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ABSTRACT
Climate change is driving species to shift their distribution ranges, potentially altering the level of genomic structuring and 
connectivity between populations. Additionally, fishing practices might further reduce genomic diversity and limit the poten-
tial adaptability of species to environmental changes. We use whole-genome sequencing for the first time to explore current 
and historical patterns of genomic diversity in European hake (Merluccius merluccius) from the Northeast Atlantic, focusing 
on the recently expanded distribution range in the North Sea. Genomic data revealed a complex scenario in the North Sea 
and neighbouring regions, with three distinct populations: North Sea, Celtic Sea and Portugal. Individuals from the Kattegat, 
Skagerrak and west coast of Denmark were highly differentiated from those in the Celtic Sea and waters around Ireland. The 
Northern North Sea appears as a transition zone, with individuals from higher latitudes assigned to the Celtic Sea group and 
those from lower latitudes to the North Sea group. The more distant Portuguese individuals appeared as a third distinct popu-
lation. Although the differentiation among these populations was shallow when the entire dataset was used, a subset of 99,364 
outlier markers revealed a much deeper divergence. Demographic analyses indicated that these populations are relatively young 
and have large effective population sizes and thus without sufficient time to build a signature of differentiation by genetic drift. 
At the same time, selection for local adaptation is strong enough to overcome the effects of contemporary gene flow. Our find-
ings have important implications for managing the European hake stocks in the Northeastern Atlantic, highlighting the need 
for management measures that address shifts in species and population distribution due to climate change, as well as needing 
to account for different populations contributing to fisheries within a single stock. Preserving the genomic diversity within and 
among fish stocks is crucial for maintaining the long-term resilience of marine ecosystems and the services they provide.

1   |   Introduction

The interplay between geographic connectivity and isola-
tion plays a critical role in shaping the evolutionary dynam-
ics of marine species (Hemmer-Hansen et al. 2007; Potkamp 

and Fransen  2019; Faria et  al.  2021). Populations of many 
marine organisms are demographically and genetically in-
terconnected, resulting from either passive dispersal of 
planktonic larval stages or active migration of juveniles and 
adults (Nielsen et al. 2005; Bradbury et al. 2008; Cowen and 
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Sponaugle 2009; Chust et al. 2016). The degree of separation 
between populations can vary significantly depending on pop-
ulation size and the dispersal capacity of species, with high 
gene flow expected to prevent populations from following in-
dependent evolutionary trajectories (Riginos et al. 2014). On 
the contrary, barriers to connectivity and gene flow can drive 
the accumulation of genetic differences between populations 
over time and eventually result in genetically distinct popu-
lations (Hemmer-Hansen et  al.  2007). Barriers to gene flow 
in the marine environment include ocean currents, coastal 
fronts and upwelling systems, as well as environmental fac-
tors such as sea surface temperature and salinity (Cowen and 
Sponaugle  2009; Henriques et  al.  2012; Nielsen et  al.  2012; 
Burridge et al. 2015; Van der Ven et al. 2020; Choo et al. 2021). 
In addition, life-history traits such as philopatry and natal 
homing to different spawning grounds can lead to isolated 
gene pools (Díaz-Arce et al. 2023). Besides contemporary bar-
riers to gene flow, historical climatic events, especially the ad-
vances and retreats of ice sheets during the last glacial period 
(20,000–100,000 years ago), have resulted in significant demo-
graphic changes, range expansions, the emergence of newly 
genetically isolated populations and even speciation events 
(Hewitt 1996, 2004; Alheit et al. 2012; Do Prado et al. 2018).

The evaluation of connectivity and gene flow is particularly 
relevant in the context of climate change and shifting marine 
fish populations that might be commercially exploited, which 
will impact their management and utilisation. Anthropogenic 
climate change is driving species to shift their distributions, 
with temperate species often moving poleward as they track 
their thermal niches and expand into newly suitable habitats 
(Wisz et al. 2015; Pinsky et al. 2020). Moreover, overfishing is 
contributing to making exploited species more vulnerable to 
the effects of global climate change (Pinsky and Byler 2015). In 
combination, climate change and fishing pressure can impact 
the distribution of commercially exploited fish as illustrated in 
the case of North Sea cod (Gadus morhua), with the northward 
range shift in the last 100 years likely caused by rising sea tem-
peratures and the eastward shift attributable to overfishing in 
the western and central North Sea (Engelhard et al. 2014; Heath 
et al. 2014). While global climate change drives species to new 
regions as they respond to changing environmental conditions, 
fishing impacts their resilience and abundance resulting in sig-
nificant changes in fish community (Lees et al. 2006). This has 
been documented in the Northwest Atlantic (Frank et al. 2005), 
the North Pacific Ocean (Hsieh et  al.  2005), the North Sea 
(Kirby et al. 2009), the Barents Sea (Aschan et al. 2014) and the 
Mediterranean Sea (Ouled-Cheikh et  al.  2022), among other 
regions.

The European hake (Merluccius merluccius) is a benthope-
lagic marine fish, widely distributed in the Northeast Atlantic 
Ocean, ranging from the coasts of Norway and Iceland to the 
Gulf of Guinea (Murua  2010). Historically, European hake 
populations were mainly concentrated in the Mediterranean 
and the eastern Atlantic, with their distribution extending 
as far north as the North Sea, Skagerrak and Kattegat (Casey 
and Pereiro  1995). In recent years, the European hake has 
increased in abundance and extended distribution into new 
regions of the North Sea, moving further north into the 
Norwegian Sea and eastward into the Baltic Sea (Baudron 

and Fernandes  2015; Cormon et  al.  2014), being occasion-
ally recorded in the Bornholm area (Heessen et  al.  2015) 
and documented as far east as Lithuania (Bacevicius and 
Kregzdys 2017). Potential drivers for this range expansion in-
clude climate change, with increasing temperatures allowing 
hake populations to occupy new areas, as well as changes in 
ecosystem dynamics such as prey availability (Baudron and 
Fernandes  2015). From an ecological perspective, European 
hake plays a fundamental role in the marine trophic web as 
a high-level top predator feeding on mesopelagic communi-
ties, such as anchovies (Engraulis encrasicolus) and sardines 
(Sardina pilchardus), regulating their abundances and main-
taining ecological balance and biodiversity (Coll et al. 2016). 
European hake is one of the most commercially important 
marine species in the Northeast Atlantic and Mediterranean 
fisheries and has been intensively exploited for centuries 
(Izquierdo et  al.  2021; Morales-Nin et  al.  2022). The man-
agement of the European hake in the North Atlantic region 
has been the subject of ongoing discussion, particularly re-
garding the International Council for the Conservation of 
the Seas (ICES) classification of two distinct fishing stocks: 
a Northern stock that encompasses the Norwegian Sea, the 
North Sea, Skagerrak and Kattegat, the Celtic Sea and the Bay 
of Biscay; and a Southern stock that includes the Cantabrian 
Sea and the Iberian West Coast, extending south to Gibraltar. 
The two stocks are delineated at Cap Breton, located between 
the southern Bay of Biscay and the eastern Cantabrian Sea, 
which has traditionally been considered a natural barrier that 
may limit the exchange of individuals between regions (ICES 
2022a, b). However, genetic data do not provide evidence to 
support the boundary between the Northern and Southern 
stocks at Cap Breton, as previous genetic studies revealed 
no differences among Atlantic Iberia-Biscay-Irish Sea popu-
lations, but a more complex population structure within the 
Northeastern Atlantic than the two discrete stocks proposed 
by ICES (Roldán et al. 1998; Pita et al. 2011, 2014, 2016; Milano 
et al. 2014; Westgaard et al. 2017; Leone et al. 2019).

