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ABSTRACT
Information on connectivity and genetic structure of marine organisms remains sparse in frontier ecosystems such as the Arctic 
Ocean. Filling these knowledge gaps becomes increasingly urgent, as the Arctic is undergoing rapid physical, ecological and 
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socio-economic changes. The abundant and widely distributed polar cod (Boreogadus saida) is highly adapted to Arctic waters, and its 
larvae and juveniles live in close association with sea ice. Through a reduced-representation sequencing approach, this study explored 
the spatial genetic structure of polar cod at a circum-Arctic scale. Genomic variation was partitioned into neutral and adaptive compo-
nents to respectively investigate genetic connectivity and local adaptation. Based on 922 high-quality single nucleotide polymorphism 
(SNP) markers genotyped in 611 polar cod, broad-scale differentiation was detected among three groups: (i) Beaufort –Chukchi seas, 
(ii) all regions connected by the Transpolar Drift, ranging from the Laptev Sea to Iceland, including the European Arctic and (iii) 
West Greenland. Patterns of neutral genetic structure suggested broadscale oceanographic and sea ice drift features (i.e., Beaufort 
Gyre and Transpolar Drift) as important drivers of connectivity. Genomic variation at 35 outlier loci indicated adaptive divergence of 
the West Greenland and the Beaufort–Chukchi Seas populations, possibly driven by environmental conditions. Sea ice decline and 
changing ocean currents can alter or disrupt connectivity between polar cod from the three genetic groups, potentially undermining 
their resilience to climate change, even in putative refugia, such as the Central Arctic Ocean and the Arctic Archipelago.

1   |   Introduction

Many marine animals are characterised by high fecundity, 
large population sizes, a pelagic larval phase and extensive 
geographic ranges, potentially leading to long-distance dis-
persal of early life stages and adults (Palumbi 2003; Pascual 
et al. 2017). Such life history traits combined with far-reaching 
marine currents are expected to result in high gene flow and 
limited genetic population structuring (Doherty et  al.  1995; 
Schiebelhut and Dawson 2018). Yet other biological (e.g., lar-
val behaviour and local adaptation) and physical processes 
(e.g., local retention and isolation-by-distance) drive popu-
lation heterogeneity in marine species (Pineda et  al.  2007; 
Nielsen et  al.  2009). Moreover, climate-induced impacts on 
recruitment, distribution range and disturbances in dispersal 
pathways through oceanographic alterations likely reshape 
the genetic structure of species through alterations in connec-
tivity (Andrello et al. 2015; Chan et al. 2018). Genetic connec-
tivity, the exchange of genetic material between individuals 
from populations (Palumbi 2003), sustains population dynam-
ics as well as genetic variation and adaptive potential and is 
therefore critical for viability and long-term resilience (Crooks 
and Sanjayan  2006). Therefore, a baseline understanding of 
past and present connectivity is conditional to predict how 
species are affected by climate change and anthropogenic dis-
turbances (Brodersen and Seehausen 2014).

Filling knowledge gaps on connectivity and genetic structure 
of marine organisms in the rapidly changing Arctic Ocean 
is vital (Hardy et  al.  2011; Geoffroy et  al.  2023; Thomas 
et al. 2022). Over the past 40 years, the Arctic Ocean has expe-
rienced a decline in sea-ice extent and a prolonged open-water 
season (Crawford et  al.  2021; Gascard et  al.  2019; Kumar 
et  al.  2020). Moreover, ice-free summers are predicted by 
2030 (Kim et al. 2023). Climate-driven changes have drastic 
impacts on marine Arctic ecosystems, including community 
composition and distribution shifts, changes in abundances, 
food webs, biogeochemical cycles, and ecosystem services 
(Lannuzel et  al.  2020; Steiner et  al.  2021; Wassmann  2011). 
Sea ice supports entire ecosystems from primary produc-
ers such as sea-ice algae to zooplankton, fishes and marine 
mammals and birds. Its progressive loss results in decreased 
spatio-temporal availability of a key habitat, used by ice-
associated organisms for feeding, reproduction and protection 
(reviewed by Steiner et al. 2021). Sea ice also serves as a means 

of dispersal for the associated biota (e.g., Berge et  al.  2012; 
David et al. 2016). The two main currents in the Arctic Ocean, 
the anticyclonic Beaufort Gyre in the Canada Basin and the 
Transpolar Drift, flowing from the Siberian shelves over the 
Central Basin towards Fram Strait, are the main drivers of 
long-range surface water and ice transport. They play a role in 
shaping the connectivity patterns of marine organisms, which 
is reflected in their population genetic diversity and structure 
(DeHart et al. 2020; Mathiesen et al. 2017). In the last decades, 
a marked increase in the speed of ice transport by those two 
wind-driven currents was observed, due to a mechanically 
weaker, thinning ice cover (Kwok et  al.  2013). Increased 
sea-ice melt, however, may ultimately interrupt these con-
veyor belts (Krumpen et  al.  2019; Kwok et  al.  2013; Spreen 
et al. 2009). Such large-scale changes in circulation patterns 
and marine habitats will likely disrupt population connectiv-
ity of ice-associated organisms across the Arctic Ocean.

Polar cod (also called Arctic cod; Boreogadus saida Lepechin, 
1774; Gadidae) is a key ice-associated organism distributed 
across the entire Arctic Ocean, from the shelves to the deep 
central basins, including the under-ice surface waters (Mueter 
et al. 2016; David et al. 2016; Snoeijs-Leijonmalm et al. 2021). 
Adults spawn on the Arctic shelves from late November to 
March, mostly in January–February (Craig et al. 1982; Graham 
and Hop 1995; Ponomarenko 2000). The buoyant eggs rise to 
the ice-water interface where they develop (Laurel et al. 2018; 
Spencer et al. 2020). Immatures and juveniles are commonly 
observed in surface waters, beneath the sea ice or in cracks, 
wedges and cavities within the ice (reviewed by Geoffroy 
et  al.  2023), where they rely on zooplankton and sympagic 
fauna for prey (Kohlbach et al. 2017). Sea ice likely serves as a 
transport vector for the early life stages through long-distance 
ice drift (David et al. 2016; Maes et al. 2021), before they tran-
sition to deeper and warmer Atlantic water, joining larger 
conspecifics (Geoffroy et  al.  2011). Adults may undertake 
spawning and feeding migrations of up to about 200 km (Aune 
et al. 2021; Ponomarenko 1968; Kessel et al. 2017). Polar cod 
is the most abundant forage fish in the Arctic Ocean and may 
be found in very dense shoals (Melnikov and Chernova 2013; 
Welch et al. 1992). It transfers most of the energy from lower 
trophic levels such as zooplankton to higher trophic levels, 
such as piscivorous fishes, marine mammals and seabirds 
(Bradstreet and Cross  1982; Kohlbach et  al.  2017) and is lo-
cally harvested as bait (Bouchard et al. 2023). However, ocean 
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warming and loss of under-ice habitat may compromise its sur-
vival and recruitment in some regions. Decreased abundance 
and a northward range shift of polar cod might lead to cas-
cading impacts on higher trophic levels (Geoffroy et al. 2023; 
Steiner et al. 2021).

The life-history characteristics of polar cod might lead to weak 
population structuring due to their high dispersal capacity, both 
at the larval and adult stages. Initial studies based on mitochon-
drial DNA and microsatellite markers found little to no genetic 
structure across wide areas of the Arctic Ocean, such as from 
Baffin Bay and the Greenland Sea (Pálsson et al. 2009) to the 
Barents Sea (Fevolden and Christiansen 1997), Svalbard fjords 
and the Central Arctic Eurasian basins (Maes et al. 2021), and 
from the Chukchi and Beaufort seas (Wildes et al. 2016; Wilson 
et al. 2019) to the Bering Sea (Wilson et al. 2020). Similarly, no 
spatial population structure was detected between Svalbard and 
the Kara Sea using single nucleotide polymorphisms (SNPs; 
Quintela et  al.  2021), whereas small but significant differenti-
ation was found on the Russian shelves (between the Laptev 
and East Siberian seas; Quintela et  al.  2021; Gordeeva and 
Mishin  2019). Microsatellite markers showed differentiation 
between neighbouring fjord and offshore sites along northeast 
Greenland and West Svalbard (Madsen et al. 2016). The potential 
presence of two ecotypes (i.e., coastal and oceanic type), which 
have also been suggested based on morphological features in 
the Russian Arctic (Chernova et  al.  2021; Moskalenko  1964), 
implies that local adaptation may play an important structuring 
role (Madsen et al. 2016). To date, two studies have explored the 
population structure of polar cod at a large scale, albeit with-
out samples from the Central Arctic Ocean (CAO). In the first 
study based on microsatellite markers, four genetic groups were 
identified: (i) the Siberian shelves to Fram Strait and Iceland, 
(ii) the eastern coastline of Canada from Resolute Bay to the 
Gulf of St. Lawrence, (iii) the Canadian coast of the Beaufort 
Sea and (iv) the Alaskan Beaufort and Chukchi seas (Nelson 
et  al.  2020). A second study using SNP markers and focusing 
on the Canadian coastlines confirms differentiation between 
the Beaufort Sea and Baffin Bay, whereas Hudson Bay, the sub-
arctic waters of the Newfoundland and Labrador shelves, and 
the Gulf of St. Lawrence are also differentiated from the higher 
Arctic locations (Bringloe et  al.  2024). Moreover, three recent 
studies reveal chromosomal inversion patterns without obvi-
ous spatial structure; their adaptive role remains unexplored 
(Bringloe et al. 2024; Einarsson et al. 2023; Hoff, Maurstad, Le 
Moan, et al. 2024).

