830-1840 5.  328 

 329 

Based on the size of bones retrieved from archaeological sites, Thule are inferred to 330 
have focused almost exclusively on non-breeding individuals (yearlings and small juveniles) 331 
6, and thus likely had lower impacts on the species relative to commercial whaling, which 332 

was either non-selective, or targeted the largest animals 51. Indeed, a negligible impact is 333 

supported by our findings, which show no evidence of genetic diversity loss prior to 334 
commercial whaling (Fig 3). The longer period of sustained bowhead harvests in the 335 

Canadian Arctic Archipelago by Thule and commercial whalers, relative to Svalbard, where 336 

there have been no subsistence harvests, makes the regional patterns of diversity loss in 337 
contemporary individuals more profound; our data show commercial exploitation left the 338 

Svalbard whales in a much worse state than their Canadian counterparts, in agreement with 339 

regional differences in offtakes estimates1. 340 

 341 

The Arctic is experiencing transformative change due to climate warming. We are 342 

already observing a four-fold amplification of the rate of change in temperature in this region, 343 

compared to the global average 2. Climate models predict further increases in SST and losses 344 
of sea-ice cover in our two study regions in the near future16 (Supplementary tables S7 and 345 

S8). While some climatic perturbations that followed the last ice age were similar in pace and 346 

magnitude to what is predicted for the 21st century 52, absolute temperatures in the Arctic this 347 

century are predicted to exceed those experienced during the past 55 million years 53,54. We 348 

show that bowhead whales across the Atlantic Arctic were resilient to the past 11,000 years 349 

of environmental change, with higher levels of nuclear genetic diversity and higher potential 350 
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for gene flow in the Holocene, perhaps providing the capacity for the species to deal with 351 

past environmental perturbations. However, our study indicates commercial whaling eroded 352 
genetic diversity, and that we have yet to see the full genomic consequences of the 353 

commercial decimation of bowhead populations, which may impact the species’ resilience to 354 

near-future climate change.  355 
 356 

 357 

 358 
 359 

Figure 1. Sample localities and ancient biomolecular data for the Holocene bowhead 360 

whale fossil assemblage. (A) Map showing the geographic range of the two recognised 361 

bowhead management stocks (or breeding populations) in the Atlantic Arctic. Faded colours 362 
show the historical distribution that was lost after commercial whaling. Current sea-ice 363 

concentrations across the Arctic Ocean are indicated in blue lines. The locality of the 364 
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Holocene fossil samples from which we retrieved ancient biomolecular data (δ13C and δ15N 365 

stable isotopes, ancient DNA) are shown as red dots. The complete dataset from (B) the 366 
Canadian Arctic Archipelago and (C) the Svalbard archipelago, including the total number of 367 

radiocarbon dated fossils, stable δ13C and δ15N isotopes, and ancient DNA for genetic sexing, 368 

nuclear genomes (>0.20x coverage), and mitochondrial genomes (>10x coverage) is shown in 369 
500-year time bins.          370 

 371 
Figure 2. Holocene environmental change, habitat suitability, and palaeoecology. 372 
Holocene (A) sea-surface temperature (SST) and (B) sea-ice cover. (C) Percentage of the 373 

predefined region containing suitable habitat for bowhead whales based on our models. (D) 374 

average latitude of suitable habitat within the predefined region. Bone collagen (E) δ13C and 375 
(F) δ15N stable isotope values from 196 Holocene bowhead whale fossils, and their genetic 376 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 13, 2024. ; https://doi.org/10.1101/2024.04.10.588858doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.10.588858
http://creativecommons.org/licenses/by-nc-nd/4.0/


sex, if available; the specimens included 94 females, 78 males, and 24 individuals for which 377 

sex could not be determined. Trend lines are from a local weighted regression smoothed to fit 378 
our scatterplot data. Information about the Canadian Arctic Archipelago is shown in orange 379 

and from the Svalbard Archipelago is shown in green. 380 

    381 

 382 
 383 

Figure 3. Spatiotemporal patterns of genetic diversity and population subdivision in 384 
bowhead whales across 11,000 years. (A) ‘Corrected’ individual genome-wide nuclear SNP 385 
heterozygosity. Heterozygosity values were corrected in the Holocene fossil individuals by 386 

simulating ancient DNA damage patterns onto contemporary individuals and calculating the 387 

deviation from the high quality version of the same individual. (B) The first axis of a 388 
principal component analysis, plotted against the age of each sample. The analyses were 389 

based on genome-wide data from 44 Holocene fossil individuals with at least 0.2x coverage 390 

and 19 contemporary individuals. Samples from the Canadian Arctic Archipelago are shown 391 

in orange (33 pre-whaling Holocene, 7 contemporary), and samples from the Svalbard 392 
Archipelago are shown in green (11 pre-whaling Holocene, 12 contemporary). 393 

 394 

 395 

 396 
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 397 
Figure 4. Simulated past and future changes in migration and genetic diversity. (A) 398 

comparison of delta (difference between pre- and post-bottleneck) statistics between 399 

empirical and simulated data; 0 (in white) indicates simulated parameter combinations that 400 
match the mean observed values of the empirical genomic data. Future projections of (B) 401 

changes in FST between the two populations and (C) changes in nucleotide diversity within 402 

the Canadian Arctic Archipelago (orange) and Svalbard Archipelago (green) based on the 403 

simulated data, where the population representing Canada decreased 48% and the population 404 
representing Svalbard decreased 97%, and migration between the populations ceased after the 405 

bottleneck. Bold lines represent the mean values. All simulations assumed the bottleneck 406 

occurred ~500 years ago and that population size did not change subsequently. Simulations 407 

were performed in generations and converted to years, assuming a generation time of 35 408 

years. 409 

 410 
 411 

 412 

 413 

 414 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 13, 2024. ; https://doi.org/10.1101/2024.04.10.588858doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.10.588858
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 