However, previous work relied on either a small number of 
molecular markers (such as mitochondrial DNA and nuclear 
microsatellite loci) or reduced-representation sequencing. 
These approaches might not contain enough statistical power 
to detect subtle levels of local adaptation or population diver-
gence. Therefore, the aim of our study is to use, for the first 
time, whole-genome sequencing to expand the current knowl-
edge on the population structure of European hake in the 
northeastern Atlantic, notably adding valuable data from its 
northern range (North Sea and neighbouring areas) to sup-
port ongoing efforts in this region to delineate population 
structure and fisheries management. The detailed analyses 
of areas connected to the North Sea are particularly relevant 
given the recent increase in biomass and the unclear origin 
of these individuals. We analysed millions of genome-wide 
single nucleotide polymorphisms (SNPs) to investigate pat-
terns of genomic variation within and across regions and to 
assess population structure and gene flow. Connectivity at the 
northern edge of the distribution is critical yet not evaluated, 
especially in a context of climate change and shifting popula-
tions, which has important implications for fishery dynamics 
and stock management. Therefore, we integrate historical and 
contemporary demographic processes to better understand 
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population connectivity over time. Using a coalescent ap-
proach, we reconstruct the past demographic history of the 
species in the Northeastern Atlantic, with particular focus on 
the northern expanded range of the species. We also identify 
genomic regions showing elevated differentiation across the 
genome and explore the functional annotations of genes lo-
cated within those regions, which might reflect adaptation to 
local environmental conditions.

2   |   Materials and Methods

2.1   |   Sampling

A total of 40 European hake Merluccius merluccius individ-
uals were collected during 2021 from four regions: Denmark, 
Northern North Sea, Ireland and Portugal (Table S1; Figure 1) 
as part of national fish monitoring survey programs. Samples 
from Denmark (N = 13) were collected from the Kattegat, the 
Skagerrak and the west coast of Denmark. Northern North Sea 
samples (N = 8) were collected off the east coast of Scotland and 

in Norwegian waters of the northern central North Sea. Samples 
from Ireland (N = 13) were collected along the northern coast, 
the Porcupine Bank west of Ireland and the southern coast in the 
Celtic Sea. Samples from Portugal (N = 6) were collected from 
the Lisbon Coast in western Portugal, as well as from Faro and 
the Gulf of Cadis in southern Portugal.

2.2   |   Sequencing

Muscle tissue was collected onboard from each individual and 
stored in a ‒20°C freezer until DNA extraction. Genomic DNA 
was extracted using the EZNA Tissue DNA Kit, with subse-
quent quality control via electrophoresis on 1% agarose gel 
and measurement of the DNA concentration using a Qubit 3.0 
(Qubit dsDNA BR Assay kit). DNA extracts were fragmented 
and used to construct short-insert libraries of circa 350 base-
pairs (bp). A standard library-construction protocol was used 
that included end-repair, A-tailing, adapter ligation, PCR am-
plification and size selection. The resulting libraries were then 
sequenced as 150 bp paired-end reads for all 40 individuals 

FIGURE 1    |    Sampling locations of 40 individuals of European hake collected from Denmark, the Northern North Sea, Ireland and Portugal. 
Each circle represents one individual, with colours showing the proportion of ancestry assigned to each cluster (North Sea, blue; Celtic Sea, green; 
Portugal, orange) as inferred by admixture analysis using 99,364 outlier SNPs. Individuals with mixed ancestry are represented by circles with mul-
tiple colours corresponding to their relative contributions from each cluster. See Table S1 for sampling details.
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on a DNBseq (DNA Nanoball Sequencing) platform at BGI 
Genomics, China.

2.3   |   Data Filtering and SNP Discovery

Data quality of the reads was initially inspected using FastQC 
(http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc) 
and the FASTX-Toolkit (http://​hanno​nlab.​cshl.​edu/​fastx​-​
toolkit). Next, adapters and low-quality bases were removed 
with Trimmomatic v0.36 (Bolger et  al.  2014) using a mini-
mum Phred score of 15. Subsequently, paired and unpaired 
reads were aligned separately using BWA v0.7.1 (Li and 
Durbin 2009) to the chromosome-level genome assembly of M. 
merluccius fMerMel1.1 (Martínez Portela et  al. 2024; acces-
sion number GCA_964660975.1). The aligned data were pre-
processed using the Picard v2.6.0 toolkit (http://​broad​insti​
tute.​github.​io/​picard), which involved merging, coordinate-
sorting and removing duplicate reads that may have resulted 
from PCR amplification during library preparation. A variant 
calling file (vcf) file with all SNP variants for all 40 individu-
als was constructed using the mpileup and call commands in 
BCFtools v1.9 (Li et al. 2009). Subsequently, SNP variants were 
filtered using vcftools v0.1.14 (Danecek et al. 2011), retaining 
only biallelic SNPs present in all 40 individuals sequenced 
(i.e., zero missing data), with a minimum quality score of 20, a 
total read depth between 400 and 4000 (summed across all 40 
individuals) and with a minor allele frequency (MAF) greater 
than 0.05 to avoid potential bias from rare alleles (Hemstrom 
et al. 2024).

As a final step, we produced a filtered SNP dataset after link-
age disequilibrium-based (LD) variant pruning implemented in 
PLINK v1.9 (Purcell et al. 2007). The indep-pairwise option was 
used with a window size of 100, a variant count of 5 to switch 
window at the end of each step and a r2 threshold of 0.5. The 
pruned LD dataset was used for downstream analyses sensitive 
to LD such as PCA, Structure, FST and nucleotide diversity cal-
culations, while the unpruned LD dataset was used for the ge-
nome scans.

