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Abstract

Commercial whaling decimated many whale populations over several centuries.
Bowhead whales (Balaena mysticetus) and narwhal (Monodon monoceros) have similar habitat
requirements and are often seen together in the Canadian Arctic. Although their ranges overlap
extensively, bowhead whales experienced significantly greater whaling pressure than narwhals.
The different harvest histories but similar habitat requirements of these two species provide an
opportunity to examine the demographic and genetic consequences of commercial whaling. We
whole-genome resequenced Canadian Arctic bowhead whales and narwhals to delineate
population structure and reconstruct demographic history. Bowhead whale effective population
size sharply declined contemporaneously with the intense commercial whaling period. Narwhals
instead exhibited recent growth in effective population size, reflecting limited opportunistic
commercial harvest. Although the genetic diversity of bowhead whales and narwhals was
similar, bowhead whales had more genetic diversity prior to commercial whaling and will likely
continue to experience significant genetic drift in the future. In contrast, narwhals appear to have
had long-term low genetic diversity and may not be at imminent risk of the consequences of the
erosion of genetic diversity. This work highlights the importance of considering population
trajectories in addition to genetic diversity when assessing the genetics of populations for

conservation and management purposes.

Keywords:

cetacean, harvest, genomics, marine mammal


https://doi.org/10.1101/2024.01.04.574243
http://creativecommons.org/licenses/by-nc-nd/4.0/

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.04.574243; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

available under aCC-BY-NC-ND 4.0 International license.

1. Background

Intense commercial whaling in recent centuries brought many whale populations to the
brink of extinction [1], potentially leading to long-lasting negative effects on their genetic
diversity through genetic drift. This is concerning because genetic diversity underlies population
resilience and the capacity to adapt to future environmental change. Addressing the
consequences of whaling on genetic diversity is important for understanding the genetic health of
populations, yet it remains largely unaddressed in many species (but see [2,3]). Although some
whale populations started to recover in number of individuals after whaling moratoriums were
implemented (e.g., Canada’s ban on commercial whaling of bowhead whales in 1915 [4], a
global whaling moratorium in 1982 [5]), genetic diversity can take millennia to recover because
of the slow rate at which mutations accumulate [6]. Continued loss of genetic diversity can
eventually put a population at risk for inbreeding depression, consequently affecting fitness and
limiting population growth (e.g., [7]). Understanding evolutionary processes in whale species
that faced commercial harvest pressure provides context for making conservation decisions for
vulnerable populations.

Although the cessation of commercial whaling protects populations from further
industrial harvest, the continued recovery and future status of whale populations are threatened
by climate change [8—-10]. The Arctic is warming four times faster than the global average [11],
highlighting a need to understand present structure and past population changes in Arctic whales.
Narwhals (Monodon monoceros) and bowhead whales (Balaena mysticetus) are endemic to the
Arctic and are integral to Arctic ecosystems as both predators and prey of other species. Due to
their similar habitat requirements, both species are often seen together. Changes in their
abundance, distribution, and genetic health may greatly impact marine wildlife and local
communities. The projected loss of sea ice due to climate change will affect populations through
habitat loss [12,13], changes in prey distribution [14,15], increased predation pressure from killer
whales (Orcinus orca) [16], and increased ship traffic [17]. As ice-adapted animals, narwhals and
bowhead whales will need to adjust quickly to changing environments, which may be limited by
potential genetic consequences carried over from commercial whaling.

While both narwhal and bowhead whale ranges overlap in the Canadian Arctic, they have
very different current and past population sizes and have faced different intensities and lengths of

commercial whaling. Narwhals were generally opportunistically harvested [18] as they were
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considered a supplementary source of oil and for their ivory tusks [19], and because they were
more difficult to hunt than other whale species [20]. Commercial narwhal harvests in the eastern
Canadian Arctic were infrequently mentioned in whaling records until the 19" century, followed
by a reported 558 to 754 narwhals harvested from the Davis Strait in the 19™ to early 20™ century
[20]. By contrast, bowhead whales were popular targets for whalers [21] due to their value from
high oil content, baleen, and large size. Bowhead whales were overharvested in succession from
the eastern North Atlantic regions (Svalbard-East Greenland), the areas within eastern Canadian
Arctic (Eastern Canada-West Greenland), the Pacific Ocean (Bering-Chukchi-Beaufort), and
lastly the Okhotsk Sea population. In eastern Canada and west Greenland, it is estimated that
over 55,900 bowhead whales were commercially harvested between the 16" to 20" centuries
[22]. While bowhead whales in the eastern Canadian Arctic have made recoveries in numbers
[23], the effects of genetic drift may still cause declines in genetic diversity. As long-lived
animals (lifespan reaching over 100 years for narwhal [24]; and over 200 years for bowhead
whale [25]) with long generation times, these whale populations may take a long time to recover
from declines in genetic diversity, which is especially concerning given their need to respond
relatively quickly to changing climates.