Hence, high-resolution genomic data are a powerful tool to re-
veal fine-scale genetic structure (Gagnaire  2020). In addition, 
sampling hundreds of genetic markers across the genome allows 
discrimination between genome-wide (i.e., drift and migration) 
and locus-specific (i.e., selection) effects (Nielsen et  al.  2009; 
Stinchcombe and Hoekstra  2008). Genomic approaches there-
fore disentangle population connectivity and adaptive di-
vergence, together shaping the spatial population structure 
(Crawford and Oleksiak 2016). For the first time, we use a ge-
nomic approach to explore the population structure of polar cod 
at a circumpolar scale. Using reduced representation sequenc-
ing, we aim to (i) improve the resolution of spatial genetic struc-
ture patterns within and among Arctic ecoregions, (ii) explore 
neutral genetic structure to understand genetic connectivity 

between populations across the entire Arctic Ocean and (iii) in-
vestigate the influence of spatial and environmental variation 
on adaptive divergence to uncover evidence of local adaptation. 
Sound knowledge of connectivity and adaptation patterns will 
help understand how this key Arctic marine species may cope 
with rapid environmental shifts.

2   |   Materials and Methods

2.1   |   Sample Collection

A total of 652 polar cod samples were collected in the Central 
Arctic Ocean, Fram Strait and the Arctic Ocean shelves border-
ing Alaska, Canada, Russia, Greenland, and Northern Europe 
during several expeditions between 2003 and 2021 (Figure  1; 
Appendix  S1). Fish were collected using bottom trawl, bongo 
net, Young fish trawl (Methot  1986), Surface and Under-Ice 
Trawl, ROVnet, Multpelt 832 pelagic trawl (ICES 2013a, 2013b), 
or zooplankton net. Juvenile fish were identified morpholog-
ically by experts onboard. Larvae were identified using DNA 
barcoding of the mitochondrial COI gene, following the protocol 
described in Bouchard et al. (2021) for molecular specimen iden-
tification. We collected fin clips of all fish sampled and stored 
them in 96% ethanol.

Given the constraints of sampling in remote and ice-covered 
areas, only a few (< 10) individuals were collected at some sites. 
In order to establish biologically sound groupings of sampling 
sites into putative populations, as a basis for further popula-
tion genetic analyses, we relied on the Marine Ecoregions of 
the World (MEOW; Spalding et al. 2007). For the Arctic Ocean, 
19 ecoregions have been established, which are defined as 
areas of relatively homogeneous species composition, clearly 
distinct from adjacent regions. The dominant biogeographic 
forcing agents may include isolation, upwelling, nutrient in-
puts, freshwater influx, temperature regimes, ice regimes, 
exposure, sediments, currents, and bathymetric or coastal com-
plexity (Spalding et  al.  2007). Samples cover seven ecoregions 
(North and East Iceland, West Greenland shelf, High Arctic 
Archipelago, Beaufort Sea–continental coast and shelf, Chukchi 
Sea, Laptev Sea, and North and East Barents Sea; Figure 1). As 
MEOW includes only a classification of shelf and coastal areas, 
two additional offshore ecoregions were defined: Fram Strait 
and High Arctic. These belong to distinct large marine ecosys-
tems (LME), that is, East Greenland shelf–Sea and Arctic Ocean, 
respectively (Hempel and Sherman 2003; Sherman et al. 2005; 
Siron et al. 2008).

In the High Arctic and North and East Barents Sea ecore-
gions, sampling sites were spread over a wide geographical 
area and sometimes characterised by distinct environmental 
conditions. For instance, oceanographic and environmen-
tal conditions across the Svalbard archipelago range from 
strongly Atlantic-influenced waters on the west coast to high-
Arctic conditions in northeast Svalbard (Cottier et  al.  2010). 
Therefore, we defined further spatial subdivisions within 
the latter two ecoregions to test for genetic differentiation. In 
the High Arctic ecoregion, sampling sites were grouped into 
locations according to ocean basin (Amundsen and Nansen 
Basins). In the North and East Barents Sea ecoregion, sampling 



4 of 21 Molecular Ecology, 2025

sites were grouped according to fjord system, sampling year, 
archipelago location (North, South and East Svalbard) and 
depth (Figure 1).

2.2   |   DNA Extraction and Sequencing

Genomic DNA was extracted from fin clips using the NucleoSpin 
Tissue kit (Macherey-Nagel), following the manufacturer's 
instructions. A modified version of the Elshire et  al.  (2011) 
genotyping-by-sequencing (GBS) method was used, with a sin-
gle restriction enzyme (PstI) and size selection (320–720 bp). 
Genomic DNA (100 ng; 10 ng/μL) was fragmented by a master 
mix containing 1 μL PstI (20 U2), 2 μL 10× NEB buffer (NEB), 
1 μL H2O and 6 μL of unique barcode adapter mix (20 nM) per 
sample, followed by subsequent incubation at 37°C for 2 h. For 
ligation, a master mix containing 5 μL 10× NEB DNA ligase 
buffer, 1.2 μL T4 ligase (400 U/μl) and 23.8 μL H2O per sample 
and 20 μL DNA was incubated for 1 h at 22°C followed by 30 min 
at 65°C and purified using CleanPCR beads. The purified liga-
tion product (1 μL) was amplified in a PCR containing 12.5 μL 
NEB Q5 hotstart master mix (NEB), 10.5 μL H2O, and 1 μL for-
ward and reverse primer (both 5 μM). The PCR thermal cycling 
steps started with an initial denaturation step of 30 s at 98°C, 

followed by 18 cycles of 10 s at 98°C, 30 s of annealing at 65°C, 
30 s of extension at 72°C, and ending with a final extension of 
5 min at 72°C. PCR amplicons were cleaned using CleanPCR 
beads (CleanNA, GC Biotech) and quantified using the Quant-iT 
Picogreen kit (ThermoFisher Scientific). PCR products with at 
least 10 ng DNA were pooled. Four GBS libraries were paired-
end sequenced on an Illumina Novaseq platform 6000 (PE100) 
at the Genomics Core Leuven (www.​genom​icsco​re.​be).