2.4   |   Detection of Outlier SNPs

Outlier detection at the whole-genome level was performed 
using pcadapt v.4.4.0 (Privé et al. 2020) to identify potentially 
non-neutral markers. An advantage of pcadapt is that no pre-
defined populations are needed and the detection does not 
rely on FST values. The optimal number of principal compo-
nents (K) was determined using a scree plot with up to 10 Ks 
and choosing K on the basis of the variance drop-off. Outlier 
SNPs were identified based on p-values adjusted using the 
Benjamini-Hochberg correction to account for multiple test-
ing (p < 0.1).

2.5   |   Genome-Wide Diversity and Population 
Structure Analyses

All analyses were performed on three different SNP datasets: 
the full dataset, the subset of outlier SNPs and the subset of 

neutral SNPs (i.e., not identified as outliers). Levels of genomic 
diversity were assessed using Nei and Li (1979) nucleotide di-
versity (π) and individual observed heterozygosity (Ho) calcu-
lated using vcftools v0.1.14 (Danecek et  al.  2011). Standard 
errors and confidence intervals were obtained by performing 
a bootstrap function with 1000 replicates using the boot pack-
age in R. Diversity values across populations were compared 
by one-way ANOVA using R. Standardised genomic differenti-
ation (FST) statistics between population pairs were calculated 
using vcftools v0.1.14 following Weir and Cockerham (1984). 
Significance of pairwise FST values was assessed by bootstrap-
ping over loci to generate a confidence interval around the ob-
served FST. p-values were calculated using a one-sample t-test 
for each pairwise FST.

Population structure was initially explored with a principal 
component analysis (PCA) using the program smartPCA from 
the Eigensoft package (Patterson et al. 2006). Population struc-
ture was further investigated using ADMIXTURE (Alexander 
and Lange  2011), which uses a clustering algorithm to infer 
the most likely number of groups (K) and then calculates the 
proportion of ancestry components (admixture proportion) for 
each individual. Following the software guidelines, the cross-
validation (CV) procedure was applied to choose the best K 
for the model. The analysis was performed with K = 1–6, with 
10 independent runs for each K to check the consistency of 
results.

2.6   |   Genome Scans and Functional Analysis 
of Candidate Genes

Genome scans were conducted to detect ‘genomic islands of 
differentiation’, as defined by peaks in pairwise FST (Wolf and 
Ellegren 2017). The method is based on the use of summary 
statistics in windows across the genome, with regions with 
very high FST relative to the background assumed to be under 
strong local adaptation (Beaumont and Balding  2004). After 
testing different window sizes that rendered similar results, 
we calculated a sliding-window FST with a window size of 
10 kb using VCFtools v0.1.14 (Danecek et  al.  2011) with the 
unpruned LD dataset. Only windows with more than 10 SNPs 
were considered to obtain reliable FST estimates. Windows 
with average window FST values above the 99th percentile of 
the empirical distribution were retained and considered as 
candidate regions putatively under selection. Sliding-window 
FST along chromosomes was visualised with a Manhattan plot 
using CMPlot in R.

Gene predictions for the M. merluccius reference genome (Martínez 
Portela et al. 2024) were used to establish the genomic position of 
the candidate SNPs for local selection. Gene descriptions were 
obtained from the Zebrafish Information Network (ZFIN) data-
base (http://​zfin.​org), together with human orthologs, which were 
used in the GeneCards human gene database (http://​genec​ards.​
org) to retrieve the Entrez gene summary, the UniProtKB/Swiss-
Prot summary as well as the Ensembl Gene IDs. Functional in-
terpretation of the set of candidate genes was obtained using the 
Gene Ontology (GO) term classification and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analysis im-
plemented in DAVID v6.8 (Dennis et al. 2003). Standard settings 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://hannonlab.cshl.edu/fastx-toolkit
http://hannonlab.cshl.edu/fastx-toolkit
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
http://zfin.org
http://genecards.org
http://genecards.org
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(minimum gene count = 2 and EASE score = 0.1) in DAVID were 
used, and p-values were adjusted for multiple testing using the 
Benjamini-Hochberg method. Enriched GO terms were further 
analysed with the ClueGo plug-in of Cytoscape v3.8.2 (Bindea 
et al. 2009), which visualises the non-redundant biological terms 
for large clusters of genes in a functionally grouped network. 
Analyses were conducted using the Ensembl gene IDs, only con-
sidering GO terms with corrected p-values.

Lastly, we tested whether genes known to be involved in osmo-
regulation (Stern and Lee  2020) were located in regions puta-
tively under selection characterised by high values of genomic 
differentiation. Osmoregulation plays a critical role in main-
taining osmotic balance in marine organisms, particularly in 
environments with salinity gradients (Lee  2023). Given the 
ecological differences between the North Sea and neighbouring 
North Atlantic waters, including salinity and temperature, we 
hypothesised that divergence in osmoregulatory genes may con-
tribute to local adaptation. Focusing on these genes allows us to 
test whether salinity is a potential driver of genomic differenti-
ation in this system. The following genes were tested: sodium/
potassium-transporting ATPase subunit alpha (ATP1A1a) and 
beta (ATP1A1b), Na(+)/H(+) exchange co-factor regulatory 
(NHE), V-type proton ATPase, carbonic anhydrase and acid-
sensing (proton-gated) ion channel.

2.7   |   Demographic History Inference

Coalescent methods can be used to infer past population dy-
namics and demographic changes over historical time scales 
with high resolution. In our study, we applied the Pairwise 
Sequentially Markovian Coalescent (PSMC) method (Li 
and Durbin  2011) to infer the demographic history of the 
European hake. PSMC extracts demographic information 
from the distribution of heterozygous sites across the genome 
and estimates the distribution of the time since the most re-
cent common ancestor (TMRCA) for each allele pair at all loci 
in the genome of a single individual. This approach provides 
insights into how effective population sizes (NE) have changed 
over time.

For all individuals, a consensus sequence was generated with 
BCFtools v1.9, following the same approach as Nadachowska-
Brzyska et al.  (2015). First, variants were called for each in-
dividual separately with the mpileup and call commands. 
Subsequently, the consensus command was used to create 
a consensus sequence. The resulting vcf was converted to 
the psmc input format with vcfutils.pl. (distributed with 
BCFtools). Next, the consensus sequence was divided into non-
overlapping 10 bp bins, with bins scored as either homozygous 
or heterozygous. Then, PSMC v0.6.5 (Li and Durbin  2011) 
was run with 25 iterations, Tmax (-t) of 15, initial mutation/
recombination ratio (-r) of 5 and time bin parameter (-p) set to 
the standard ‘4 + 25*2 + 4 + 6’. For parameter conversion, re-
sults were scaled using a conservative average mutation rate 
of 1 × 10−8 per nucleotide per generation (Nikolic et al. 2020). 
For PSMC scaling, we assumed a generation time of 3.2 years, 
corresponding to the age at 50% sexual maturity for European 
hake (Pinerio and Sainza 2003). While mean reproductive age 
may be higher in this iteroparous species, age at maturity is 

the only well-established reproductive timing metric available 
in the primary literature for European hake. Moreover, alter-
native assumptions would proportionally rescale the timing 
but not the inferred demographic trends.