Reconstructing demographic history can help explain current levels of genetic diversity
by evaluating the severity and timescale of population bottlenecks and expansions [26]. In the
context of the history of whaling, demographic models can be used to examine changes in
effective population size (Ne) coinciding with intense harvest (e.g., [2,3]). The N. of a population
is an estimate of the strength of genetic drift and the efficiency of selection [27]. Although Nk is
related to the number of individuals in a population, Ne is usually a smaller value than total
population abundance because not every individual contributes to the population equally.
Contemporary estimates of N, are important for quantifying the magnitude of genetic drift and
genetic diversity [27,28] and can be an indicator of genetic risk.

To investigate genomic impacts of whaling and improve our understanding of population
genomics in Arctic whales, we analyzed whole-genome data from narwhals and bowhead whales
sampled across the eastern Canadian Arctic. First, we examined population structure to identify
genetic clusters and estimated various metrics of genetic diversity. We then used multiple

methods to reconstruct demographic history from contemporary years encompassing industrial
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99  whaling into the Pleistocene era to examine how population declines or expansions may have
100  been affected by large-scale events.
101
102 2. Materials and Methods
103  (a) Resequencing data
104 Tissue samples were obtained from harvested narwhals (n = 62) and bowhead whales (n
105 =21) in the eastern Canadian Arctic by Inuit subsistence hunters between 1982 and 2020
106  (locations shown in Figure 1a, Figure 2a, and listed in Table S1). After DNA extraction with the
107 Qiagen DNeasy Blood & Tissue kit, samples were whole-genome sequenced with Illumina
108  NovaSeq. We trimmed raw sequences with Trimmomatic v0.36 [29], then aligned the reads to
109 their respective reference genomes (narwhal genome from NCBI Accession GCA 005190385.2,
110  [30]; bowhead whale genome from www.bowhead-whale.org, [25]) using BWA v0.7.17 [31].
111 Through Picard v2.20.6 [32], we removed duplicate reads and added read group information.
112 Additionally, we filtered reads to include only primary alignments mapped in proper pairs
113 through SAMtools v1.9 [33]. To avoid downstream biases in variant calling due to sample
114 coverage variation (3 — 24x for narwhal; 7 — 19x for bowhead whale), we used GATK v4.1.2 [34]
115  to down-sample select samples to the modal coverage (10x for narwhal, Table S2; 11x for
116  bowhead whale, Table S3).
117 Genomic variants were called using Platypus v0.8.1 [35], then filtered to high-quality
118  autosomal datasets of single-nucleotide polymorphisms (SNPs), removing sites of QUAL < 50,
119  MQ <40, QD < 4, missingness > 0.25, non-biallelic sites, small scaffolds (< 100 kb), and sex-
120  linked sites with VCFtools v0.1.17 [36]. See supplemental for details on identifying sex-linked
121  scaffolds. Using PLINK v1.9 [37], we identified kin pairs (pi-hat > 0.25, the threshold for 2™
122 degree relatives) and removed the individual with more missing data from each pair. We also
123 removed any duplicate samples, and samples that had more than 30% overall missingness (Table
124  S2, Table S3).
125
126 (b) Population structure
127 SNPs in population structure analyses were further filtered to remove loci under possible
128  selection and non-random association of loci (Hardy-Weinberg equilibrium heterozygous

129  frequency threshold > 0.6, minor allele frequency < 0.05, and linkage disequilibrium 72 > 0.8;
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130  Table S4). We examined population structure using Principal Component Analysis (PCA) with
131  R-package pcadapt v4.3.3 [38] and ancestral admixture through the snmf function in R-package
132 LEA v3.3.2 [39]. We analyzed results with R version 4.2.1 [40].