Methods 415 

 416 

Bowhead samples 417 
All specimens analysed were previously identified in the field as bowhead whales. 418 

For ecological modelling, we compiled a record of available radiocarbon dated subfossil 419 

bowhead whales from across the circumpolar Arctic, totalling 824 individuals after filtering 420 
23,27,55–84 (Supplementary table S9). We included only fossils that were known to be from 421 

bowhead whales, and excluded samples processed before 1980 if we did not have information 422 
on whether dating of the specimen was performed using collagen and with adequate 423 

pretreatment (especially cleaning), as these protocols were not in regular use until the early 424 

1980s 85,86. The largest number of specimens suitable for ecological modelling were from the 425 
Canadian Arctic Archipelago and Svalbard Archipelago chronologies; a subset of these 426 

samples were analysed using ancient biomolecules, mentioned above and detailed later. We 427 

included 71 new radiocarbon dates of bowhead fossils from around the Svalbard archipelago, 428 

and East Greenland (Supplementary table S9). The samples were identified and dated 429 
following Wiig et al. 2019 55. We also included 80 new radiocarbon dates from bowhead 430 

whale fossils from around the Central Canadian Archipelago, which were identified and 431 

dated following Dyke et al 1996 27. 432 
To ensure comparability between sample ages across our analyses, we recalibrated all 433 

original radiocarbon dates with Calib v7.0.4 using the marine13 calibration curve, a specified 434 

age span of 100 years, and unique marine reservoir correction (delta R) values depending on 435 

the region in which the specimen was found. For samples from the Canadian Arctic (n = 652) 436 
we used a delta R of 170±95 87; from around Alaska (n = 4), we used a delta R of 506±83 88; 437 

from the Svalbard Archipelago and the Norwegian coast (n= 167), we used a delta R of 7±39 438 
89.  439 

For ancient DNA and stable isotope analyses, we sub-sampled radiocarbon dated 440 

bowhead whale bone specimens from the Canadian Museum of Nature, Ottawa (Canadian 441 

Arctic Archipelago samples) and Natural History Museum, University of Oslo (Svalbard 442 
Archipelago samples). All except one Canadian sample (>33 kya) and three  Late Pleistocene 443 

Svalbard samples were dated to the Holocene. An overview of the samples and their 444 

associated biomolecular data is included in Supplementary tables S10 (stable δ13C and δ15N 445 

isotopes), and S11+S12 (ancient DNA). 446 
Contemporary bowhead whales are recognised as belonging to four distinct 447 

management units (termed stocks or breeding populations), based on genetics and non-448 

genetic data (incl. telemetry) 42. To contextualise the Holocene ancient DNA data, we 449 
included comparable genomic data from samples collected from the two contemporary stocks 450 

in the Atlantic Arctic. We generated genomic data from seven samples from the 451 

contemporary ‘East Canada West Greenland’ stock, and downloaded published genomic data 452 

from 12 bowhead individuals from the ‘East Greenland Svalbard Barents Sea’ stock (sampled 453 

2017-2018, Genbank bioproject: PRJNA643010) 17. Sample and data overviews for the 454 

contemporary samples are provided in Supplementary table S13. 455 

 456 
Ecological niche modelling 457 
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Climate data 458 

Paleoclimate data were accessed using a high resolution (1° x 1°) oceanic climate 459 

dataset for the period 60 thousand years ago (kya) through to the present (1950 C.E.) 90. 460 

These data were generated by temporally linking discrete snapshot simulations from the 461 

HadCM3B-M2.1 coupled general circulation model 91. The HadCM3B-M2.1 model has a 462 

nominal oceanic resolution of 1.25° × 1.25° and is run as a series of snapshots at 1000-year 463 

intervals between 0 (1950 C.E.) and 22,000 BP, and 2000-year intervals between 22,000 BP 464 
and 60,000 BP. The snapshot simulations have been linked using splines based on monthly 465 

climatologies, before interannual and millennial scale variability (e.g. Dansgaard-Oeschger 92 466 

and Heinrich 93 events) was imposed on the timeseries. The data has been downscaled to the 467 

final 1° × 1° resolution using bilinear interpolation. Tests of the HadCM3B-M2.1 model 468 

show that it reproduces global and regional sea-surface temperatures and surface salinity 91. 469 

While no validation of the HadCM3B-M2.1 sea-ice dynamics has been done, a validation 470 

using the same underlying model (HadCM3), has shown a good fit to observed sea-ice 471 
extents and declines 94.  472 

Simulation of the climate system by even the most advanced global climate models 473 

contain notable biases 95. Consequently, it is crucial to address these model biases in order to 474 
achieve realistic paleoclimate simulations for use in studies of long-term ecological dynamics 475 
96. Our climate data were bias-corrected using an additive delta (change-factor) method 95 for 476 

sea-surface temperature, and a multiplicative correction for sea-surface salinity and sea-ice 477 

concentration. Sea-surface temperature and salinity were bias corrected against the World 478 
Ocean Atlas 2018 dataset (https://www.ncei.noaa.gov/products/world-ocean-atlas), with sea-479 

ice concentration corrected against the Twentieth Century Reanalysis dataset 97 using a 480 

climatological period of 1850-1950 C.E. Multiplicative bias corrections were capped at 3x 481 
the simulated value 90. Corrected sea-ice cover values that exceeded 100% were truncated 482 

back to 100%. No bias-correction was done on sea-ice thickness due to there not being a 483 

suitable dataset covering the end of the model simulation period (1850-1950 C.E.).  484 