2.3   |   Bioinformatics

Sequences were quality checked using FastQC v0.11.8 
(Andrews 2010). Stacks v2.5 was used to process the GBS data 
(Catchen et al. 2013; Rochette et al. 2019). First, raw sequence 
reads were demultiplexed and trimmed using the process_rad-
tags module (with parameters -r, -q). Subsequently, reads were 
aligned to a draft Boreogadus saida reference genome (GenBank 
accession number GCA_900302515.1) using Bowtie2 v2.3.4.3 
(Langmead and Salzberg 2012). A total of 37 individuals with 
< 1,000,000 reads, < 15× or > 150× coverage, and/or < 60 map-
ping success were removed (Appendix  S2). SNPs were called 
using default parameters in Stacks, which employs a Bayesian 
genotype caller (Maruki and Lynch 2017). Only SNPs genotyped 

FIGURE 1    |    Map of the Arctic Ocean showing the sampling sites. (A) Sampling sites are coloured according to ecoregions sensu Spalding 
et al. (2007). (B) Zoom on the sampling sites in the High Arctic ecoregion; light grey lines are 200 m isobaths and sites are coloured according to basin 
(Amundsen and Nansen Basins). (C) Zoom on the sampling sites in the North and East Barents Sea ecoregion; light grey lines are 200 m isobaths and 
sites are coloured according to location and sampling year. To produce these maps, the International Bathymetric Chart of the Arctic Ocean (IBCAO) 
was downloaded from the General Bathymetric Chart of the Oceans (GEBCO) website (https://​www.​gebco.​net) in netCDF format, 400 m × 400 m 
grid cell spacing and including elevation data for the Greenland Ice Sheet.

http://www.genomicscore.be
https://www.gebco.net
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in at least 70% of the individuals within each sampling site, a 
maximum heterozygosity of 0.70 and an overall minor allele 
frequency (MAF) of > 0.05 were retained. Further SNP filtering 
was done using VCFtools v.0.1.16 (Danecek et al. 2011) with the 
following criteria: no loci and individuals with more than 20% 
missing data, an overall minor allele frequency (MAF) of > 0.05, 
and a minimum minor allele count of 5. The SNP dataset was 
pruned to be in approximate linkage disequilibrium using the R 
function snpgdsLDpruning from R package SNPRelate v1.28.0 
(Zheng et  al.  2012), with an ld.threshold of 0.2 and removing 
monomorphic loci. As a Principal Component Analysis (PCA) 
of the resulting data set revealed a library bias, the SNPs driv-
ing this batch effect were excluded, following the procedure de-
tailed in marin​eomics.​github.​io (Bogan et al. 2023; Silliman and 
Davenport 2022. The PC loadings were first extracted for each 
SNP for the PC that represents the batch effect. Loci with the 
largest effect (high PC loadings) were removed until no library 
effect was detectable anymore. PCAs and loadings are reported 
in Appendix  S3. Furthermore, loci with more than 20% miss-
ing data and/or heterozygosity > 0.6, and individuals with more 
than 30% missing data were filtered out using R packages poppr 
v.2.9.3 (Kamvar et al. 2014) and hierfstat v.0.5–11 (Goudet 2005). 
Finally, departures from Hardy–Weinberg proportions (HWP) 
were tested per locus per station with R package pegas v1.1 
(Paradis  2010), after correcting for multiple testing using a 
threshold q-value of 0.05 with R package qvalue v2.26.0 (Dabney 
et al. 2010). Loci that were not in HWP in any population were 
removed.

2.4   |   Summary Statistics and Population 
Differentiation

Standard indices of genetic diversity, that is, observed and ex-
pected heterozygosity (Ho and He) and inbreeding coefficient 
(FIS), were calculated for each putative population using the 
function basic.stats (R package hierfstat v.0.5–11). Genetic dif-
ferentiation between putative populations was estimated with 
pairwise FST values (Weir and Cockerham 1984). Respective p-
values were assessed after performing 1000 permutations over 
individuals across populations, using a p-threshold of 0.05 and 
Benjamini-Hochberg correction for multiple tests. Genetic dis-
tances were visualised with classical multidimensional scaling 
(MDS) of FST values using the cmdscale function (R package 
stats v.3.6.2.).

2.5   |   Detection of Putatively Adaptive Loci

First, we conducted population genetic analyses with the total 
data set of 922 SNPs (see Section 2.6). Then, we identified puta-
tively adaptive loci based on the 1192 SNPs data set (unfiltered 
for HWE) and repeated the population genetic analyses using 
putatively neutral and putatively adaptive SNP subsets.

Three different methods were used to identify candidate loci 
under natural selection. To decrease the likelihood of selecting 
false positives, a SNP was considered putatively adaptive when 
it was identified as an outlier by at least two of these methods. 
Firstly, BayeScan is a Bayesian method that estimates the pos-
terior probability of SNP markers being under selection based 

on two alternative multinomial Dirichlet models, including se-
lection or not. Selection is introduced by decomposing FST coef-
ficients into a population-specific component shared by all loci 
and a locus-specific component shared by all the populations. 
Departure from neutrality at a given locus is assumed when the 
locus-specific component is necessary to explain the observed 
pattern of diversity (Beaumont and Balding  2004; Foll and 
Gaggiotti 2008). BayeScan v2.1 was run for 10,000 iterations and 
a burn-in of 200,000 steps. The prior odds of neutrality param-
eter was set to 10,000 following Lotterhos and Whitlock (2014). 
The false discovery rate q-value threshold was set to 0.01. 
Secondly, OutFLANK estimates the null distribution of FST by 
trimming loci with the highest and lowest FST values from the 
empirical distribution, assuming that the majority of loci in 
the centre of the distribution are neutral. The full untrimmed 
distribution of FST is estimated based on the best-fitting χ2 dis-
tribution, conditioned on the values observed within the two 
trimming bounds. Loci that are unusual relative to this inferred 
distribution may be experiencing strong spatially heterogeneous 
selection (Whitlock and Lotterhos 2015). OutFLANK v0.2 was 
run using the following parameters: left and right trim of 0.05, 
minimum heterozygosity of 0.1, and qvalue threshold of 0.01. 
Lastly, we used an individual-based method, PCAdapt, which 
assumes that candidate markers are outlier loci concerning how 
they are related to population structure as represented by a PCA. 
Mahalanobis distances between the correlations of each SNP 
with the principal components and the mean correlations are 
computed. The distribution of those distances scaled by a con-
stant is expected to have a chi-squared distribution with K de-
grees of freedom under the assumption that there are no outlier 
loci. Individual SNPs significantly departing from this null dis-
tribution, using q-values to correct for the false discovery rate, 
are detected as outlier loci. The latter method was applied using 
R packages PCAdapt v4.1.0 and qvalue v2.14.1 with q-threshold 
of 0.01 (Dabney et al. 2010; Luu et al. 2017).

2.6   |   Population Structure

Principal component analyses (PCA) were performed using the 
function dudi.pca (R package ade4 v.1.7.19). The PCA reduces 
the data to a smaller number of dimensions termed principal 
components (PCs), while preserving their covariance. Each 
PC describes a decreased proportion of the genomic variation, 
and genotypes are then projected onto the space spanned by 
the PC axes. A Discriminant Analysis of Principal Components 
(DAPC) was computed using the R package adegenet v.2.1.8 
(Jombart and Ahmed 2011). In the DAPC, the genotype data set 
is transformed using PCA to derive uncorrelated variables that 
serve as input for discriminant analysis (DA). The DA aims to 
maximise among-group variation and minimise within-group 
variation (Jombart et al. 2010; Miller et al. 2020). A first DAPC 
was used to visualise a priori defined geographical groupings, 
that is, ecoregions. A second DAPC was performed without de-
fining populations a priori. Instead, successive K-means clus-
tering performed on PCA-transformed data was used to define 
clusters using the R function find.clusters. The most likely K was 
selected based on the Bayesian Information Criterion (BIC). The 
number of PCs to retain for both DAPCs was determined using 
a-score optimization to avoid overfitting, using the function op-
tim.a.score (Jombart et al. 2010).

http://marineomics.github.io
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Clustering analysis with STRUCTURE v2.3.4 (Pritchard 
et  al.  2000) was performed with 100,000 burn-ins, 100,000 
MCMC repeats, an admixture model, and 10 iterations for 
each K from 1 to 10. The StructureSelector Web Server (https://​
lmme.​ac.​cn/​Struc​tureS​elect​or/​) was used to visualise the out-
put and to assess the most likely number of clusters (Li and 
Liu  2018), using both the four new supervised estimators 
MEDMEDK, MEDMEAK, MAXMEDK, and MAXMEAK 
from Puechmaille  (2016) and the Delta K method of Evanno 
et  al.  (2005). The 10 runs of STRUCTURE for the most prob-
able K were averaged using CLUMPP v 1.1.2 (Jakobsson and 
Rosenberg  2007), and the results were then graphically dis-
played in Excel.

2.7   |   Spatial Structure and Environmental 
Variables

In-water distances (i.e., shortest distance through water deeper 
than 0.1 m) were computed based on the geographical coordi-
nates of the 46 sites using the lc.dist (R package marmap v.1.0.6) 
function (Pante and Simon-Bouhet  2013) in R and the bathy-
metric map of the Arctic Ocean (‘IBCAO’) downloaded from 
GEBCO (https://​www.​gebco.​net) (Jakobsson et al. 2020). Spatial 
structure was then modelled using distance-based Moran's ei-
genvector map (dbMEMs) variables using the dbmem function 
(R package adespatial v.0.3–20). dbMEMs are independent vec-
tors that summarise the geographic distances among sampling 
sites (Borcard and Legendre 2002).