133 In narwhal specifically, we assessed patterns of isolation-by-distance using sites with at
134 least two samples. Here, we estimated pairwise genetic differentiation (Fst) following Reich et
135  al. [41]’s method to reduce biases from small sample sizes, and measured distances over water
136  between sites with R-package marmap v1.0.6 [42]. Given the narwhal species’ range does not
137  typically connect between Naujaat and Igloolik, we measured distances between sites accounting
138  for this potential separation. We used a mantel test in R-package ade4 v1.7.19 [43] to measure
139  the correlation between Fst and distance between sites.

140

141 (c) Measures of genetic diversity

142 A higher the proportion of heterozygous sites indicates greater genetic variability, and
143 thereby higher genetic diversity [44]. We used the same SNP dataset from the population

144  structure analyses and calculated the proportion of heterozygosity for each individual by

145  counting the number of homozygous sites identified with VCFtools v0.1.17 [36] and subtracting
146  the count from the total number of SNPs. Additionally, we used hierfstat v0.5.11 [45] to estimate
147  overall observed heterozygosity for both species.

148 Runs of homozygosity (ROH) are long tracts of homozygous genotypes from identical
149  haplotypes inherited from both parents and can be used as an indicator of inbreeding [46]. We
150  estimated ROH in the narwhal and bowhead whale using PLINK v1.9 [37], following parameters
151  in Foote et al. [47]: minimum segment length of 300 kb, minimum number of 50 SNPs, density
152  of at least one SNP per 50 kb, gap of 1000 kb, up to 3 heterozygote sites per 300 kb window, and
153  allowing up to 10 missing SNP calls (missing data) in a window. Due to the difference in genome
154  assembly between the two species (narwhal N50 scaffold length = 108 Mb; bowhead N50

155  scaffold length = 0.9 Mb), we used the largest scaffolds with even SNP densities to minimize
156  potential biases from genome fragmentation for species comparison, using the same scaffolds
157  used in GONE analyses below (largest 12 scaffolds in the narwhal and largest 200 scaffolds in
158  the bowhead whale). We then estimated the proportion of ROH (Fron) across the selected

159  genome portion, examining results with minimum ROH lengths of 100 kb.

160
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(d) Effective population size

We examined trends in N. within the last 150 generations, inferred from linkage
disequilibrium information with the program GONE [48]. Here, we filtered autosomal SNPs to
exclude sites out of Hardy-Weinberg equilibrium (heterozygous frequency threshold > 0.6), and
minor allele frequency below 0.05. To use an even density of SNPs across the scaffolds, we
selected the largest 12 scaffolds in the narwhal genome and the largest 200 scaffolds in the
bowhead. Following Kardos et al. [7], we used the model parameters: maximum number of 10K
SNPs per scaffold over 1K bins, 1K number of generations for linkage data in bins, and 500
repetitions. To examine changes in Ne across years, we used generation times of 21.9 years in
narwhal and 52.3 years in bowhead whale [49].

While genomic demographic history models are informative for estimating past patterns
in a population, they are not ideal for calculating contemporary N.. To estimate contemporary Ne
for each population, we used the ldNe function in R-package strataG v2.5.1 [50,51], which uses
linkage information. For this analysis, we removed SNPs with missing data and filtered out sites
with minor allele frequency < 0.05, followed by randomly thinning SNPs with PLINK v1.9 [37]
to create datasets with 25,000 loci. To compare contemporary N with census population sizes
(N) through N. /N ratios [52], we pulled abundance estimates from published studies for
narwhals from the Canadian High Arctic (N = 141,908 [53]), northern Hudson Bay (N = 19,200
[54]), and for eastern Canada-west Greenland bowhead whales (N = 6,446 [55]).