The resulting paleoclimate simulations were a continuous time series of maps of 485 
climatological monthly averages, calculated over a 30-yr window, with a step of 50 years, for 486 

the period 60 kya to 0 kya. We extracted seasonal data for sea-surface temperature (SST; °C), 487 

sea-surface salinity (SAL, ‰), sea-ice cover (SIC, %), and sea-ice thickness (SIT, m) for our 488 
study region. This data was then used to generate 30-yr averages of four variables (for each 489 

season) at 50 year timesteps: (i) seasonal mean SST; (ii) seasonal mean SAL; (iii) seasonal 490 

mean SIC; and (iv) seasonal mean SIT. All fossil records for bowhead whales were then 491 

matched to this data and used to calibrate an ecological niche model (see below).  492 

Following exploratory data analyses we opted to use summer (June, July, August) 493 

SST, SAL, SIC in our ecological niche model. We did not use summer SIT as we were 494 

unable to bias-correct it. These metrics are theorised to be as successful as more direct 495 
(proximal) variables in predicting the relationships between environmental pattern and 496 

process, particularly in extreme environments where species are not occupying optimal parts 497 

of their potential realised niches 98–100. The choice of summer seasonal data is justified as we 498 

have a large number of samples above the northern edge of the contemporary Canadian 499 

Arctic Archipelago population boundary (Fig 1), and bowhead whales from this region are 500 

known to move northwards in summer following the sea ice as it retreats 27. Furthermore, 501 
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bowhead whales in the Svalbard area have been observed to be on average ~100 km offshore 502 

during the summer 101. Given that we only used radiocarbon dated fossil records - primarily 503 

located along coastlines - to calibrate and validate our ecological models, Svalbard fossils in 504 

all likelihood resulted from animals that died in summer.  505 

Previous work has shown that bowhead whales prefer cold, ice-covered water, with 506 

individuals spending most of their time in a narrow temperature range > -1°C SST < 1°C, 507 

near the marginal ice zone, but also moving into areas with >90% SIC during winter 101. 508 
Proximity to coastline, and consequently, bathymetric depth has also been shown to be an 509 

important variable controlling bowhead whale distribution 101, but we were not able to 510 

calculate these metrics (e.g. bathymetric depth, distance from continental shelf) accurately 511 

because accurate bathymetric data for our high-resolution paleoclimate reconstructions do not 512 

exist 90. We included salinity as a proxy for regional differences in ocean productivity, with 513 

decreased pelagic and benthic diversity often occuring in areas of lower salinity 102. 514 

Consequently, our estimates of SST, SAL, and SIC metrics could be considered both 515 
proximal and distal predictors as they have a direct (proximal) influence on bowhead whale 516 

physiology and behaviour (and therefore fitness), and an indirect (distal) influence on prey 517 

distributions. 518 
 519 

Ecological niche model 520 

We created an ecological niche model (ENM) for bowhead whales using the 521 

Hypervolume package for R 103. We generated best estimates of the ecological niche as a 3-522 
dimensional hypervolume 104 across time 99. Hypervolumes were constructed using the 523 

“Gaussian” hypervolume method 105, with bandwidths, number of standard deviations, and 524 

the probability threshold tuned using independent calibration and validation datasets. 525 
Gaussian hypervolumes were built by defining a Gaussian kernel density estimate on an 526 

adaptive grid of random n-dimensional points around the original data points. The bandwidth 527 

multiplier, number of standard deviations, and the probability threshold all control the size 528 

and configuration of the kernel density estimate 103,105. We withheld a stratified 10% of our 529 
expanded occurrence records to use as an independent validation set, with the remaining 90% 530 

of records used to calibrate the hypervolume. We intersected the 30-year averages for our 531 

climate and environmental variables for each georeferenced fossil for the period ± 2 SD 532 
around the estimated age of the fossil, ensuring that each fossil record had a time series of 533 

climate data associated with it 106. This time series represents the period over which bowhead 534 

whales were likely to have been present near the fossil sites, given inherent dating 535 

uncertainty. Before pairing the fossil records with the environmental and climate data (see 536 

above) to define the niche, we merged records where there was spatiotemporal overlap within 537 

each 1° × 1° grid-cell. To do this, longitude and latitude values for fossils (Supplementary 538 

table S9) were rounded to one decimal place (retaining ~11.1 km of accuracy) and grouped. 539 
Each record was then checked for temporal overlap with all other records in the same group. 540 

Temporal overlap was defined as overlapping confidence intervals for the calibrated 541 

radiocarbon ages (Calibrated Age ± 2 S.D.). Where temporal overlap occurred, the 542 

confidence intervals were merged for all overlapping records resulting in a single record with 543 

an expanded age interval. Pre-processing the collated fossil records using this approach 544 

reduced the number of records for modelling the niche to 585 (n = 526 calibration, n = 59 545 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 13, 2024. ; https://doi.org/10.1101/2024.04.10.588858doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.10.588858
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

validation). Expanding the calibration and validation datasets to their full temporal coverage 546 

resulted in 10,798 calibration records and 1,148 validation records. 547 

To characterise the environmental conditions at each fossil location, SST, SIC, and 548 

SAL were calculated as the average values from the nearest ocean grid-cell containing the 549 

fossil and the 8-nearest cells. The 9-cell averaging approach was chosen to minimise fine-550 

scale artificial accuracy/biases introduced during the bias correction and downscaling of the 551 

climate data 90 and to overcome positional uncertainty regarding the potential ocean cells 552 
from which the fossils were likely to have arisen. For this process, fossils that were located 553 

on land according to the temporally explicit land/sea mask, were snapped to their nearest 554 

ocean-cell, up to a maximum distance of 150 km, before the nearest 8-cells to the “new” 555 

fossil location were identified (Supplementary figure S14). 556 

 557 

Climate suitability projections 558 

Spatially and temporally explicit projections of habitat suitability were created at 50-559 
year generational time steps from 11 kya BP to 0 BP for bowhead whales. We opted to set an 560 

upper limit on our hindcasts as only 7% of our fossil record was from fossils older than 11 561 

kya BP and we therefore had reduced confidence in projections of habitat suitability before 562 
this time. Comparisons between spatial projections of habitat suitability from the 563 

hypervolume package, and more common maximum entropy methods 107 have shown similar 564 

results 105.  565 

Using the full multi-temporal fundamental niche hypervolume, we used the 10% 566 
validation test set to fine-tune the two parameters that affect the probability density (i.e. 567 

habitat suitability) of the hypervolume: (i) weight.exponent, and (ii) 568 

edges.zero.distance.factor. These two parameters in combination control the rate and distance 569 
at which habitat suitability shifts to 0 from its empirical maximum. A grid search was done 570 

using both parameters (edges.zero.distance.factor range = 1:10; weight.exponent range = -1:-571 