3   |   Results

3.1   |   SNP Datasets

Whole-genome re-sequencing of 40 European hake individuals 
generated on average 72.7 million reads of 90 bp per individual, 
after adapter removal and quality trimming. Filtering of low-
quality reads led to the exclusion of an average of 8.9% of reads 
(Table 1). Retained sequences (91.1%) had a mean depth of 24.6× 
(19.1–30.5×) and a mean quality score of 36.4. On average, 94.9% 
of paired sequences and 91.2% of unpaired sequences aligned to 
the M. merluccius genome assembly, with a mean mapping quality 
of 40.2. After mapping, a total of 23,125,767 SNPs were obtained. 
After filtering for minimum depth, quality and biallelic SNPs 
genotyped in all 40 individuals, a total of 8,524,274 SNPs was ob-
tained. After filtering for linkage disequilibrium, a full dataset 
of 5,001,966 high-quality SNPs was retained for all downstream 
analyses except the selection tests, which required the unpruned 
dataset. Using pcadapt with K = 2, a total of 99,364 outlier SNPs 
were identified based on p-values adjusted using the Benjamini-
Hochberg correction and constituted the outlier-only dataset. 
Outlier SNPs were distributed all across the genome.

TABLE 1    |    Statistics describing the distribution of different 
properties of whole-genome sequences for 40 individuals (averaged) 
after each filtering and alignment step to the European hake genome 
assembly using Trimmomatic, Bowtie and Samtools.

Trimmomatic N reads %

N initial reads 72,659,760

Both surviving 52,936,186 72.74

Forward only surviving 7,384,340 10.21

Reverse only surviving 5,825,737 8.04

Retained 66,146,264 91.11

Dropped 6,445,740 8.89

BWA N reads %

N paired reads 106,592,583

N mapped 101,103,065 94.85

N unpaired reads 12,884,966

N mapped 11,751,088 91.2

Samtools Mean SD

Coverage 94.43 0.8

Mean depth 24.59 3.38

Mean base Q 36.41 0.84

Mean map Q 40.15 1.15

Abbreviation: SD, standard deviation.
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3.2   |   Genome-Wide Diversity and Patterns 
of Population Structure

Analyses of genomic diversity revealed similar diversity levels 
among the northern locations (Denmark, Northern North Sea 
and Ireland), with comparable values for both nucleotide diversity 
(π = 0.255–0.259) and observed heterozygosity (Ho = 0.162–0.169) 
(Table  S2). In comparison, Portugal exhibited a significantly 
higher heterozygosity (Ho = 0.177; p = 0.002) and a higher nucleo-
tide diversity (π = 0.263), although the latter was not statistically 
significant.

The analysis of PCA on the full dataset identified three distinct 
clusters: (i) a ‘North Sea’ cluster including individuals from around 
Denmark (Kattegat, Skagerrak and west coast of Denmark) and 
some of the northern North Sea individuals, (ii) a ‘Celtic Sea’ 
cluster including all individuals from the northern, western 
(Porcupine Bank) and southern coasts of Ireland and some of the 
northern North Sea individuals and (iii) a ‘Portugal’ cluster con-
sisting exclusively of individuals from Portugal (Figure 2a). Some 
mixing of individuals was apparent, as two individuals sampled 
off the west coast of Denmark grouped within the Celtic Sea 
cluster. Samples from the northern North Sea split into the two 
clusters according to latitude, with the northernmost individuals 

FIGURE 2    |    Visualisation of population structure using a principal component analysis (PCA) of all 40 individuals using (a) all SNPs and (b) a 
subset of 99,364 outlier SNPs. Each point represents an individual. Dashed circles are manually drawn to indicate the groups identified for visual 
guidance only.

TABLE 2    |    Pairwise genomic differentiation (FST) considering all 
SNPs (below diagonal) and considering only the subset of 99,614 outlier 
SNPs (above diagonal) between (a) all sampling locations and (b) the 
North Sea, Celtic Sea and Portugal clusters. Significant values in bold.

FST Denmark

N 
North 

Sea Ireland Portugal

Denmark ***** 0.025 0.110 0.165

N North Sea 0.002 ***** 0.028 0.126

Ireland 0.003 0.002 ***** 0.154

Portugal 0.006 0.005 0.005 *****

FST

North Sea 
cluster

Celtic Sea 
cluster

Portugal 
cluster

North Sea 
cluster

***** 0.133 0.191

Celtic Sea 
cluster

0.005 ***** 0.154

Portugal 
cluster

0.007 0.005 *****
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clustering within the Celtic Sea cluster, while the three southern-
most individuals clustered within the North Sea cluster. The PCA 
based on the subset of 99,364 outlier SNPs revealed the same three 
well differentiated clusters with greater resolution (Figure  2b). 
The subset of neutral SNPs (excluding outliers) showed no clear 
clustering among groups (Figure S1). Pairwise FST values among 
the three differentiated clusters were significant, ranging from 
0.005 to 0.007 and from 0.133 to 0.191 (Table 2) when using all loci 
and only the subset of outlier SNPs, respectively.

Admixture analyses were performed on LD-pruned datasets fil-
tered for MAF > 0.05. We tested three SNP datasets: all SNPs, 
neutral SNPs and outlier SNPs. Using the best K value (K = 3; 
Table S3), analyses based on the subset of outlier SNPs revealed 
three well differentiated clusters, congruent with the PCA results 
(Figure  3). Among the samples from Denmark, all individuals 
from Kattegat/Skagerrak were non-admixed. One individual 
from the West coast was 100% assigned to the Celtic Sea cluster, 
while another was highly admixed. In the northern North Sea, 
individuals from lower latitudes were assigned to the North Sea 
cluster, while those from higher latitudes were assigned to the 
Celtic Sea cluster. Among the samples from Ireland, individuals 
from Porcupine Bank were all non-admixed, while some admixed 
individuals were observed along both the northern and south-
ern coasts. No admixture was observed among samples from 
Portugal. Admixture analyses based on neutral and all SNPs 
(Figure 3; Table S3) produced broadly admixed ancestry profiles.