(e) Historic changes in effective population size

Multiple approaches are available to estimate changes in N, over time. Given that
different methods provide information for different timelines of N. trajectories [56], we
implemented models through PSMC and SMC++ to assess demographic histories reaching
further into the past through the Pleistocene era. Broadly, PSMC uses a single sample in a
pairwise sequentially Markovian coalescent model [57]. Estimating demographic history with
this method provides consistency for comparison with results from previous studies. While
SMC++ is also a sequentially Markovian coalescent analysis, it combines site frequency
spectrum and linkage information from multiple genomes [58], improving accuracy compared to
previous SMC methods for inferring Ne. For both PSMC and SMC++ models, we used

previously documented mutation rates (narwhal p = 1.56 x 10, bowhead whale u=2.69 x 10%;
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192 [59]) and the same generation times used when plotting GONE. Details for PSMC and SMC++
193  analyses are listed in the supplemental.

194

195 3. Results

196  (a) Resequencing data

197 Genomic variant calling resulted in 7.9 and 15.5 million loci in narwhal and bowhead
198  whale respectively, which were filtered to 5.0 and 9.8 million high-quality autosomal SNPs. We
199  removed five narwhal and two bowhead whale samples (duplicates, close kin pairs, or high

200  missingness; Table S2, Table S3), resulting in a total of 57 narwhal and 19 bowhead whale

201  samples for analyses. SNP filters and counts for each analysis are listed in Table S4.

202

203 (b) Population structure

204 The combination of low overall genetic variation and evidence of genetic subgroups

205 indicate that narwhals in the eastern Canadian Arctic exhibit population substructure. PCA and
206  admixture results support three narwhal subgroups: 1) western Baffin Island (Aujuittuq,

207  Qausuittuqg, and Taloyoak), 2) eastern Baffin Island (Panniqtuuq, Qikiqtarjuaq, Kangiqtugaapik,
208  Mittimatalik, Ikpiarjuk, Kugaaruk, Igloolik), and 3) northern Hudson Bay (Naujaat) (Figure 1).
209  Identification of these subgroups remained consistent in PCAs that were filtered for different
210  time frames for harvesting months and removal of three outliers (Figure S1). The most variation
211  was observed between individuals from Aujuittuq and Naujaat (seen along PC1), which span the
212 greatest latitudinal difference among the narwhal sites in this study. However, the small

213  proportion of variance (2%) on the first two PCs indicate low overall individual genomic

214  variation. Population substructure was further supported with clear pattern of isolation-by-

215  distance (R*> = 0.48) and low overall genetic differentiation (Fsr values up to 0.007; Figure Ic;
216  Table S5).

217 No clear population structure was observed in eastern Canadian Arctic bowhead whales
218  (Figure 2). There was no consistency with genetic variation and sampling sites, however, there
219  were some outliers that could potentially represent migrants from other populations. Other

220  principal components (PC3 — 6) further showed a lack of clear clustering (Figure S2). This was
221  also supported by admixture results showing intermixed genetic sources across samples (Figure

222 20).
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223

224 (c) Measures of genetic diversity

225 Narwhals exhibited a slightly lower overall proportion of observed heterozygosity (H,)
226  compared to bowhead whales, however, the difference was minimal: narwhal H, = 0.282 (Q1 =
227  0.281, Q3 =0.284), bowhead whale H, = 0.294 (Q1 =0.291, Q3 = 0.298) (Figure S3). Overall,
228  narwhals exhibited a greater Frou (mean = 0.033, Q1 = 0.028, Q3 = 0.037) compared to the Frou
229  in bowhead whales (mean = 0.019, Q1 =0.017, Q3 = 0.022), an indicator of a higher genetic

230  diversity in bowhead whales (Figure 3¢, Figure 3d). When examining the number and total

231  lengths of ROHs, we found that narwhals exhibited a greater proportion of shorter ROHs (Figure
232 3a), which could be a signal of older ROHs and a historic bottleneck [46]. Among narwhal, the
233 northern Hudson Bay subgroup exhibited slightly higher ROH compared to western and eastern
234  Baftin Island narwhals (Figure 3c). This suggests narwhals from northern Hudson Bay may have
235  elevated levels of inbreeding compared to narwhals from Baffin Island.

236

237  (d) Effective population size

238 Narwhals had an increase in N, within the last several thousand years, suggesting a recent
239  population expansion (Figure 4a). When examining narwhal subgroups separately, N. was either
240  stable or increasing (Figure S4). Bowhead whales, however, exhibited an increase in N. about 5 —
241 7.5 thousand years ago, then sharply dropped in the last four generations at approximately 200
242  years ago (Figure 4b), coinciding with commercial whaling.