We employed a set of 16 climate and biogeochemical variables, 
as potential drivers of genomic variation in polar cod, to char-
acterise the seascape. We obtained these variables from a geo-
referenced dataset describing seawater conditions from the 
Copernicus Marine Environment Monitoring Service (CMEMS: 
https://​marine.​coper​nicus.​eu/​). This data set (product 
ARCTIC_MULTIYEAR_PHY_002_003) includes the following 
oceanographic variables as monthly mean values with a 12.5 km 
resolution for the period 1991–2021: sea surface temperature 
(‘SST’;°C), sea surface salinity (‘SSS’; [10–3]), mixed layer thick-
ness (MLT; m), surface sea current and sea ice velocity (‘SCV’ 
and ‘SICV’; m/s), sea ice area fraction (‘SIA’; %) and sea ice thick-
ness (‘SIT’; m).

These variables were imported in R as stacks of monthly raster 
layers to compute the overall means and standard deviations 
and retrieve the values for each of the sampling sites. For ice-
related variables (SIA and SIT), the maximum summer and 
winter values were calculated as well as the overall standard 
deviation.

2.8   |   Redundancy Analyses

We conducted redundancy analyses (RDA) to investigate the 
correlation between neutral and putatively adaptive genetic 
variation and a set of environmental variables at an ecoregional 
scale, using the R package vegan v.2.6–2. RDA is a direct exten-
sion of multiple regression to model multivariate response data 
(Legendre and Gallagher 2001). Allelic frequencies were com-
puted for the 922 loci in each population. The populations were 

generally defined as sampling sites. However, at some sites, only 
one or very few specimens were collected. These sites were ei-
ther removed or grouped with neighbouring sites, resulting in a 
total of 41 locations (see Appendix S4 for details). A detrending 
of the raw allelic frequency data was applied using the decostand 
function with the Hellinger method (Oksanen et al. 2007). Next, 
we performed a principal component analysis (PCA) of the al-
lelic frequency data and only retained the principal component 
factors (PCs) with eigenvalues greater than the mean eigen-
value, according to the Kaiser–Guttman criterion (Yeomans and 
Golder 1982). The latter PCs were used as response variables in 
the RDA. To limit multicollinearity among the environmental 
variables, we calculated their variance inflation factor (VIF) 
using the vif.cca function and successively deleted variables with 
the highest VIF until all VIFs were below 20. Then, an auto-
matic stepwise model-building procedure was performed using 
the ordistep function in both directions, which iteratively adds or 
removes variables in order to build a model that maximises the 
adjusted R2. The selected dbMEM and environmental variables 
were used as explanatory variables in the RDA. Full RDA mod-
els were first constructed using the rda function and all selected 
spatial and environmental variables as explanatory variables for 
the outlier dataset. Then, variance partitioning was performed 
using the varpart function to explore the separate and joint con-
tributions of the spatial (dbMEM) and environmental variables 
in explaining the putatively adaptive genetic variation. In all 
RDA tests, analyses of variance (ANOVAs; 1000 permutations) 
were performed to assess the global significance of the model 
and of each RDA axis. The adjusted R2 was quantified using the 
RsquareAdj function.

3   |   Results

3.1   |   Reduced-representation Sequencing and SNP 
Genotyping

On average, 4,531,650 reads per individual were obtained (min-
imum–maximum: 74–17,625,964). Mean per-sample coverage 
was 65.7× (minimum–maximum: 4.3–182.5×). Average mapping 
percentage was 75.2% (minimum–maximum: 0.73%–78.92%; see 
Appendix S2). A total of 1,599,856 SNPs were called, resulting 
in 187,756 variants after filtering with Stacks. A summary of the 
filtering procedure and the number of SNPs removed at each 
step can be found in Appendix S5. The final data set contained 
genotypes from 611 individuals across 922 high-quality SNPs.

3.2   |   Outlier SNPs

BayeScan identified 18 loci putatively under divergent selection 
and none under balancing selection. OutFLANK identified 34 
loci putatively under divergent selection as well, 15 of which 
were in common with BayeScan. Finally, PCAdapt detected 
90 putatively adaptive loci, 16 in common with BayeScan and 
32 with OutFLANK. Fourteen SNPs were common between 
all three methods. The 35 candidate SNPs identified as puta-
tively adaptive loci by at least two of the methods were used for 
downstream analyses of adaptive genetic structure. Diagnostic 
plots for the three outlier detection methods are reported in 
Appendix S6.

https://lmme.ac.cn/StructureSelector/
https://lmme.ac.cn/StructureSelector/
https://www.gebco.net
https://marine.copernicus.eu/
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3.3   |   Summary Statistics and Population 
Differentiation

Summary statistics across the total data set of 922 loci for each 
ecoregion/subregion are shown in Table 1. Observed (Ho) and ex-
pected heterozygosity (He) ranged from 0.15 to 0.19 and 0.20 to 
0.33, respectively (Table 1). FIS values ranged from 0.08 to 0.22.

Pairwise fixation index (FST) values between the 24 putative 
populations of polar cod ranged from 0 to 0.05 (between the 
West Greenland and Beaufort Sea ecoregions) (Figure  2A). 

Pairwise FST values between West Greenland and all other 
populations were the highest and all significant (mean FST: 
0.038). The Beaufort Sea and Chukchi Sea populations were 
not differentiated from each other, but were significantly dif-
ferentiated from all other populations (overall mean FST: 0.02). 
Pairwise FST values among populations from the remaining 
six ecoregions (High Arctic Archipelago, Laptev Sea, High 
Arctic, Fram Strait, North and East Iceland, North and East 
Barents Sea) ranged from 0 to 0.017. Within the High Arctic 
ecoregion, the Amundsen and Nansen basin populations were 
not significantly differentiated.

The Multidimensional Scaling (MDS) plot shows the differenti-
ation between West Greenland and other regions mainly on the 
x-axis, while Beaufort/Chukchi Seas separate from all others on 
both the x- and y-axes (Figure 2B). The remaining six ecoregions 
(Laptev Sea, High Arctic, Fram Strait, Iceland, North and East 
Barents Sea, High Arctic archipelago) cluster together in those 
two first dimensions; the Laptev Sea shows some differentiation 
from all others. On the z-axis, the Svalbard East and Barents 
Sea localities separate from other areas of the North and East 
Barents Sea, Fram Strait, and Iceland, as being located on the 
negative side of this third axis.

3.4   |   Population Genetic Analyses

3.4.1   |   Total Data set

Principal component analysis performed on the total 922 SNPs 
data set revealed a clear distinction between samples from the 
‘Beaufort-Chukchi’ seas and those from all other ecoregions 
along PC1 (Figure 3A). Although there is considerable overlap 
between samples from West Greenland and other ecoregions, 
the former partially separates from others along both PC1 and 
PC2 axes. Samples from all remaining ecoregions (Laptev Sea, 
High Arctic, High Arctic Archipelago, North and East Barents 
Sea and Iceland) show considerable overlap.

The Bayesian approach of STRUCTURE applied to this 
total data set suggested three and four genetic groups with 
Puechmaille  (2016)'s estimators and two following Evanno 
et  al.  (2005)'s method (Appendix  S7). The inferred popula-
tion membership coefficients for K = 2 and K = 3 are shown in 
Figure 3A. The first cluster (yellow) is dominant in the Beaufort–
Chukchi Seas. The yellow cluster is also present in other regions, 
especially the Laptev Sea, although in lesser proportions. Samples 
from all regions influenced by the Transpolar Drift Current, from 
the Laptev Sea to Iceland, passing by the Central Arctic Ocean 
and Fram Strait and including the European sector of the Arctic 
Ocean, mainly belong to the second cluster (blue). In the K = 3 
STRUCTURE plot, the third cluster (green) is dominant in West 
Greenland. A few individuals from all other regions—especially 
in the High Arctic Archipelago, the Beaufort and Chukchi Seas—
also show a major green cluster component. The STRUCTURE 
plot for K = 4 did not provide any additional information 
(Appendix S8A).

The STRUCTURE analysis performed on the High Arctic, 
Fram Strait, Iceland, and North and East Barents Sea 
ecoregions suggested one and two genetic groups with 

TABLE 1    |    Summary statistics of polar cod by ecoregion (shaded) 
and location: Observed heterozygosity, Ho, expected heterozygosity, He, 
and inbreeding coefficient, FIS.