3.3   |   Genome-Wide Selection and Candidate Gene 
Analyses

Genome scans were used to identify ‘islands of differentiation’ 
across the entire genome when comparing the North Sea and 

Celtic Sea clusters, as the focus of the study was to compare the 
North Sea with neighbouring regions. While windows with FST 
values above the 99th percentile of the empirical distribution were 
observed across all chromosomes, chromosome 9 stood out, exhib-
iting an unexpectedly high number of regions with elevated FST 
(Figure 4). These regions on chromosome 9 accounted for 56.9% 
of all regions putatively under selection, including several regions 
spanning over 100 kb. By comparison, no other chromosome con-
tributed more than 5% of the total regions under selection.

Regions identified under selection encompassed a total of 484 
genes, which were used for enrichment analysis. The enriched 
pathways included chloride channel complex (associated with 
osmoregulation), postsynaptic cell membrane, neuronal system, 
memory, learning, transmembrane transport, Golgi, endoplas-
mic reticulum, thermogenesis, Wnt signalling and cell response 
to stimuli (Figure 5). Genes putatively under selection within the 
chlorine channel pathway included CFTR (CF Transmembrane 
Conductance Regulator) and CLCN2 (Chloride Voltage-Gated 
Channel 2). A list of all annotated genes including summaries 
from Entrez and UniProtKB/Swiss-Prot is provided in File 
S1. Beyond chloride channels, further evidence for selection 
in genes involved in osmoregulation included V-type proton 
ATPase ATP6V1A, situated in a region with an FST value above 
the 99th percentile of the empirical distribution (FST = 0.22; 
Table  S4). Other osmoregulatory genes such as the sodium/
potassium pump ATP1A1b or carbonic anhydrase showed FST 
values > 0.5 but were not above the 99th percentile threshold.

3.4   |   Demographic Inference Using PSMC

The demographic history of European hake was reconstructed 
using Pairwise Sequentially Markovian Coalescent (PSMC). 

FIGURE 3    |    Graphical representation of the Bayesian clustering approach implemented in ADMIXTURE based on (a) all SNPs and (b) a subset of 
99,614 outlier SNPs. Most likely scenario is three clusters (K = 3) for both datasets, based on the cross-validation (CV) procedure. Individual admix-
ture proportions are shown for each individual.
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The inferred demographic history encompassed the time pe-
riod from approximately 6 million years ago to 10,000 years ago 
(Figure  6). The initial effective population size was estimated 
at ca. 75,000 individuals, with a slight population expansion 
during the Pliocene (2.6–5.3 million years ago) followed by a 
prolonged period of demographic stability during the Pleistocene 

(beginning ca. 2.6 million years ago). The most significant de-
mographic change occurred approximately 300,000 years ago 
in the middle-late Pleistocene, marked by a population de-
crease to ca. 50,000 individuals. In the early late Pleistocene, ca. 
130,000 years ago, the species experienced a rapid population 
increase, regaining its original size. From ca. 100,000 years ago, 

FIGURE 4    |    Manhattan plot based on sliding-window genetic differentiation FST comparing the North Sea and Celtic Sea clusters. The average 
FST is represented by a discontinuous red line. Regions above the 99% percentile of the empirical distribution are marked with a discontinuous blue 
line.

FIGURE 5    |    ClueGO network visualisation of functional terms identified in Gene Ontology (GO) and KEGG pathway analysis comparing the 
North Sea and Celtic Sea clusters. Analyses included biological processes, cellular components and metabolic and signalling pathways. Analyses 
were conducted only considering GO terms with corrected p-values < 0.05 and selecting the most significant GO term as the representation of the 
group. Each circle represents a functional term, grouped by colour to indicate related functional terms or pathways. Lines connecting circles indicate 
shared genes between functional terms.
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the population remained stable throughout the last glaciation 
(20,000–100,000 years ago). Population sizes have generally in-
creased in the most recent 20,000 years, particularly Portugal. 
However, the variability observed among individuals within 
populations during this period suggests that recent demographic 
trends are uncertain and should be interpreted with caution. In 
contrast, the demographic history of the species further back 
in time appears to be robust, with good agreement between 
the PSMC plots derived from the 40 individuals from the study, 
showing consistent demographic trajectories. These plots only 
diverge in the most recent time period since ca. 20,000 years ago. 
The PSMC suggests that the three hake populations identified in 
our study are apparently very young and were a single popula-
tion until recently.

4   |   Discussion

4.1   |   A Complex Scenario in the Northeastern 
Atlantic With Three Distinct Populations

Characterising the population structure of marine species is 
essential for assessing and predicting the impacts of global cli-
mate change and fisheries on ecosystem diversity (Andersson 
et  al.  2024). This becomes even more relevant in ecosys-
tems where species are shifting their ranges in response to 

environmental changes, such as temperature and salinity 
(Alheit et al. 2012; Wisz et al. 2015). Our study, using whole-
genome sequencing for the first time, expands the current 
knowledge on the population structure of European hake 
in the northern Atlantic, revealing a complex scenario in 
the North Sea and neighbouring regions, with three distinct 
groups: North Sea, Celtic Sea and Portugal (Figure 1). When 
using all genomic markers, we identified shallow genetic dif-
ferentiation among groups, hereafter referred to as popula-
tions for simplicity, but it became much stronger when using 
the subset of 99,364 outlier markers. Individuals from the 
Kattegat, Skagerrak and west coast of Denmark were highly 
differentiated from those in the Celtic Sea and waters off 
Ireland. The Northern North Sea appears as a transition zone, 
with individuals from higher latitudes assigned to the Celtic 
Sea population and those from lower latitudes to the North Sea 
population. The more distant Portuguese samples appeared as 
a third distinct population. Our genome-wide study supports 
previous findings of genetic differentiation in M. merluccius in 
the Northeastern Atlantic. Using a panel of 381 SNPs, Milano 
et al.  (2014) found weak differentiation at 299 neutral SNPs, 
while 7 outlier SNPs separated North Sea (east of Scotland), 
Celtic Sea and Northern Portugal. Using a panel of 53 SNPs, 
Westgaard et al. (2017) detected significant differentiation be-
tween Bay of Biscay and North Sea samples, while no differ-
ences were found within the North Sea (Kattegat vs. central 

FIGURE 6    |    Demographic history reconstruction of European hake populations inferred using the PSMC (Pairwise Sequentially Markovian 
Coalescent) method. The three clusters are colour-coded: North Sea (blue), Celtic Sea (green) and Portugal (orange). A universal mutation rate of 
1 × 10−8 and an average generation time of 3.2 years were assumed.
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North Sea). Using RAD-sequencing, Leone et al. (2019) found 
significant differences between Bay of Biscay and Norwegian 
Sea samples, but their study did not include samples from the 
North Sea. While confirming these earlier studies, our study 
expands the geographic coverage and provides whole-genome 
resolution, revealing more comprehensive patterns of differen-
tiation. In particular, our analyses show that these groupings 
are not fully discrete, as evidenced by mixing between popu-
lations in the PCA and the presence of introgressed individu-
als in the admixture analysis. In future studies, the specific 
and detailed patterns of population distribution can be inves-
tigated in more detail with more individuals and lower cov-
erage using a subset of the outlier SNPs (Nielsen et al. 2012). 
This would include key areas not sampled in our study such as 
the Bay of Biscay and the Cantabrian Sea. Given the relatively 
small sample size from Portugal in our study compared with 
the other regions, additional sampling would help verify the 
observed differentiation.