243 The contemporary N. estimate with all narwhal individuals representing the eastern

244  Canadian Arctic as one population was 34,838 (95% CI: 26,720 — 50,037) (Tablel). We also

245  estimated contemporary N, separately in each narwhal subgroup: western Baffin Island N.=

246 3,620 (95% CI: 3,337 — 3,955); eastern Baffin Island Ne = 5,587 (95% CI: 4,993 — 6,341);

247  northern Hudson Bay N.= 395 (95% CI: 384 — 407) (Table 1). The contemporary N, of the

248  Canadian Arctic bowhead whales was 808 (95% CI: 789 — 827) (Table 1). The N, /N ratio of

249  narwhal was 0.216 as a whole population and 0.021 for the northern Hudson Bay subgroup. The
250  Ne/N ratio of the bowhead whales was 0.125.

251

252 (e) Historic changes in effective population size
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253 Narwhal and bowhead whale exhibited similar demographic histories throughout the

254  Pleistocene era. Both displayed a steep decline in N. approximately 2.5 million years ago (Figure
255 5), aligning with the onset of the Quaternary Ice Age. In addition, both species exhibited an

256  increase through the last glacial period (11.7 — 115 thousand years ago) followed by a stable Nk
257  (Figure 5). Iterations of SMC++ and PSMC models for both species are shown in Figures S5, S6,
258  S7, and S8.

259

260 4. Discussion

261  (a) Demographic history and whaling

262 The recent demographic histories of eastern Canadian Arctic bowhead whales and

263  narwhals reflect the intensity of their history of whaling. Intense commercial whaling

264  significantly decreased bowhead whale N. within the past several generations, whereas the

265 minimal opportunistic commercial harvest on narwhal N, appears to have had few genetic

266  consequences. Our observation that bowhead whales currently have similar genetic diversity to
267  narwhals demonstrates how the intersection of evolutionary history and whaling influence

268  conservation-oriented thinking in the present day. While narwhals exhibited historically lower
269  genetic diversity, bowhead whales, by contrast, would have had much more genetic diversity and
270  higher N. prior to commercial whaling despite now having similar genetic diversity. Bowhead
271  whales’ long generation times and requirement for a larger habitat indicates that commercial

272 whaling may yet have long-lasting effects on genetic variation in the species in the future. This
273  underscores the importance of considering demographic history in population assessments

274 together with genetic diversity [60,61]. A historic population bottleneck in narwhals may have
275 led to their low genetic diversity, indicated by the high frequency of short ROHs, followed by
276  populations persisting at low levels of genetic diversity across a long period of time [59]. Given
277  the increasing N. of narwhals and their large population size, their low genetic diversity does not
278  suggest concern [60] despite being slightly lower than observed in bowhead whales.

279 The dramatic decline between previous and current N. in bowhead whales could have

280 implications for their genetic health, adaptive potential, and management actions. Although

281  bowhead whale census numbers have increased after commercial whaling ceased, there is

282  evidence it may be plateauing below the pre-commercial whaling carrying capacity estimate

283  [62]. Additionally, populations experience drift at their Ne and the recovery of genetic diversity

10
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284  will lag behind the recovery of alleles. Because the full effects of drift have not yet been realized,
285  aggressive conservation targets aimed at attaining large population sizes can serve to limit

286  genetic diversity losses. Continued monitoring is necessary to assess for vulnerability to threats
287  such as inbreeding and to provide context for subsistence harvest limits. This present work with
288  Canadian Arctic individuals is an example of how other bowhead whale populations’ trajectories
289 are likely to look given similar levels of commercial whaling. Recent studies in other baleen
290  whales have also documented declines in N, coinciding with industrial whaling, such as Atlantic
291  right whales (Eubalaena glacialis, Eubalaena australis) [2] and North Atlantic fin whales

292 (Balaenoptera physalus physalus) [3].