Ecoregion/location
No. 
ind. Ho He FIS

Beaufort continental 
coast and shelf

56 0.19 0.22 0.14

Chukchi Sea 43 0.19 0.22 0.13

Laptev Sea 42 0.18 0.21 0.14

High Arctic 69 0.18 0.21 0.16

Amundsen Basin 37 0.18 0.21 0.14

Nansen Basin 13 0.18 0.20 0.11

High Arctic Archipelago 27 0.19 0.21 0.11

West Greenland shelf 28 0.18 0.20 0.14

Fram Strait 37 0.17 0.21 0.18

North and East Iceland 67 0.19 0.21 0.11

North and East Barents 
Sea

242 0.18 0.21 0.15

Nansen South 15 0.17 0.21 0.16

Sophia Basin 10 0.17 0.21 0.15

Svalbard North 19 0.18 0.20 0.10

Raudfjorden 8 0.17 0.20 0.12

Kongsfjorden 2013 29 0.18 0.21 0.12

Kongsfjorden 2018 7 0.18 0.21 0.08

Billefjorden 2013 16 0.18 0.21 0.11

Billefjorden 2018 23 0.19 0.21 0.10

Hornsund 2013 10 0.17 0.21 0.13

Hornsund 2018 17 0.19 0.21 0.09

Storfjorden 15 0.15 0.21 0.22

Svalbard South 12 0.19 0.21 0.10

Olga Strait 19 0.18 0.21 0.12

Svalbard East 19 0.19 0.21 0.08

Barents Sea 38 0.18 0.20 0.10

Note: The sampling sites included in the ecoregions are available in the 
Appendix S1.
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Puechmaille  (2016)'s estimators and two following Evanno 
et  al.  (2005)'s method. The inferred population membership 
coefficients for K = 2 are shown in Figure 3A. No differences 
are observed among those ecoregions, which all belong to 
both (yellow and blue) clusters, with a general dominance of 
the blue cluster (Figure 3A).

Similar large-scale patterns were observed using Discriminant 
Analysis of Principal Components (DAPC) with a priori defined 
populations, namely minimal overlap between the Beaufort-
Chukchi groups and all others, as well as West Greenland and 
all others. The High Arctic Archipelago group has an intermedi-
ate position between the West Greenland group on the one hand 
and, on the other hand, five ecoregional groups, which are largely 
overlapping, including the Laptev Sea, Iceland, the Central 
Arctic Ocean, Fram Strait, and the European sector of the Arctic 
Ocean (Figure 4A). To explore the population structure among 
the latter five groups in greater detail, another DAPC was per-
formed after excluding the Beaufort-Chukchi, West Greenland, 
and High Arctic Archipelago clusters. Extensive overlap be-
tween the High Arctic, Fram Strait, and North and East Barents 
Sea groups is apparent, whereas the two geographically most 
distant samples (Laptev Sea and Iceland) are somewhat distinct 
(Figure 4B). Using K-means clustering to define clusters for the 
DAPC with no a priori groupings, K = 2–4 had minimal (< 2) 
difference in BIC (Appendix S9A). The DAPC performed with 
K = 2 shows the distinction of the Beaufort-Chukchi Seas with 
all other ecoregions (Appendix S9B). The DAPC performed with 
K = 3 shows the distinction of the Beaufort-Chukchi Seas as 
well as two additional clusters with no geographical structure 
(Appendix S9C). The DAPC performed with K = 4 additionally 
shows the distinction of West Greenland to all other ecoregions 
(Appendix S9D).

3.4.2   |   Neutral and Adaptive Population Structure

Using outlier detection results, we decomposed the total data set 
into its putatively neutral and adaptive components. When con-
sidering only loci that are likely not affected by ongoing selection 
processes (‘neutral’—all SNPs detected as putatively adaptive by 
any method removed), the distinction between samples from the 
‘Beaufort-Chukchi’ seas and, to a lesser extent, the Laptev Sea, 
and all others remains, albeit much less pronounced compared 
to the full data set (Figure 3B). In contrast, the separation of West 
Greenland is minimal in the neutral data set. Correspondingly, 
STRUCTURE applied to the neutral data set suggested two and 
three genetic groups with Puechmaille  (2016)'s estimators and 
two following Evanno et  al.  (2005)'s method (Appendix  S7). 
The inferred population membership coefficients for K = 2 are 
shown in Figure  3B. The first cluster (yellow) is dominant in 
the Beaufort–Chukchi and Laptev Seas, while individuals from 
other ecoregions show similar ancestry proportions to both (yel-
low and blue) clusters (Figure 3B). West Greenland individuals 
do not form a separate cluster. The structure plot for K = 3 did 
not provide any additional information (Appendix S8B).

On the PCA based on the 35 putatively adaptive SNPs (identi-
fied by at least two outlier detection methods), the ‘Beaufort-
Chukchi’ seas are again recovered as partially distinct 
(Figure  3C). The separation of the West Greenland sample 
from the Beaufort-Chukchi and the transpolar drift ecore-
gions along PC2 is almost complete, with minimal overlap. 
The High Arctic Archipelago samples have an intermediate 
position on the PCA biplot, showing partial overlap with 
West Greenland and all remaining ecoregions. Applying 
STRUCTURE on this putatively adaptive dataset suggested 
three and four genetic groups using Puechmaille  (2016)'s 

FIGURE 2    |    Below: Heatmap representing pairwise FST values among populations. Red asterisks indicate FST values not significantly different 
from zero as revealed by a permutation test (p-threshold: 0.05). Above: Classical multidimensional scaling plot of the pairwise FST genetic distances 
with points coloured according to ecoregions.
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FIGURE 3    |     Legend on next page.
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estimators and two following Evanno et  al.  (2005)'s method 
(Appendix  S7). The inferred population membership coeffi-
cients for K = 2 and K = 3 are shown in Figure 3C. On the K = 2 
STRUCTURE plot, the Beaufort-Chukchi Seas show a major 
yellow component, while all other ecoregions show a major 
blue component. On the K = 3 STRUCTURE plot, individuals 
from West Greenland belong to a third (green) cluster, which 
is also dominant in most of the High Arctic Archipelago in-
dividuals, some individuals from the Beaufort-Chukchi seas, 
and is also present in smaller proportions in all other ecore-
gions. The STRUCTURE plot for K = 4 did not provide any ad-
ditional information (Appendix S8C).

Lastly, a distinct pattern emerged when performing a PCA on 
the 56 SNPs identified by PCAdapt only. Unlike with outlier SNP 
data sets based on the other detection methods, the PCAdapt 
outliers revealed three groups separated on both PC1 and PC2, 
showing a band-like pattern and no geographical structure 
(Appendix S10).

3.5   |   Redundancy Analysis

Using the putatively neutral data set (845 SNPs detected by at 
least two methods), automatic stepwise model building in both 
directions of the dbMEM variables resulted in the selection of 
one dbMEM vector (MEM1). After iteratively excluding envi-
ronmental variables associated with the highest VIF values until 

all variables presented a VIF < 20, 10 variables remained: SST_
OM (8.23), SST_OSD (18.59), SSS_OM (9.44), SSS_OSD (3.90), 
SIA_WM (12.46), SIA_OSD (13.72), SIT_SM (12.06), SIT_OSD 
(15.24), SICV_OM (2.73), and MLT_OSD (2.35). Model building 
using this set of 10 environmental variables in both directions 
resulted in the selection of three variables: the winter mean in 
sea ice area fraction (SIA_WM), the overall standard deviation 
in sea ice thickness (SIT_OSD) and the overall mean in sea sur-
face salinity (SSS_OM).

The global RDA using the putatively neutral dataset and all se-
lected explanatory variables (MEM1, SIA_WM, SIT_OSD, SSS_
OM) was significant (p-value = 0.001) and accounted for 8% of 
the genomic variation (adjusted R2 = 0.08). Of this total explained 
variation, 5% was attributable to spatial variables (MEM1), and 
the remaining proportion (3%) is a joint effect of MEM1 and 
environmental variables. The first two RDA axes were not sig-
nificant (p-values = 0.064 and 0.096). Beaufort and Chukchi Sea 
populations are positively correlated with SIA_WM, SIT_OSD, 
and MEM1 and negatively with SSS_OM (Appendix S10).

Using the putatively adaptive data set (35 SNPs detected by at 
least two methods), automatic stepwise model building in both 
directions of the dbMEM variables resulted in the selection 
of four dbMEM vectors (MEM1, MEM3, MEM4, MEM6, and 
MEM8). After iteratively excluding environmental variables as-
sociated with the highest VIF values until all variables presented 
a VIF < 20, 10 variables remained: SST_OM (8.20), SST_OSD 

FIGURE 3    |    Principal component analysis (PCA) with corresponding STRUCTURE plots based on (A) the total 922 SNPs data set, (B) the 845 
putatively neutral SNPs and (C) the 35 SNPs identified as putatively adaptive by at least two methods (see Venn Diagram). In the PCAs, dots repre-
sent individuals, coloured according to ecoregions. In the STRUCTURE plots, each vertical bar represents an individual, coloured according to the 
ancestry coefficients (to the K clusters).