The identification of three differentiated populations of 
European hake (North Sea, Celtic Sea and Portugal) can to a 
large degree be explained by the reproductive behaviour of the 
species, which spawns in multiple discrete locations across its 
distribution range in the Northeastern Atlantic (ICES 2022b). 
The North Sea population likely corresponds to hake spawning 
in the northern part of the Kattegat and in the southern North Sea 
off the coasts of Belgium and the Netherlands (Svensson 2010; 
ICES  2022b), primarily during late winter and early spring, 
peaking in February–March. The Celtic Sea population likely 
corresponds to hake spawning on Porcupine Bank and the Great 
Sole off the Irish coast (ICES 2022c), mainly from December to 
March, peaking in January–February. The Portugal population 
likely corresponds to hake spawning off the Algarve and in the 
Gulf of Cadis (ICES 2022c), where spawning also occurs during 
winter, peaking between January and February, but takes place 
in comparatively warmer waters (12°C–14°C) than those associ-
ated with the more northern populations. The existence of sepa-
rate spawning grounds in these three regions, North Sea, Celtic 
Sea and Portugal, strongly corroborates the three distinct popu-
lations of European hake in the Northeastern Atlantic identified 
in our study.

The shallow level of population divergence for hake in our study 
is expected in a highly fecund and abundant species with a pe-
lagic early life history. Compared with other fish species expand-
ing into the North Sea, this pattern aligns with that of sardines 
(McKeown et al. 2024), which also exhibit modest population di-
vergence. In contrast, anchovies show a much deeper divergence 
(Pujolar et al. 2025), likely a result of environmental retention 
mechanisms and limited larval dispersal driven by oceanog-
raphy and spawning timing (Huret et  al.  2010). Sprat (Clupea 
sprattus) also shows strong genetic divergence in the North Sea 
area, but in this case, the differentiation is not between North 
Sea–Celtic Sea but involves a highly differentiated population in 
the Baltic Sea (McKeown et al. 2020).

Studies on population dynamics have shown how European 
hake is able to follow long migratory routes. Hake can travel 
from the Celtic Sea to the North Sea, entering the North Sea 
over the north of Scotland and continuing southwards follow-
ing the Norwegian trench until the Kattegat (Baudron and 

Fernandes  2015). This contemporary connectivity could ex-
plain the low levels of genomic differentiation found in our 
study, which indicates that the North Sea includes a mix of local 
spawners and incoming migrants from the Celtic Sea spawn-
ing grounds. This is congruent with the study of Westgaard 
et al.  (2017), comparing two groups of individuals collected in 
the Kattegat: large spawning hake collected during summer 
and juveniles and smaller sized adults collected during the 
non-spawning season. Here, significant genomic differences 
were detected, with the two groups suggested to comprise in-
dividuals of local origin and migrants, respectively. A similar 
pattern has been observed in other fish species, such as the sis-
ter species shallow-water hake (M. capensis) in southern Africa, 
which shows three populations potentially linked with different 
spawning grounds and differential migration abilities (Forde 
et al. 2023). As well as deep-water hake (M. paradoxus) in south-
ern Africa, which shows population substructuring and differ-
ential evolutionary pathways between males and females in the 
southern African region (Gardiner et al. 2025). In our study area, 
North Sea cod shows a combination of resident and migratory 
populations in the North Sea–Skagerrak–Kattegat area (André 
et al. 2016; Hemmer-Hansen et al. 2019). Herring (Clupea har-
engus) also exhibits both resident and migratory behaviours in 
the Kattegat, with local spawning individuals co-existing with 
individuals that spawn in the southwestern Baltic and the North 
Sea (Bekkevold et al. 2023).

4.2   |   Salinity-Driven Local Adaptation on 
Osmoregulatory Genes

Our study provides evidence for putative signals of local adap-
tation in genomic variants located within osmoregulatory genes 
and pathways. Salinity differences across the distribution range 
of European hake likely drive spatially varying selection at these 
genes. Salinities are high in open waters around Ireland (> 35 
PSU), where hake spawn at Porcupine Bank off the western 
coast and the Great Sole off the southern coast (ICES 2022c). 
Salinities are more variable in the North Sea (ICES  2023), 
around 34–35 PSU in the northern part, and around 30 PSU in 
southern spawning areas (i.e., English Channel, Wadden Sea), 
European hake spawns also in the Kattegat, a transitional area 
between the high saline North Sea and the low saline Baltic 
Sea, where surface salinity ranges from 18–26 PSU and bottom 
salinity from 32–34 PSU (Pacariz et al. 2014). Salinity is a key 
environmental factor exerting selective pressure on aquatic or-
ganisms and likely influencing local adaptation processes (Stern 
and Lee 2020). Osmoregulatory genes are expected to be under 
strong selection pressure, as documented in the invasion of 
freshwater habitats by native saline populations of the copepod 
Eurytemora affinis (Stern and Lee 2020), where ion transporter 
genes are the physiological targets of natural selection. Notably, 
‘islands of genomic differentiation’ were detected predomi-
nantly on chromosome 9. A recent study by Martínez Portela 
et al. (2024) reported a significant association in this chromo-
some with sexual differentiation, along with strong linkage 
disequilibrium associated to a putative inversion. In our data, 
elevated differentiation on chromosome 9 occurs over multiple 
discrete regions rather than a single continuous block, suggest-
ing local selection as the primary driver. The SRT-box transcrip-
tion factor 3 (sox3) has been proposed as the most compelling 
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candidate gene for sexual determination, consistent with an XX/
XY system. In our study, sox3 also appeared to be under selec-
tion when comparing samples from the North Sea and the Celtic 
Sea (File S1).

An alternative explanation to ecologically driven divergent se-
lection is intrinsic genetic incompatibilities (Bierne et al. 2011). 
These are driven by negative interactions between genes that 
can occur both pre- and post-zygotically. Under the coupling 
hypothesis, intrinsic genetic incompatibilities contribute to in-
creased differentiation rather than local adaptation and act as 
endogenous barriers to gene flow, even in the absence of strong 
environmental differences. Similar findings have been reported 
for the deep-water hake, where differentiation between males 
and females is driven by two major islands of differentiation in 
Chromosomes 1 and 2 (Gardiner et al. 2025).