3), before extracting values of habitat suitability at fossil locations (temporally explicit), and 572 

then calculating the Boyce Index and area-under the receiver operating curve (AUC) values 573 
108,109. The Boyce index is a presence-only evaluation measure used to discriminate how 574 

much projections of habitat suitability at presence locations differ from random expectation, 575 

with higher Boyce values indicating greater habitat suitability at presence locations than 576 
would be expected by chance. Likewise, higher AUC values indicate greater capacity for the 577 

hypervolume projections to discriminate between background locations and 578 

training/validation sites. Background points for calculating both measures were defined using 579 

the background points from the full hypervolume. Final parameters were chosen based on the 580 

combination of parameters that maximised the Boyce Index and AUC and consequently 581 

habitat suitability at fossil locations through time. Following tuning and validation, the 582 

weight.exponent was set to -1 and edges.zero.distance.factor was set to 3. As the outputs of 583 
the hypervolume_project function are not bound by [0, 1]103,105, each of the projections of 584 

habitat suitability was then rescaled to the range 0-1 using the 10% training presence 585 

threshold (OR10). The OR10 is defined as the threshold which excludes regions with 586 

suitability values lower than the values for 10% of training records – the assumption being 587 

that the lowest 10% of training records are from regions that are not representative of the 588 

species overall habitat and can be omitted. Values were rescaled using the formula: 589 
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Where Xr is the rescaled suitability value, x is the original value, OR10 is the 10th percentile 590 

omission threshold from the training data, and P95% is the 95th percentile of all x values > 591 

OR10. We opted to rescale based on the 95th percentile of suitability values due to the 592 

extreme right skew of the suitability values inflating the maximum value. Projections of 593 

habitat suitability were then reprojected using bilinear interpolation to a stereographic polar 594 
projection with a resolution of 100 km x 100 km. 595 

 596 

Stable isotope analysis 597 
Approximately 100 mg of powdered bone was removed from subfossil bowhead 598 

whale specimens and demineralized in 0.5 M HCl for 4 h under constant motion (orbital 599 

shaker). The samples were then rinsed with Type I water (18.2 MΩ·cm), treated with 0.1 M 600 

NaOH for 20 minutes. This step was repeated until there was no colour change in the 601 
solution. The samples were then heated at 75°C for 36 hrs in 3.5 mL 0.01 M HCl to solubilize 602 

the collagen, and freeze-dried.  603 

We determined carbon and nitrogen isotopic and elemental compositions using a Nu 604 
Horizon isotope ratio mass spectrometer (IRMS) coupled to a EuroVector 3000 elemental 605 

analyzer (EA). The δ13C and δ15N values were calibrated relative to the international 606 

reference scales (VPDB and AIR) using USGS40 and USGS41a 110,111. We assessed 607 

measurement uncertainty using three in-house standards with the following established 608 
isotopic compositions: SRM-1 (caribou bone collagen, δ13C = �19.36±0.11 ‰, δ15N = 609 

+1.81±0.11 ‰), SRM-2 (walrus bone collagen, δ13C = �14.77±0.11 ‰, δ15N = +15.59±0.11 610 

‰), SRM-14 (polar bear bone collagen, δ13C = �13.67±0.07 ‰, δ15N = +21.60±0.15 ‰), 611 
and SRM-15 (phenylalanine, δ13C = �12.44±0.04 ‰, δ15N = +3.08±0.12 ‰). To check for 612 

homogeneity of the collagen, twenty percent of the samples were analysed in duplicate. 613 

Standard uncertainty was calculated to be ±0.14 ‰ for δ13C and ±0.28 ‰ for δ15N 112. 614 

We generated locally estimated scatterplot smoothing (LOESS) trendlines using the 615 

statistical software package PAST v4.03 113 with a smoothing factor of 0.25.  616 

 617 

Genomics 618 
Ancient DNA data generation 619 

We extracted DNA from our subfossil bowhead whale specimens using a modified 620 

version of a previously published protocol 114. Modifications included using a modified 621 

version of the Qiagen PB binding buffer 115 and concentrating the extraction supernatant to 622 

~100ul using Amicon spin columns prior to purification. We measured the DNA 623 

concentration in the extracts using the Qubit high sensitivity kit. We performed a USER 624 

enzyme treatment step to remove uracil residues from damaged DNA and the resultant abasic 625 
sites 116. We built Illumina sequencing libraries from the USER treated extracted DNA 626 

following the BEST protocol 117, with a predetermined Illumina adapter mix concentration (1 627 

- 50 uM) based on the DNA extract concentration and a set number of indexing PCR cycles, 628 
predetermined a priori through a qPCR reaction. Index PCR was performed using dual-629 

indexing and libraries were combined into pools of ~50 unique indices. Index reactions were 630 

performed using the Kapa Hifi Uracil + Readymix and the following PCR conditions: 98oC 631 
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for 45 seconds, then 98oC for 15 seconds, 60oC for 30 seconds, and 72oC for 20 seconds for 632 

the number of cycles predetermined via qPCR, and finally a cool down to 10oC. We 633 

sequenced each library pool on a single Illumina Hiseq 4000 lane at the GeoGenetics 634 