FIGURE 4    |    Plots of discriminant analysis of principal components (DAPC) among groups defined by ecoregion and based on 922 SNPs. Inertial 
ellipses are represented for each group, and each dot represents an individual. The axes represent the first two linear discriminants (LD). (A) DAPC 
including samples from all nine ecoregions and (B) DAPC including samples from five ecoregions (excluding Beaufort-Chukchi seas, High Arctic 
archipelago, and West Greenland ecoregions).
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(13.62), SSS_OM (9.39), SSS_OSD (3.85), SIA_WM (12.10), SIA_
OSD (13.57), SIT_SM (11.98), SIT_OSD (14.97), SICV_OM (2.67), 
and MLT_OSD (2.26). Model building using this set of 10 envi-
ronmental variables in both directions resulted in the selection 
of three variables: the overall mean in sea ice current velocity 
(SICV_OM), the overall mean in sea surface salinity (SSS_OM), 
and the overall standard deviation in sea surface temperature 
(SST_OSD).

The global RDA using the putatively adaptive dataset and 
all selected explanatory variables (MEM1, MEM3, MEM6, 
MEM8, SICV_OM, SSS_OM, and SST_OSD) was significant (p-
value = 0.001) and accounted for 46% of the genomic variation 
(adjusted R2 = 0.46). Of this total explained variation, 22% was at-
tributable to spatial variables only (MEM1, MEM3, MEM6, and 
MEM8), whereas 24% is a joint effect of spatial structure and the 
three environmental variables. The first three RDA axes were 
significant (p-values = 0.001, 0.001 and 0.043). The first RDA 
axis accounted for 32.7% of the explained variation, whereas the 
second accounted for 13.4%. Beaufort and Chukchi Sea popula-
tions are positively correlated with SICV_OM and MEM1 and 
negatively correlated with SSS_OM. West Greenland (Disko Bay 
and Uummannaq) populations are positively correlated with 
SST_OSD and negatively correlated with MEM3 (Figure 5).

4   |   Discussion

Sound knowledge of population connectivity and genetic adap-
tation can provide insights into the potential resilience of polar 
cod populations to climate change and other anthropogenic 
stressors (Geoffroy et al. 2023). Despite the pivotal role of polar 
cod in Arctic ecosystems, our understanding of how the marine 
environment shapes its genetic structure remains limited. To 
close this knowledge gap, we investigated the genomic popu-
lation structure of polar cod at a circumpolar scale using 922 
high-quality SNPs and explored potential drivers of connectiv-
ity and adaptation. We uncovered a population genetic structure 
dominated by large-scale differentiation in three spatial groups: 
(i) Beaufort–Chukchi seas, (ii) all ecoregions connected by the 
Transpolar Drift from the Laptev Sea to Iceland, including the 
European Arctic (hereafter termed TPD + EA group), and (iii) 
West Greenland. These findings suggest that large-scale ocean-
ographic and sea ice drift features, particularly the Beaufort 
Gyre and the Transpolar Drift, are major drivers of connectivity. 
Seascape genetic analyses confirmed that only a small propor-
tion of neutral genetic variation is attributed to spatial structure 
and environment. The differentiation detected between West 
Greenland and the other locations is predominantly driven by 
loci putatively under selection. Variation in putatively adaptive 

FIGURE 5    |    Redundancy analysis plot (RDA) performed with the putatively adaptive SNP loci (35 SNPs) as dependent variables and spatial (db-
MEM vectors) and environmental data as explanatory variables. Dots are coloured according to ecoregions. The arrows show the direction in which 
each explanatory variable is most strongly associated with the RDA axes, and their length is proportional to the associated R2 adjusted. The Venn 
Diagram shows the proportion of the variance (as represented by R2 adjusted) that is attributed solely to the environmental or the spatial (dbMEM) 
variables, and the proportion that is shared between the two sets of variables (at the intersection). The dbMEM vectors that explain most of the vari-
ance, MEM1 and MEM3, are plotted on the map. SICV_OM, overall mean in sea ice current velocity; SSS_OM, overall mean in sea surface salinity; 
SST_OSD, overall standard deviation in sea surface temperature.
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loci underlined the interaction of spatial patterns and specific 
regional environmental conditions in driving local adaptation of 
the Beaufort–Chukchi and West Greenland populations. In ad-
dition to the overarching genomic structure, we observed a sig-
nature of structural variation independent of ecoregion in three 
clusters most likely representing two groups of homozygotes and 
one intermediate group of heterozygotes, suggesting a chromo-
somal inversion (see Einarsson et al. 2023; Bringloe et al. 2024; 
Hoff, Maurstad, Le Moan, et al. 2024). In the following sections, 
we discuss patterns, potential drivers and broader implications 
of differentiation for each of the three main genetic groups.

4.1   |   What Drives the Genomic Structure of Polar 
Cod in the Arctic Seascape?

4.1.1   |   Beaufort and Chukchi Seas

Genetic differentiation of the Beaufort–Chukchi group is ob-
served at putatively adaptive loci, and to a lesser extent neutral 
loci, suggesting that it is driven by a combination of limited 
gene flow with adjacent ecoregions and local adaptation. Our 
Beaufort–Chukchi group corresponds to the ‘Alaskan Beaufort 
and Chukchi seas’ cluster of Nelson et  al.  (2020) that extends 
south to the Northern Bering Sea (Nelson et  al.  2020; Wilson 
et al. 2020). Similarly, genetically distinct ‘Pacific Arctic’ popu-
lations have been observed for a range of zooplanktonic species 
like Thysanoessa inermis (Euphausiidae; Bucklin et  al.  2023), 
Eukrohnia hamata (Chaetognatha; DeHart et  al.  2020) and 
Limacina helicina (Pteropoda; Abyzova et al. 2018) and fish spe-
cies like Greenland halibut Reinhardtius hippoglossoides (Orlova 
et  al.  2019) and capelin Mallotus villosus (Præbel et  al.  2008). 
Nelson et al. (2020) also uncovered a genetically distinct group 
of polar cod on the ‘Canadian coast of the Beaufort Sea’ which 
corresponds to the ‘Western North American Arctic’ of Bringloe 
et al. (2024); samples from this area, however, were not available 
for our study.

Spawning grounds have been inferred in the northern Bering 
and southern Chukchi seas (Kono et al. 2016; Vestfals et al. 2021) 
and along the Alaskan North Slope (Craig et al. 1982). Pacific 
Water, transporting eggs and larvae to the Chukchi Plateau, 
may follow two pathways. The main branch enters the deep 
Central Arctic basins and recirculates in the Amerasian Basin 
with the Beaufort Gyre (Figure 6B). At its northwestern limit, 
the Beaufort Gyre merges with the Transpolar Drift. A limited 
amount of Pacific Water follows the second pathway, flowing 
eastward along the Alaskan coast to feed into the Canadian 
Arctic Archipelago (Hu et al. 2019; Jones et al. 1998; Figure 6B). 
These large-scale water and sea ice circulation patterns would 
explain: (i) genetic distinctiveness of the ‘Bering-Beaufort-
Chukchi’ population, with putative spawning grounds in the 
northern Bering and southern Chukchi seas and potential dis-
persal offshore via the Beaufort Gyre, where sea ice may remain 
trapped for years (Figures 3A,B and 6), (ii) admixture between 
the ‘Bering-Beaufort-Chukchi’ and the ‘TPD + EA’ clusters, es-
pecially off the Laptev Sea, where the Beaufort Gyre joins the 
Transpolar Drift (Figures 3A,B and 6) and (iii) genetically dis-
tinct populations on the Alaskan and western Canadian coasts 
(Nelson et al. 2020), due to limited oceanographic connectivity. 
The latter might also explain the spatial separation of eastern 

and western aggregations of small polar cod in the Beaufort Sea, 
indicating that polar cod in the eastern Beaufort Sea likely did 
not originate in the Chukchi Sea (Forster et al. 2020).