4.3   |   Pleistocene Impact on the Demographic 
Dynamics of European Hake

We had data of sufficient resolution to infer for the first time 
the demographic history of European hake in the Northeastern 
Atlantic, governed by climatic and environmental changes over 
a time period from ca. 6 million years to 20,000 years ago. The 
most dramatic oscillations in population size in our study were 
observed in the late Pleistocene, likely coinciding with climate 
cycles. It is well-established that the Pleistocene was an extremely 
dynamic era, with dramatic climatic fluctuations that strongly 
influenced the geographical distribution and population dy-
namics of both terrestrial and marine species (Hewitt 2004). The 
population decline observed in our study at ca. 300,000 years ago 
coincides with the Saale glaciation (130,000–300,000 years ago), 
where vast areas of northern Europe were covered by ice sheets 
and sea levels changed, possibly affecting coastlines and distri-
bution of marine species (Hughes et al. 2020). The subsequent 
population increase coincides with the Eemian Interglacial 
(100,000–130,000 years ago), a period of climatic stability with 
temperatures up to 5°C warmer than today (NEEM  2013). 
During this period, higher sea levels lead to habitat increase for 
marine species, which could explain the population expansion 
observed in our study. The rapid increase in population sizes of 
European hake comes to a halt around 100,000 years ago, coin-
ciding with the start of the Last Glacial Maximum, during which 
cold conditions prevailed and massive ice sheets covered large 
parts of the northern Hemisphere, including Scandinavia, the 
North Sea and mainland Europe (Svendsen et al. 2004). Many 
temperate species survived the last glaciation by retreating to 
ice-free refugia in lower latitudes (Stewart et  al.  2010). This 
could be the case of European hake, a species typically associ-
ated with warm environments. The species may have survived 
the last glaciation confined in localised refugia around the 
Iberian Peninsula, since the Celtic Sea and the North Sea were 
covered by ice. Towards the end of the Last Glacial Maximum, 
the ice sheets retreated from the Celtic Sea and the North Sea as 
the climate warmed, making these areas habitable once more 
for many temperate marine species that had been pushed to 
lower latitudes due to colder temperatures (Stroeven et al. 2016).

The PSMC suggests that the three hake populations reported 
here (North Sea, Celtic Sea, Portugal) were one single population 

until recently. The current population structure likely developed 
after the last glaciation, shaped by natural selection, local adap-
tation and possibly founder effects associated with post-glacial 
colonisation. This is in accordance with the modest differences 
observed in our study when analysing all genomic markers but 
which become a much deeper genetic differentiation when con-
sidering only the subset of outlier markers. Because the popu-
lations are relatively young and have large effective population 
sizes, there has not been enough time to build a signature of 
differentiation by genetic drift. At the same time, selection for 
local adaptation appears strong enough to overcome the effects 
of contemporary gene flow. This suggests that strong divergent 
selection acting on environmentally relevant loci is the primary 
force initiating population divergence. While genetic drift has 
not yet produced genome-wide signatures of differentiation, se-
lection on traits associated with local environmental conditions 
has generated ‘islands of genetic differentiation’ across the ge-
nome. This short separation contrasts with the evolutionary his-
tory of anchovies, another species expanding in the North Sea, 
where PSMC analysis revealed a much older separation between 
populations, particularly the split of the South Portugal popu-
lation, which occurred about 250,000 years ago during the late 
Pleistocene (Pujolar et al. 2025).

5   |   Conclusions

While the scope of the study was not to provide a comprehen-
sive assessment of stock management for European hake in 
the northeastern Atlantic, given our limited sampling (i.e., we 
did not cover the full distribution of the species, particularly in 
the Bay of Biscay area), our findings indicate that the current 
ICES management of a single Northern stock may not fully re-
flect the actual population structure. The evidence for geneti-
cally distinct populations with signatures of local adaptation 
suggests a more complex scenario within the Northern stock, 
with at least partially distinct North Sea and Celtic Sea com-
ponents. This substructure is relevant for current management 
but also for how the species may respond to future environmen-
tal changes. Among the predicted impacts of climate change 
are the geographic range shifts of many species, which could 
disrupt the established patterns of connectivity and gene flow 
among populations. These shifts may lead to changes in migra-
tory routes and spawning sites, ultimately reshaping population 
structure. Therefore, fisheries management should consider the 
movement, mixing and exchange of individuals across popula-
tions and the importance of connectivity for preserving genomic 
diversity (Nielsen and Kenchington  2002; Reiss et  al.  2009; 
Martinsohn et al. 2019). In fisheries management, it is crucial to 
recognise that many populations contribute to fisheries within a 
single stock and should be managed accordingly (Christiansen 
et al. 2022). Also, fisheries consisting of many populations tend 
to be more resilient to exploitation, as demonstrated in the case 
of sockeye salmon (Oncorhynchus nerka) in Alaska (Hilborn 
et al. 2003). This resilience is linked to the biocomplexity of fish 
stocks, consisting of distinct life-history strategies and spatial 
distributions within a species, which acts as a buffer against 
both overfishing and environmental change. Ultimately, pre-
serving the biocomplexity of the species as well as maintaining 
connectivity and gene flow are crucial for the adaptability of fish 
stocks in a rapidly evolving and dynamic environment.



12 of 15 Ecology and Evolution, 2026

Author Contributions

José Martin Pujolar: data curation (lead), formal analysis (lead), in-
vestigation (lead), methodology (lead), visualization (lead), writing – 
original draft (lead), writing – review and editing (lead). Courtney E. 
C. Gardiner: formal analysis (supporting), methodology (supporting), 
writing – review and editing (supporting). Sophie von der Heyden: 
conceptualization (equal), funding acquisition (equal), writing – review 
and editing (supporting). Joana I. Robalo: conceptualization (equal), 
funding acquisition (equal), writing – review and editing (supporting). 
Rita Castilho: conceptualization (equal), funding acquisition (equal), 
writing – review and editing (supporting). Regina L. Cunha: concep-
tualization (equal), funding acquisition (equal), writing – review and 
editing (supporting). Dorte Meldrup: methodology (supporting), writ-
ing – review and editing (supporting). Romina Henriques: concep-
tualization (equal), formal analysis (supporting), funding acquisition 
(equal), investigation (supporting), methodology (supporting), project 
administration (equal), supervision (equal), writing – review and edit-
ing (supporting). Einar E. Nielsen: conceptualization (equal), formal 
analysis (supporting), funding acquisition (equal), investigation (sup-
porting), methodology (supporting), project administration (equal), su-
pervision (equal), writing – review and editing (supporting).