Sequencing Core, University of Copenhagen using 80 bp single end (SE) chemistry. We 635 

selected individuals for deeper sequencing based on endogenous DNA content (number of 636 

unique mapped reads/total number of raw reads), age, and locality. We built new sequencing 637 

libraries for the selected samples which were sequenced on an Illumina Hiseq 400 with 80 bp 638 
SE chemistry.  639 

We enriched 34 Svalbard individuals for mitochondrial genomes using RNA baits 640 

based on the published bowhead whale mitochondrial genome (KY026773.1). Enrichment 641 

was performed using the hybridization capture myBaits Custom DNA-Seq kit (Arbor 642 

Biosciences). Following myBaits recommendations, we used between 150 – 280 ng of 643 

starting material of each indexed library for every capture reaction. The capture procedure 644 

was carried out as described in the myBaits manual v.5.00; we used the High Sensitivity 645 
conditions, which are optimised for ancient samples, with a hybridization step at 55 °C for 24 646 

h. Post-capture, the libraries were re-amplified using Kapa Hifi Uracil + Readymix and the 647 

following PCR conditions: 98 °C for 45 minutes, then 98 °C for 20 seconds, 60 °C for 30 648 
seconds, and 72 °C for 45 seconds for 14 cycles, and a final elongation at 72 °C. Re-649 

amplified libraries were quantified and quality checked as described above. Sequencing was 650 

carried out on a NovaSeq 6000 at Novogene Europe with 150 bp PE chemistry. 651 

 652 
Contemporary genomic data generation 653 

We extracted DNA from the seven contemporary Canadian individuals using a 654 

DNeasy blood and tissue kit (Qiagen) following the manufacturer's protocol. We fragmented 655 
the extracted DNA to an average length of ~450 bp using a M220 Focused-Ultrasonicator™ 656 

(Covaris). We built Illumina sequencing libraries from the fragmented extracts using the 657 

BEST protocol 117, with an Illumina adapter mix concentration of 20uM, and 15 cycles during 658 

the indexing PCR step. We cleaned the indexed libraries using a SPRI bead DNA purification 659 
method. Each indexed library was sent to Novogene for 10 Gb of 150 bp paired end (PE) 660 

sequencing on a Novaseq Illumina platform.  661 

 662 

Data processing 663 
For the 202 subfossil individuals that successfully produced sequencing data, we 664 

trimmed adapter sequences and removed reads shorter than 30 bp from the raw reads using 665 

skewer v0.2.2 118. We mapped the trimmed reads to the bowhead whale reference genome 119 666 

including the mitochondrial genome (Genbank accession: KY026773.1) using Burrows-667 

wheeler-aligner (BWA) v0.7.15 120 utilising the aln algorithm, with the seed disabled (-l 999) 668 

(otherwise default parameters). We parsed the alignment files and removed duplicates and 669 
reads of mapping quality score <30 using SAMtools v1.6 121. We checked for ancient DNA 670 

damage patterns using mapdamage2 122. 671 

For the 19 contemporary individuals (Canada n = 7, Svalbard n = 12), we trimmed 672 

adapter and poly-G sequences and removed reads shorter than 30 bp from the raw reads using 673 

Fastp v0.20.1 123. We merged overlapping paired-end reads using FLASHv1.2v11 124, using 674 

default parameters. We mapped both merged and unmerged reads to the bowhead whale 675 
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reference genome using BWA with the mem algorithm (otherwise default parameters). We 676 

parsed the alignment files and removed duplicates and reads of mapping quality score <30 677 

using SAMtools.  678 

 679 

Nuclear genomes 680 
We found putative sex chromosome scaffolds in the bowhead whale reference 681 

genomes by aligning it to the Cow X (Genbank accession: CM008168.2) and Human Y 682 
(Genbank accession: NC_000024.10) chromosomes. We performed the alignments using 683 

satsuma synteny v2.1 125 with default parameters.  684 

 685 

Relatedness 686 
We assessed whether any of our contemporary individuals could be closely related to 687 

each other using NGSrelate v2 126. As input for this we calculated genotype likelihoods for 688 

the contemporary individuals using ANGSD v0.921127. We calculated genotype likelihoods 689 
using the GATK algorithm (-GL 2), specified the output as a binary beagle file (-doGlf 3), 690 

and applied the following filters: only include reads with a mapping quality greater than 20 (-691 

minmapQ 20), only include bases with base quality greater than 20 (-minQ 20), only include 692 
reads that map to one location uniquely (-uniqueonly 1), a minimum minor allele frequency 693 

of 0.05 or greater (-minmaf 0.05), only call a SNP if the p-value is less than 1e-6 (-SNP_pval 694 

1e-6), infer major and minor alleles from genotype likelihoods (-doMajorMinor 1), skip 695 

triallelic sites (-skipTriallelic 1), remove sex scaffolds and scaffolds shorter than 100 kb (-rf), 696 
and call allele frequencies based on a fixed major and an unknown minor allele (-doMaf 2). 697 

We determined a relatedness coefficient (RAB) >0.125 (equivalent of first cousins) as closely 698 

related. 699 

 700 

Sex determination 701 
We calculated the average coverage of scaffolds aligning to the X chromosome and 702 

the autosomes (scaffolds not aligning to either the X or the Y chromosome) using SAMtools 703 
depth. We determined the sex of an individual by calculating the X:A, the ratio of coverage 704 

on the X scaffolds to the autosomal scaffolds. Of the 202 individuals analysed, 16 subfossil 705 

individuals had <5,000 mapped reads and were not considered further for sex determination 706 
analysis128. If an individual had an X:A ratio of <0.7 it was designated as a male. If an 707 

individual had an X:A ratio of >0.8 it was designated as a female. Individuals with ratios 708 

between 0.7 and 0.8 were deemed undetermined128. To investigate changes through time, we 709 

subsequently pooled individuals into 1,000 year time bins and calculated the ratio of males to 710 

females. 711 

 712 

Population structure 713 
We investigated population structure by performing Principal Component Analyses 714 