Genetic variation of the Beaufort–Chukchi population is pos-
itively associated with geographic distance and ice-related 
variables, including mean winter sea ice area fraction, variabil-
ity in sea ice thickness and mean sea ice current velocity and 
negatively correlated to mean sea surface salinity (Figure  5 
and Appendix S11). The Chukchi and Beaufort seas are heavily 
covered with ice in winter. Sea ice velocity is particularly high 
(see maps in Appendix  S12), as the Alaskan coastal current 
combines with the Central Channel to form a strong and nar-
row jet flowing eastward along the Beaufort Shelf (Pickart 2004; 
Winsor and Chapman  2004). The Beaufort and Chukchi seas 
are also characterised by lower salinity surface water than other 
ecoregions due to freshwater discharge from the Mackenzie 
River and low-salinity Pacific inflow from the Bering Strait 
(Crawford et al. 2012). However, salinity is likely not a limiting 
factor, as polar cod in this region are found in a wide range of 
salinities (15–34 ppt; Crawford et  al. 2012). Environmental ex-
tremes and high variability in regional ice cover, temperature, 
light, freshwater, turbidity, and currents may foster specific ad-
aptations of the local biota (Carmack and Macdonald 2002). A 
longer open-water season, thinning ice cover and strengthening 
of the Beaufort Gyre result in habitat and food web alterations, 
putatively inducing selective pressures on the local polar cod 
populations (Peng and Meier 2018; Steiner et al. 2021; Thomson 
et al. 2016).

4.1.2   |   Transpolar Drift and European Arctic

Our TPD + EA group corresponds to Nelson et  al.  (2020)'s 
group spanning the Siberian shelves, Fram Strait and Iceland. 
Similar patterns of genetic homogeneity across the TPD have 
been observed in the zooplankton species E. hamata (DeHart 
et al. 2020) and L. helicina (Abyzova et al. 2018), and Greenland 
halibut (Orlova et al. 2019).

Sea ice from the western Siberian Seas is entrained in the 
Transpolar Drift current and exported into the Barents Sea and 
eastern Fram Strait (Pfirman et al. 2004); some sea ice may also 
reach waters off Ellesmere Island (Kwok et al. 2013). Polar cod 
have been recorded in large numbers in the Amundsen and 
Nansen basins under ice that originated from the Laptev and 
Kara seas (David et  al.  2016). The genetically homogeneous 
‘TPD + EA’ cluster supports the ‘Transpolar Drift hypothesis’ 
by David et al.  (2016), which implies that young polar cod are 
advected with the Transpolar sea ice Drift from the Siberian 
shelf across the Arctic Ocean up to spawning grounds in the 
Svalbard archipelago, Barents and Greenland seas and further 
to Iceland (Figures 3A,B, 4A and 6; David et al. 2016; Melnikov 
and Chernova 2013; Pettitt-Wade et al. 2021).

Despite high connectivity, the geographically large TPD + EA 
group shows evidence of weak but significant population sub-
structuring. In particular, polar cod sampled in the Laptev Sea 
is weakly differentiated from adjacent ecoregions (Figures  2 
and 4B). Similarly, previous studies observed differentiation 
between the East Siberian and Laptev seas and the Kara Sea 
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(Gordeeva and Mishin  2019; 7 microsatellites) and Svalbard 
(Quintela et  al.  2021; 116 SNPs) as a result of isolation-by-
distance. Furthermore, the Icelandic population showed low 

but significant differentiation from neighbouring ecoregions 
(Figures 2 and 4B). A similar genetic discontinuity has been ob-
served in Greenland halibut (Vihtakari et al. 2022; Westgaard 

FIGURE 6    |    (A) Connectivity between genetic groups of polar cod in the Arctic Ocean, as identified by the statistical approaches used in this study 
for the full 922 SNPs dataset (Figures 3A and 4). Three genetically differentiated groups are indicated: Transpolar Drift/European Arctic (TPD + EA; 
blue), West Greenland (green) and Beaufort and Chukchi seas (yellow). Arrows indicate potential gene flow between regions sampled in this study, 
as indicated by our analyses (Figure 3) and considering major currents and sea ice drift shown in (B). The arrows are colour-coded according to the 
genetic grouping at their origin. Full arrows indicate close connectivity within the TPD + EA grouping. Dashed arrows indicate weak gene flow be-
tween the different groupings. Dotted arrows indicate very weak gene flow between groupings. The biogeographical regions of the Arctic Ocean, as 
shown in Figure 1, are BaS, Barents Sea; BfS, Beaufort Sea; CS, Chukchi Sea; ESS, east Siberian Sea; FS, Fram Strait; HAA, High Arctic Archipelago; 
IS, Iceland; KS, Kara Sea; LS, Laptev Sea; WG, West Greenland. (B) Major ocean currents and sea ice drift in the Arctic Ocean, redrawn after Bluhm 
et al. (2015) and Geoffroy et al. (2023). Warm currents are shown in red, cold currents in white. The Arctic Boundary Current (ABC) transports 
warm Atlantic Water along the slopes around the Arctic Ocean at intermediate depths (approximately 100–1000 m). The transpolar drift (TPD) and 
the Beaufort Gyre (BG) are the two major wind-driven surface current systems advecting sea ice with underlying cold water over the Central Arctic 
Ocean (CAO). From the Bering Strait, warm Bering Sea water (BS) is advected into the CAO. Cold surface currents connect the Beaufort shelf and 
the CAO with the High Arctic Archipelago and West Greenland. Bathymetry: International Bathymetric Chart of the Arctic Ocean (IBCAO, www.​
gebco.​net).

http://www.gebco.net
http://www.gebco.net
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et al. 2017), beaked redfish Sebastes mentella (Saha et al. 2017), 
Atlantic haddock Melanogrammus aeglefinus (Berg et al. 2021) 
and Atlantic cod Gadus morhua (Johansen et al. 2020).

In the Svalbard and Barents Sea region, field observations 
suggest at least two spawning grounds, one in the vicinity of 
Svalbard (on the eastern side and in the western fjords) and an-
other one in the Pechora Sea southwest of Novaya Zemlya (Aune 
et al. 2021; Korshunova 2012). Most populations in the Svalbard 
fjords are not significantly differentiated from each other, Fram 
Strait, and the High Arctic, which confirms previous results 
using microsatellite markers (Maes et al. 2021). Dispersal mod-
els show that eggs released in the western fjords of Svalbard 
are mostly retained, and that offshore transport occurs from 
the putative Svalbard spawning areas into Fram Strait and to 
the northeast along the shelf edge of the polar basin (Eriksen 

et al. 2020; Gjøsæter et al. 2020). Polar cod on the eastern side of 
the archipelago (‘Svalbard East’ and ‘Barents Sea’) indeed show 
higher levels of differentiation (FST values up to 0.013) from the 
western Svalbard fjords (Figures 1 and 2). These polar cod might 
originate from spawning grounds in the Pechora Sea, from 
where eggs drift northward along Novaya Zemlya and westward 
in the Barents Sea (Huserbråten et al. 2019).

We did not find evidence for local adaptation in the TPD + EA 
group. However, the contrasting environmental conditions in 
Western Svalbard fjords and northeastern Barents Sea (i.e., in-
fluenced by different water masses; Eriksen et  al.  2020) may 
lead to locally adapted populations. The exploration of potential 
adaptive divergence in these regions requires high-density sam-
pling, phenotyping, and environmental modelling (Dauphin 
et al. 2023; Riginos et al. 2016).

FIGURE 6    |     (Continued)
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4.1.3   |   West Greenland

The population off West Greenland represents a distinct genetic 
cluster based on putatively adaptive loci (Figure 3C), which can-
not be separated from the TPD + EA cluster with only neutral 
loci (Figure  3B). Therefore, genetic differentiation of the West 
Greenland ecoregion is largely driven by local adaptation con-
current with high gene flow. Local adaptation may occur in 
the presence of genetic connectivity between populations if 
the strength of selection overcomes the homogenising effect of 
gene flow (Hellberg 2009). Genetic connectivity between West 
Greenland and the Northeast Atlantic Ocean has been inferred 
for other species, including T. inermis (Bucklin et al. 2023), E. ha-
mata (DeHart et al. 2020), M. villosus (Præbel et al. 2008) and 
R. hippoglossoides (Roy et  al.  2014; Vis et  al.  1997). It remains 
to be investigated whether polar cod from ‘the eastern coastline 
of Canada’ group of Nelson et  al.  (2020) and the ‘East North 
American Arctic’ cluster of Bringloe et al. (2024) belong to the 
same genetic group as our ‘West Greenland’ samples, collected 
on the opposite side of Baffin Bay.