293

294  (b) Historic demographic trends

295 Estimating changes in genetic diversity in the two Arctic whales’ history revealed shared
296  trajectories of Ne through the Pleistocene. Declines in N, in narwhal and bowhead whales

297  approximately 2.5 million years ago coincides with an hypothesized supernova explosion that
298  may have contributed to a marine megafauna extinction event and the initiation of the

299  Quaternary Ice Age [63,64]. The cosmic rays from the explosion are believed to have damaged
300 the Earth’s ozone layer [63] and dramatically reduced the Earth’s temperature, subsequently

301  causing major glaciations [65]. While the correlation of the megafauna extinction event and

302  historic declining trend in Ne in narwhal and bowhead whale is speculative, it is interesting to
303  observe such an impact on the demographic history around a large-scale event that led to other
304  species’ extinctions. Demographic histories of several other whale species also show a similarly
305 timed decline (e.g., fin whale, Balaenoptera physalus, [66]; killer whale, Orcinus orca, [67]).
306  The long-term decline in N. over hundreds of thousands of years in Arctic whales was also

307 observed in Westbury et al. [59] and Cerca et al. [68], and was followed by an increase in Ne
308 through the last glacial period. The population expansion during the last glacial period could be
309 related to the Arctic whales’ affinity for sea ice, where an expansion of ice sheets may have

310 provided an increase in favourable habitats after intense climatic fluctuations earlier in the

311  Quaternary Ice Age.

312

313  (c) Population structure

11
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314 Understanding the genetic background of Canadian Arctic narwhal and bowhead whale
315 populations can help guide effective conservation management of these two species. Although
316  the narwhal exhibits low overall genetic variation and diversity [59,69], population substructure
317  in this species may have implications for defining genetic units in the Canadian Arctic. Currently,
318 narwhal are assessed as two genetic populations in Canada, Baffin Bay (Baffin Island) and

319 northern Hudson Bay [70]. Here, we suggest there are three genetically differentiated subgroups
320 in the eastern Canadian Arctic: western Baffin Island, eastern Baffin Island, and northern Hudson
321  Bay. While Baffin Island has been considered a population on its own, previous genetic studies
322  suggested differentiation between Aujuittuq (Grise Fiord) from other parts of Baffin Island

323  [71,72]. Our findings expand this distinction with evidence of substructure between western and
324  eastern Baffin Island including more sublocations, demonstrating that the genetic structure

325  within Baffin Island may be more nuanced than previously thought. Genetic independence may
326  be conserved in the two groups we identified in Baffin Island because of geographically

327  independent wintering grounds which have been identified in satellite telemetry studies [73].

328  Because of limited sample sizes and minimal genetic differences found in previous work, the
329  conservation status of western and eastern Baffin Island subgroups of narwhals have not been
330 assessed independently [70]. However, Canadian Arctic narwhals have been designated separate
331 management stocks [74].Conservation assessments that consider their genetic segregation in the
332  future would help with effective management strategies. If not assessed individually, at a

333  minimum, our results suggest that the division of Baffin Island narwhal into western and eastern
334  subgroups warrants further study. Interestingly, samples from Kugaaruk and Igloolik grouped
335  with other narwhals from eastern Baffin Island. The level of admixture suggests these sites could
336  be an area of higher gene flow between western and eastern Baftin Island compared to other

337  sites, however, greater sample sizes from Kugaaruk and Igloolik would help investigate this

338  further. Mixing that does occur within Baffin Bay could be contributed by narwhals mating

339  during migration. Mating is thought to occur mostly between narwhals migrating to the same
340  summering area [75]; however, the timing of mating in narwhals varies, spanning February to
341  April [76] and possibly between May and June [77]. Despite weak values of genetic

342  differentiation (limited structuring also observed in mitogenomes [69]), overall these results

343  demonstrate a lack of panmixia, and present subtle genetic differentiation positively correlated

344  with increasing geographical distance.
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345 The northern Hudson Bay subpopulation warrants conservation priority within Canadian
346  Arctic narwhals in the context of genetic diversity, due to greater levels of inbreeding, and lower
347  effective population size. Aerial survey abundance estimates suggest that the northern Hudson
348  Bay narwhal population is increasing, albeit with slowing growth rate as it reaches carrying

349  capacity [78]. At this slowed growth rate Biddlecombe and Watt [78] predicted that even modest
350 harvests could result in a decline in abundance. Our low estimates of N. also suggest this

351  population may be vulnerable to harvest and highlight the need to consider both abundance and
352  genetic population structure and genetic resilience when assessing management and conservation
353  strategies [79].