(PCA) using PCAngsd v0.95 129 using all individuals with >0.2x genome-wide coverage. As 715 

the input for PCAngsd, we generated a genotype likelihood beagle file in ANGSD using the 716 

following parameters: -minmapQ 30, -minQ 30, -GL 2, -doGlf 2, -doMajorMinor 1, remove 717 

transitions (-rmtrans 1), -doMaf 2, -SNP_pval 1e-6, -minmaf 0.1 -skiptriallelic 1, -uniqueonly 718 
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1, only include sites where at least 40 individuals have coverage (-minind 40), only including 719 

autosome scaffolds <100kb (-rf). 720 

We tested the robustness of our PCA results to coverage and aDNA damage patterns 721 

by repeating the analyses with modified versions of the 12 high-coverage contemporary ‘East 722 

Greenland Svalbard Barents Sea’ individuals, while keeping all factors, including parameters, 723 

unmodified. To test the impact of coverage, we downsampled all 12 contemporary ‘East 724 

Greenland Svalbard Barents Sea’ individuals to 2x using SAMtools. To test the impact of 725 
shorter read lengths and aDNA damage patterns, we trimmed the forward reads of the 12 726 

individuals to 80 bp using skewer, and simulated aDNA damage patterns on the ends of the 727 

reads, using TAPASv1.2 130, based on the mean damage misincorporation values generated 728 

by Mapdamagev2 from all ancient bowhead samples. We mapped the simulated aDNA reads 729 

back to the bowhead whale reference genome using the same parameters as implemented for 730 

the ancient specimens. Finally, we downsampled the aDNA simulated individuals to 1x using 731 

SAMtools. We computed the genotype likelihoods in this simulated dataset in ANGSD using 732 
the same filtering as for the complete dataset and computed PCAs using PCAngsd. We used 733 

the sites recovered after filtering in the simulated dataset and reran a PCA with the original 734 

dataset. Finally, using the same sites uncovered in the simulated aDNA damage patterns 735 
dataset, we ran a PCA using only the subfossil individuals. 736 

We quantified the levels of genetic divergence between pre-whaling and post-whaling 737 

bowhead whales and between localities using fixation index (FST) values. We pooled 738 

individuals into one of four populations; pre-whaling Canada, pre-whaling Svalbard, post-739 
whaling Canada, post-whaling Svalbard. We created a consensus pseudohaploid base call (-740 

dohaplocall 2) file in ANGSD at the sites passing filters while computing the genotype 741 

likelihoods in the simulated dataset PCA (-sites), and using the following filters; -742 
doMajorMinor 1 -rmtrans 1 -doMaf 2 -SNP_pval 1e-6 -minmaf 0.1 -skiptriallelic 1 -743 

uniqueonly 1 -minind 40. We calculated FST in 500 kb non-overlapping sliding windows, 744 

with a minimum requirement of 100 sites per window using the available popgenWindows.py 745 

(https://github.com/simonhmartin/genomics_general). 746 
 747 

Genome-wide SNP heterozygosity  748 
It has been suggested previously that heterozygosity can be estimated relatively 749 

accurately in very low-coverage individuals (<1x) when using genotype likelihoods and sites 750 

with common variants (minor allele frequency >0.1) 131. We tested this with our dataset by 751 

calculating heterozygosity independently, five times, on three different high-coverage ‘East 752 

Greenland Svalbard Barents Sea’ individuals, with different simulated treatments using the 753 

filtered sites obtained during the PCA analysis. Treatments included (i) no treatment (i.e. the 754 

full high-coverage dataset), (ii) the same dataset downsampled to 2x, (iii) R1 reads trimmed 755 

to 80 bp and the addition of aDNA damage patterns, (iv) R1 reads being trimmed to 80 bp, 756 
the addition of aDNA damage patterns, and downsampled to 1x, and (v) trimmed R1 reads to 757 

80 bp, the addition of aDNA damage patterns, and downsampled to 0.2x. The simulated 758 

aDNA damage was added as described above for the PCA tests.  759 

We calculated heterozygosity for each individual independently for the filtered sites 760 

using genotype likelihoods in ANGSD with the following parameters: -minmapQ 30 -minQ 761 

30 -doCounts 1 -GL 2 -doMajorMinor 1 -rmtrans 1 -doMaf 2 -skiptriallelic 1 -uniqueonly 1 -762 
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doSaf 1 -fold 1 -capdepth 2. We computed a folded SFS from the sample allele frequencies 763 

using realSFS, part of the ANGSD toolsuite. To fold the SFS we used the reference genome 764 

as both the -ref and -anc parameters. To calculate the variance in our results we randomly 765 

sampled 500 thousand sites from our SNP panel 20 times, and independently calculated 766 

heterozygosity for each individual using each of the 20 subsampled SNP panels. Based on 767 

our results, we proceeded with the empirical data and restricted our heterozygosity estimates 768 

to the sites passing filters in our simulated aDNA damage PCA. We calculated the 769 
heterozygosity for all individuals in our dataset >0.2x in coverage following the same 770 

protocol. Furthermore, as our tests on the impact of aDNA damage showed a bias towards 771 

higher heterozygosity in ancient specimens, we calculated the average difference between 772 

contemporary and simulated aDNA results (0.008) and subtracted that from the values 773 

obtained for our ancient specimens. 774 

We tested for significant differences between the pre-whaling Holocene specimens, 775 

contemporary ‘East Canada West Greenland’ stock specimens and contemporary ‘East 776 
Greenland Svalbard Barents Sea’ stock specimens by pooling the 20 subsampled 777 

heterozygosity estimates from all individuals in the given bin together and performing a 778 