Genetic exchange with the TPD + EA population may occur 
by advection of fish from the TPD through the High-Arctic 
Archipelago. Connectivity between the Labrador Sea and the 
East Greenland coast might also occur via the East and West 
Greenland currents (Figure 6). Larvae and ready-to-spawn polar 
cod observed in East Greenland fjords suggest the presence of 
several spawning grounds along the coast (Astthorsson  2016). 
Furthermore, sea ice originating from the Arctic Ocean annu-
ally drifts along this coast (Blindheim and Osterhus 2005) and 
may facilitate some genetic exchange around the southern tip of 
Greenland. Dispersal from the Pacific Arctic to West Greenland 
may also occur via the Northwest Passage, as polar cod larvae 
were found in high densities in the eastern Parry Channel and 
Peel Sound (Bouchard et  al.  2018). Such connectivity patterns 
might explain the higher ancestry of some individuals in West 
Greenland to the genetic cluster in the Beaufort–Chukchi seas 
compared to TPD + EA ecoregions.

The genetic differentiation of the West Greenland group is posi-
tively correlated with the spatial structure and the variability in 
sea surface temperature (Figure 5). West Greenland fjords are 
located at the southern border of sea ice and are influenced by 
both sub-Arctic waters from southwestern Greenland and Arctic 
waters within the Labrador Sea (Gladish et al. 2015; Rysgaard 
et  al.  2020). The area has a pronounced seasonality and large 
interannual variation in terms of sea surface temperature and 
sea ice cover (see maps in Appendix  S12; Carroll et  al.  2018; 
Møller et al. 2023). Warm years have been associated with par-
tial recruitment failures in polar cod (Bouchard et  al.  2021). 
Although the area might be important for spawning and larval 
retention (Melnikov and Chernova 2013; Bouchard et al. 2023), 
it is, nowadays, likely a suboptimal nursery ground, at the upper 
limit of their thermal tolerance (Bouchard et al. 2021; Geoffroy 
et al. 2023).

4.1.4   |   Chromosomal Rearrangements

In addition to the overarching genomic structure, we observed 
a putative signature of chromosomal rearrangement. The three 

clusters of individuals observed in the PCA using PCAdapt 
outlier SNPs (Appendix  S10) most likely represent two groups 
of homozygotes and one intermediate group of heterozygotes 
(Huang et al. 2019; Mérot 2020). The clusters are not geographi-
cally structured; hence, other drivers influence the distribution 
of these genotypes. A similar pattern was observed in polar cod 
from the Barents and Kara seas by Quintela et  al.  (2021) and 
from the Western Arctic to the Gulf of St. Lawrence ecoregions 
by Bringloe et al. (2024). Additional research attributed such a 
pattern in polar cod to chromosomal inversions, linked to sex 
and putatively to ecotype (Bringloe et  al.  2024). In a most re-
cent development, the reference genome of polar cod revealed 
several chromosomal inversions and fusions (Hoff, Maurstad, 
Tørresen, et al. 2024). Whole-genome population sequencing of 
polar cod samples collected in the Barents Sea, supported by the 
reference genome, has identified five subclusters without a clear 
geographical pattern (Hoff, Maurstad, Le Moan, et  al.  2024). 
Inversions are commonly linked to phenotypes, such as migra-
tory behaviour (Sodeland et  al.  2016) and morphotype (Jones 
et al. 2012). Hence, inversions might foster adaptive divergence 
under high gene flow (Kirubakaran et al. 2016) and might have 
facilitated the evolution of distinct local and regional genotypes 
in polar cod (Madsen et  al.  2016; Hoff, Maurstad, Le Moan, 
et al. 2024), albeit so far with unknown adaptive implications.

4.2   |   Prospects of Polar Cod in a Shifting Seascape

Polar cod are facing a range of environmental pressures related to 
climate change and increasing anthropogenic activities. Among 
these stressors, sea ice decline stands out as a critical threat, in-
fluencing the survival and dispersal of early life stages (Geoffroy 
et al. 2023). The present study shows that the genetic structure of 
polar cod can be explained by the main surface currents and sea 
ice drift patterns, driven by the Beaufort Gyre and the Transpolar 
Drift (Figure 6). Young sympagic polar cod are likely an import-
ant vector of genetic connectivity across the Central Arctic basin 
(David et al. 2016; Melnikov and Chernova 2013). During their 
year-long drift, the under-ice habitat provides a unique combi-
nation of low energetic cost due to subzero temperatures and 
lipid-rich prey, which would not be available in open waters, 
particularly during the polar night (Flores et al. 2023; Kohlbach 
et al. 2017; Schaafsma et al. 2024). The ongoing sea ice decline 
is therefore likely to have profound impacts on the circumpolar 
connectivity and size of polar cod populations.

Lower genetic diversity through reduced connectivity with other 
populations and collapsing population sizes may further decrease 
resilience to environmental change. The TPD + EA population, 
which does not reproduce in the CAO, may suffer from reduced 
advection from the Siberian shelf because sea ice formation is 
increasingly propagating further offshore, away from spawning 
grounds (Krumpen et al. 2019). Although adult dispersal might 
be less affected, the loss of spawning and nursery habitat will 
have consequences for the entire population. This will reduce 
gene flow from the Transpolar Drift system to the High Arctic 
Archipelago and the Beaufort Gyre, but also the European 
Arctic, including Iceland and Greenland (Figure 6). Survival is 
expected to be lower in the Atlantic Arctic region, which has 
been estimated to face the greatest pressure from climate change 
compared to other domains of the Arctic Ocean (Geoffroy 
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et  al.  2023). Southern populations like the Icelandic and West 
Greenland ones are not only threatened by ocean warming, po-
tentially resulting in either extinction or displacement towards 
colder, more northern latitudes (Astthorsson  2016), but might 
become more endemic due to the constrained gene flow from 
other regions, resulting in decreased genetic diversity. Polar cod 
populations in the CAO and the High Arctic Archipelago might 
face the lowest risk from climate change (Geoffroy et al. 2023). 
However, the strong dependency of the CAO population on ad-
vection of juveniles from the Eurasian shelf and the potential 
negative impact of reduced connectivity on the resilience of 
the population in the High Arctic Archipelago indicates that 
even these potential refugia populations may become more im-
pacted by climate change than previously assumed. While the 
disappearing multiyear ice (Wood et  al.  2015) and expanding 
Beaufort Gyre (Regan et al. 2019) in the Canadian Arctic might 
transiently favour genetic exchanges between the eastern and 
western populations (Bouchard et al. 2018), in the longer term, 
the complete disappearance of summer ice is likely to result in 
reduced genetic connectivity and reduced population sizes.

With genetic sub-structuring, the risk of overfishing of local 
stocks increases (Bonanomi et al. 2015; Knutsen et al. 2018). 
Historically, polar cod has experienced periods of high fishing 
pressure in the Exclusive Economic Zone to the extent that fish-
ing moratoria were declared (Geoffroy et al. 2023). Multiple ex-
amples of the negative impact of chronic overfishing on genetic 
diversity and stock collapse have been documented (Pinsky 
and Palumbi  2014). Current fisheries are limited to coastal 
fishing by indigenous communities and bycatch from com-
mercial trawling. Increasing accessibility of the Arctic Ocean, 
however, may change this situation (Niiranen et al. 2018). In 
the longer term, polar cod may benefit from the fishing mora-
torium in the CAO implemented by the Agreement to prevent 
Unregulated High Seas Fisheries in the Central Arctic Ocean 
for the next 13 years (Calderwood and Ulmer 2023). This pre-
cautionary measure ensures that sufficient information on 
fish stocks and ecosystem dynamics will be collected to estab-
lish environmentally and economically sustainable resource 
management (Pan and Huntington 2016).

The Arctic Council has adopted a framework for a pan-Arctic 
network of Marine Protected Areas (MPA) for which polar cod 
serves as a key target species due to its central role in the Arctic 
food web (Geoffroy et al. 2023; PAME 2015; PAME et al. 2017). 
Our analysis shows that the spatial design of such an MPA net-
work should account for the protection of all genetic groups to 
help preserve genetic diversity and connectivity for the whole 
population. In this regard, regions of high genetic exchange 
such as the High Arctic Archipelago as well as potential spawn-
ing areas of major genetic groups such as the Bering–Chukchi–
Beaufort seas, Baffin Bay, the Pechora Sea, and the Laptev Sea 
may prove highly valuable for the protection of polar cod in a 
changing Arctic Ocean. The MPAs may contribute to frame-
works for decision-making under a regime of global uncertainty.
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