354 In bowhead whales, the lack of clear structuring is consistent with high gene flow and
355  limited structure across the eastern Canadian Arctic [80,81]. We would expect that the broad

356  geographical range of sample collection would capture evidence of clustering if there were

357  distinct genetic populations within the Canadian Arctic, however, sample sizes may limit our
358 inferences of population structure. While outliers in the PCA could represent migrants from other
359  genetic populations, more samples would help investigate their structure in more detail. Within
360 large geographical regions, it appears gene flow is generally high in bowhead whale groups

361  (within the Canadian Arctic [28], East Greenland [30], and western Arctic [82]). Bowhead

362  whales are capable of large movements [83] and separate populations have overlapped summer
363  distributions.

364

365 (d) Conclusions

366 The eastern Canadian Arctic bowhead whale’s sharp decline in Ne within the past several
367  generations demonstrate how overharvest associated with commercial whaling can significantly
368  alter genetic dynamics of populations. Despite similar metrics of genetic diversity in bowhead
369  whale compared to narwhal, bowhead whale’s recent sharp decline should lead to continued

370  effects of genetic drift in the future. Additionally, both species exhibited overall low genomic
371  variation, with subtle population differentiation in narwhal suggesting the presence of three

372  Canadian Arctic narwhal genetic subgroups. Together, these results provide a deeper

373  understanding of endemic whale populations in the Canadian Arctic, providing critical

374 background information for guiding conservation management strategies.

375
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612  Tables and Figures

613  Table 1. Contemporary effective population sizes (Ne) of eastern Canadian Arctic narwhals and
614  bowhead whales including 95% confidence intervals. Census size from published survey counts
615 (M) are included to evaluate Ne/N ratios. Groups names that include “all” represent estimates
616  across eastern Canadian Arctic. For narwhal, subgroups are divided as western Baftin Island
617  (WBI), eastern Baftin Island (EBI), and northern Hudson Bay (NHB).

618
Group Ne Ne 95% CI N Ne/N
Narwhal (all) 34,838 26,720 — 50,037 161,108 0.216
Narwhal (WBI) 3,620 3,337 3,955 NA NA
Narwhal (EBI) 5,587 4,993 — 6,341 NA NA
Narwhal (NHB) 395 384 — 407 19,200 0.021
Bowhead (all) 808 789 — 827 6,446 0.125
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Figure 1. (a) Map of sites with number of eastern Canadian Arctic narwhal samples next to site
ID. Population substructure in narwhal (n = 57) is shown by (b) regional clustering in PCA and
(c) isolation-by-distance, with a positive correlation between pairwise Fst and distance between
sites, and (d) admixture models with K =2 and K = 3 ancestral groups.
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631  Figure 2. (a) Map of sites with number of Canadian Arctic bowhead whale samples next to site
632  ID. Lack of clear population structure in bowhead whale (n = 19) shown by (b) PCA and (c)
633  ancestral admixture with K = 2 ancestral groups (individuals are ordered by longitude).
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Figure 3. (a) Shorter runs of homozygosity (ROH) in narwhal compared to (b) in bowhead
whale. We used the largest scaffolds with even SNP densities to minimize potential biases from
genome fragmentation in order to compare species (largest 12 scaffolds in narwhal, largest 200
scaffolds in bowhead). Each point represents an individual and the dashed grey reference line
indicates hypothetical symmetry between length and number of ROHs in each species. (¢)
Proportion of runs of homozygosity (Fron) for each narwhal individual, where subgroups are
labeled as northern Hudson Bay (NHB), eastern Baftin Island (EBI), and western Baffin Island
(WBI), and (d) Fron for each bowhead whale individual.
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Figure 4. Demographic history within the last 150 generations from GONE analyses show (a) an
increase in narwhal effective population size and (b) a sharp decline in bowhead whale effective
population size. The median result from 500 iterations is shown by solid lines and 95%
confidence intervals shown in lighter shading.
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654  Figure 5. Demographic history of deep past with PSMC (dashed lines) and SMC++ (solid lines).
655  Blue lines represent narwhal results and yellow lines represent results from the bowhead whale.
656  The axes are log-scaled for visualizing trends across a long period. The last Ice Age (11.7 kya -
657 2.5 million years ago) is marked by light and dark grey shading, and the last glacial period (11.7
658 - 115 kya) 1s marked by dark gray shading.
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