Mann-Whitney-Wilcoxon Test in R v4.1.1 132.  779 
 780 

Genome-wide nucleotide diversity  781 
We investigated nucleotide diversity through time by splitting our dataset of 782 

individuals with >0.2x coverage into 1,000 year time bins. As the PCA suggested a single 783 
panmictic population in the pre-whaling Holocene, we kept contemporary Canada and 784 

contemporary Svalbard bowhead whales as two separate populations, but pooled the ancient 785 

individuals from the two regions to increase sample size in the pre-whaling Holocene time 786 
bins. We created a consensus pseudohaploid call (-dohaplocall 2) file in ANGSD at the sites 787 

passing filters, while computing the genotype likelihoods in the simulated dataset PCA (-sites 788 

parameter), using the following filters; -doMajorMinor 1 -rmtrans 1 -doMaf 2 -SNP_pval 1e-789 

6 -minmaf 0.1 -skiptriallelic 1 -uniqueonly 1 -minind 40. We estimated nucleotide diversity 790 
from the pseudohaploid call file in 500 kb non-overlapping sliding windows, with a minimum 791 

requirement of 100 sites per window using the popgenWindows.py 792 

(https://github.com/simonhmartin/genomics_general). We assessed the significance of 793 
differences between the bins using a Mann-Whitney-Wilcoxon Test in R v4.1.1 132. We used 794 

a Bonferroni correction to identify the threshold for significance (p-value of 0.05/6038 795 

windows), giving us an upper p-value for significance of 0.000008. 796 

 797 

Simulating bottleneck impact on genetic diversity estimates 798 
 We used individual-based, forward-in-time simulations in SLiM3 133 to investigate 799 

which levels of population decline and migration best fit our empirical data. We simulated 800 
two ancestral populations of different sizes based on pre-whaling estimates of the ‘East 801 

Greenland Svalbard Barents Sea’ stock (52,500 bowhead individuals) 9 and the ‘East Canada 802 

West Greenland’ stock (~18,500 individuals) 45. We converted population size into effective 803 

population size by dividing by 10, resulting in Ne=5,250 and Ne=1,850. We simulated the 804 

populations to accumulate neutral mutations for a burn-in period of 60,000 generations until 805 

reaching mutation-drift equilibrium, in a 10 Mb genomic region with a recombination rate of 806 
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1.0x10-08 134 and a mutation rate 2.77x10-08 135. The ancestral populations experienced 807 

variable migration rates of either one, five or ten individuals per generation. As bowhead 808 

whales have long generation times (35-50 years, 17), and commercial whaling only occurred 809 

within the last ~500 years, we investigated whether the industrial whaling bottlenecks are too 810 

recent to be visible in genetic diversity estimates of contemporary individuals. Once 811 

populations reached mutation-drift equilibrium, and assuming the final point of the 812 

simulations as the present time, we simulated bottlenecks of varying severities, 15 813 
generations ago (or 525 years ago, assuming a conservative 35 year generation time). We 814 

calculated nucleotide diversity per population and genetic differentiation (FST) between 815 

populations through time.  816 

We first explored a wide range of parameters including all pairwise combinations of 817 

20, 50, 75, 99% of population decline, variable migration rates as above, and sustained 818 

migration or interrupted migration after the bottleneck - resulting in 60 unique parameter 819 

combinations. After an initial exploratory phase, we refined the parameter space using 820 
combinations that approximately resembled the empirical data and expanded our parameter 821 

search. In a subsequent testing phase, we used a range of population decline between 40%-822 

90% for Canada and 90-98% in smaller step increments, assuming five migrants per 823 
generation pre-bottleneck, and either one migrant or no migration post-bottleneck, totalling 824 

420 unique parameter combinations. For determining which simulation parameters most 825 

closely matched the empirical data, we compared the nuclear genomic nucleotide diversity of 826 

the 500-1500 bin to that of the contemporary individuals. This revealed that the contemporary 827 
‘East Greenland Svalbard Barents Sea’ stock individuals had a nucleotide diversity 828 

proportion of 0.98 relative to the pre-whaling estimate and the contemporary ‘East Canada 829 

West Greenland’ stock individuals had nucleotide diversity proportion of 1.01 relative to the 830 
pre-whaling estimate. We also compared the heterozygosity of all fossil individuals to their 831 

contemporary counterparts resulting in proportions of 0.98 and 1.00 respectively. We also 832 

compared pre- and post- whaling FST values between individuals from the two different 833 

regions revealing a 3.7x increase between contemporary populations. Taking all three values 834 
into account - change in nucleotide diversity pre and post whaling for both populations, as 835 

well as change in FST) - we selected the simulations where the population representing 836 

Canada decreased 48%, the population representing Svalbard decreased 97%, and migration 837 
between the populations ceased after the bottleneck as the top performing model and 838 

extended the simulations forward in time to estimate the predicted trajectory of genetic 839 

diversity and differentiation assuming stable post-bottleneck population sizes. 840 

 841 

Allele changes correlating with time 842 
As input for Ohana 136, we created a genotype likelihood beagle file for all Holocene 843 

fossil individuals with >0.2x (-doGlf 2) using ANGSD and the following parameters; -844 
minmapQ 25, -minQ 25, -uniqueonly 1. We used the GATK algorithm to call genotype 845 

likelihoods (-GL 2), calculate per-site allele frequencies assuming a fixed major and 846 

unknown minor allele (-doMaf 2), calculated major and minor alleles using GL (-847 

doMajorMinor 1), minor allele frequency of 0.05 (-minmaf 0.05).  848 

The genotype likelihoods of all individuals was converted to lgm as the input for 849 

Ohana using the convert function bgl2lgm. We used qpas to estimate the ancestral component 850 
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proportions matrix Q (number of individuals x number of ancestral components) and allele 851 

frequencies matrix F (number of ancestral components x number of SNPs) from the genotype 852 

matrix (lgm) file with the number of ancestral components (-k) ranging from 2 to 6 with an 853 

iteration stopping criteria from log likelihood difference (-e 0.0001). In the end, we scanned 854 

for selection in each ancestral component while taking into account the sample age as a 855 

vector using neoscan. 856 

To test for the significance of the relationship between allelic change and time, we 857 
converted the lle_ratio scores to p-values under a mixture of chi-square distributions137, and 858 

found the best-fitting genome-wide parameters of the mix using a Kolmogorov-Smirnov test 859 

in R. We further investigated sites with a p<0.01. Because the Holocene fossil bowhead 860 

individuals likely represented a single population, we extracted the sites with p<0.01 from 861 

each independent ancestral component run, retaining only those overlapping across all runs. 862 

We overlaid the remaining sites with the bowhead annotation using bedtools intersect 138 and 863 

retained any that were found within a known protein coding gene in the bowhead whale 864 
genome annotation. We BLASTed the gene sequences to find the putative gene name and 865 

used genecards.org and the NHGRI-EBI Catalog of human genome-wide association studies 866 

(https://www.ebi.ac.uk/gwas) to designate putative function. To visualise allele changes with 867 
time, we used a haploid base call (-dohaplocall 2) in ANGSD for each individual.  868 

 869 

Demographic history from modern genomes 870 
 We attempted to reconstruct the recent demographic history of the ‘East Greenland 871 
Svalbard Barents Sea’ stock using genetic optimization for Ne estimation (GONE)139 using 872 

the 12 high coverage genomes. As input we generated a PLINK file using the largest 150 873 

autosomes in ANGSD (-doplink 2) with the following parameters -uniqueOnly 1 -GL 2 -874 
remove_bads 1 -minMapQ 20 -minQ 20 -SNP_pval 1e-6 -skipTriallelic 1 -doMaf 2 -875 

domajorminor 1 -minmaf 0.05 -dopost 1 -doplink 2 -minInd 12. 876 

We ran the GONE software using two different parameter sets, one with the default 877 

parameters, but with the maximum number of SNPs per scaffold as 10000, and the other with 878 
the same parameters but with additional changes in the NGEN and NBIN parameters to 1000 879 

as previously suggested140. Each of the parameter sets were run for 100 replicates. We 880 

calculated the mean and 95% confidence intervals from these replicates in R.  881 
 882 

Mitochondrial genomes 883 
 We generated mitochondrial genome consensus sequences for Late Pleistocene, pre-884 

whaling Holocene and contemporary individuals using a consensus base call approach (-885 

dofasta 2) in ANGSDv0.921127 for each individual independently, using the following 886 

parameters; minimum base and mapping qualities of 25 (-minmapQ 25, -minQ 25), only 887 

include reads that map to a single site uniquely (-uniqueonly 1), minimum read depth of 5 (-888 
mininddepth 5), and build the consensus sequence only for the mitochondrial genome (-r 889 

KY026773.1). Only individuals with an average coverage of at least 10x (Late Pleistocene = 890 

3, pre-whaling Holocene = 104, contemporary = 19) were included in further analysis. We 891 

also downloaded three mitochondrial genomes from contemporary Svalbard individuals 892 

recently confirmed to have come from unique individuals; individuals named A, H and I 17. 893 

 894 
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Mitochondrial nucleotide diversity 895 
To investigate changes in genetic diversity through the Holocene, we estimated 896 

nucleotide diversity (π) 141 with DnaSP v.6.12.03 142 for each sampling area for every 1,000 897 

year time bin. We pooled samples from Canada and Svalbard for the ancient specimens but 898 

kept contemporary populations separate. We excluded gaps and missing data from the 899 

analyses. 900 

 901 

Population structure 902 
We constructed an unrooted haplotype network for all complete mitochondrial 903 

genomes (Late Pleistocene, pre-whaling Holocene, contemporary) individuals using the 904 

Median-joining network 143 as implemented in PopART 144. Fixation index values (FST) were 905 

calculated by pooling individuals into 2,000 year time bins and splitting them into their two 906 

respective regions using Arlequin v3.5 145, using default parameters and an input file 907 

generated with DnaSP. P-values were calculated using 1000 permutations and a significance 908 
was defined as a p-value < 0.05. 909 

 910 

Demographic history 911 
We inferred the changes in female effective population size (Ne(f)) through time 912 

employing the Bayesian skyline plot method 146 implemented in BEAST v.2.6.1 147. Based on 913 

the network (supplementary figure S9) and FST analyses of our 107 complete mitochondrial 914 

genomes , which spanned >30,000 years in age, we do not see any evidence for population 915 
structure, and thus we treated all the data as a single population. We aligned the 916 

mitochondrial genomes of all individuals and extracted 38 regions, including protein-coding 917 

regions, rRNAs, tRNAs and the control region, based on published coordinates. The 918 
sequences of these 38 regions were combined into six subsets, (i) first, (ii) second, and (iii) 919 

third codon position of the protein-coding regions, (iv) tRNAs, (v) rRNAs, and (vi) the 920 

control region. The best-fit partitioning scheme and substitution model for the six subsets 921 

were identified employing Partitionfinder v.2.1.1 148. The best partitioning scheme and 922 
substitution models based on the corrected Akaike Information Criterion were employed as 923 

input for Beast2. 924 

The six partitions were analysed using unlinked substitution models that had a linked 925 
genealogy and molecular clock. We used tip dates based on the mean calibrated age of each 926 

specimen. Five groups of coalescent intervals and a strict molecular clock were assumed. 927 

Posterior distributions of parameters were estimated using MCMC sampling, which consisted 928 

of 500,000 burn-in steps followed by 500 million steps, sampled at every 10,000 steps. 929 

Convergence to stationarity and mixing were assessed using Tracer v.1.7.1 149 and by running 930 

an independent replicate with a different seed. Both runs converged to the same joint density 931 

or posterior. A minimum effective sample size of 400 was obtained for all the parameter 932 
estimates. 933 

 934 
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