Acknowledgements

We are grateful to Kai Ulrich Wieland, Susan Mærsk Lusseau, Bastian 
Huwer and Helle Rasmussen at DTU and Jon-Ivar Westgaard and Staby 
Arved at the Institute of Marine Research in Norway for samples. We 
thank Maj-Britt Jacobsen for laboratory assistance. This work was sup-
ported by BioDivClim Grant number 0156-00018B Innovation Fund 
Denmark (BiodivERsA call 2019‒2020) and by the Department of Science 
and Innovation (DSI), South Africa for the project ‘Biodiversity on the 
run: evolutionary and socio-economic consequences of shifting distribu-
tion ranges in commercially exploited marine fishes’. J.I.R. was supported 
by the FCT—Foundation for Science and Technology, projects MARE/
UIDB/MAR/04292, MARE/UIDP/04292 and LA/P/0069/2020 granted to 
MARE and ARNET. Rita Castilho and Regina Cunha received Portuguese 
national funds from FCT—Foundation for Science and Technology 
through projects UIDB/04326/2020 (DOI: 10.54499/UIDB/04326/2020), 
UIDP/04326/2020 (DOI: 10.54499/UIDP/04326/2020) and 
LA/P/0101/2020 (DOI: 10.54499/LA/P/0101/2020).

Funding

This work was supported by the Department of Science and 
Innovation, South Africa, Project Biodiversity on the run: evolution-
ary and Innovationsfonden, BioDivClim Grant number 0156-00018B 
(BioDiversa Ca Fundação para a Ciência e a Tecnologia, LA/P/0069/2020, 
LA/P/0101/2020, MARE/UIDB/MAR/04292, MARE/UIDP/04292, 
UIDB/04326/2020, UIDP/04326/2020).

Ethics Statement

Fish samples were obtained through national fish monitoring surveys 
conducted by responsible authorities. No experimental procedures were 
conducted. Sampling complied with relevant ethical guidelines.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study will be openly available 
on Genbank after publication, with all raw sequences submitted to the 
Sequence Read Archive SRA Submission SUB15499367. All code and 
scripts used for data analysis are available on Zenodo at https://​doi.​org/​
10.​5281/​zenodo.​17912209.

References

Alexander, D. H., and K. Lange. 2011. “Enhancements to the 
ADMIXTURE Algorithm for Individual Ancestry Estimation.” BMC 
Bioinformatics 12: 246. https://​doi.​org/​10.​1186/​1471-​2105-​12-​246.

Alheit, J., T. Pohlmann, M. Casini, et  al. 2012. “Climate Variability 
Drives Anchovies and Sardines Into the North and Baltic Seas.” Progress 
in Oceanography 96, no. 1: 128–139. https://​doi.​org/​10.​1016/j.​pocean.​
2011.​11.​015.

Andersson, L., D. Bekkevold, F. Berg, et al. 2024. “How Fish Population 
Genomics Can Promote Sustainable Fisheries: A Road Map.” Annual 
Review of Animal Biosciences 12: 1–20. https://​doi.​org/​10.​1146/​annur​ev-​
anima​l-​02112​2-​102933.

André, C., H. Svedäng, H. Knutsen, et al. 2016. “Population Structure 
in Atlantic Cod in the Eastern North Sea-Skagerrak–Kattegat: Early 
Life Stage Dispersal and Adult Migration.” BMC Research Notes 9: 63. 
https://​doi.​org/​10.​1186/​s1310​4-​016-​1878-​9.

Aschan, M., M. Fossheim, M. Greenacre, and R. Primiciero. 2014. 
“Change in Fish Community Structure in the Barents Sea.” PLoS One 8, 
no. 4: e62748. https://​doi.​org/​10.​1371/​journ​al.​pone.​0062748.

Bacevicius, E., and Z. Kregzdys. 2017. “First Record of the European 
Hake Merluccius merluccius in the Coastal Zone of Lithuania (Southern 
Baltic Sea: Eastern Gotland Basin).” Zoology and Ecology 27, no. 2: 117–
123. https://​doi.​org/​10.​1080/​21658​005.​2017.​1323588.

Baudron, A. R., and P. G. Fernandes. 2015. “Adverse Consequences of 
Stock Recovery European Hake, a New Choke Species Under a Discard 
Ban?” Fish and Fisheries 16, no. 4: 575–653. https://​doi.​org/​10.​1111/​faf.​
12079​.

Beaumont, M. A., and D. J. Balding. 2004. “Identifying Adaptive 
Genetic Divergence Among Populations From Genome Scans.” 
Molecular Ecology 13: 969–980. https://​doi.​org/​10.​1111/j.​1365-​294x.​
2004.​02125.​x.

Bekkevold, D., F. Berg, P. Polte, et al. 2023. “Mixed-Stock Analysis of 
Atlantic Herring (Clupea harengus): A Tool for Identifying Management 
Units and Complex Population Dynamics.” ICES Journal of Marine 
Science 80, no. 1: 173–184. https://​doi.​org/​10.​1093/​icesj​ms/​fsac223.

Bierne, N., J. Welch, E. Loire, F. Bonhomme, and P. David. 2011. “The 
Coupling Hypothesis: Why Genome Scans May Fail to Map Local 
Adaptation Genes.” Molecular Ecology 20: 2044–2072. https://​doi.​org/​
10.​1111/j.​1365-​294X.​2011.​05080.​x.

Bindea, G., B. Mlecnik, H. Hackl, et al. 2009. “ClueGO: A Cytoscape 
Plug-In to Decipher Functionally Grouped Gene Ontology and Pathway 
Annotation Networks.” Bioinformatics 25, no. 8: 1091–1093. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btp101.

Bolger, A. M., M. Lohse, and B. Usabel. 2014. “Trimmomatic: A Flexible 
Trimmer for Illumina Sequence.” Bioinformatics 30, no. 15: 2114–2120. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btu170.

Bradbury, I. R., S. E. Campana, and P. Bentzen. 2008. “Low Genetic 
Connectivity in an Estuarine Fish With Pelagic Larvae.” Canadian 
Journal of Fisheries and Aquatic Sciences 65, no. 2: 147–158. https://​doi.​
org/​10.​1139/​f07-​154.

Burridge, A. K., E. Goetze, N. Raes, J. Huisman, and K. T. C. A. 
Peijnenburg. 2015. “Global Biogeography and Evolution of Cuvierina 
Pteropods.” BMC Evolutionary Biology 15: 39. https://​doi.​org/​10.​1186/​
s1286​2-​015-​0310-​8.

Casey, J., and J. Pereiro. 1995. “European Hake (M. merluccius) in the 
Northeast Atlantic.” In Hake: Fisheries, Ecology and Markets, edited by 
J. Alheit and T. J. Pitcher, 125–147. Chapman & Hall.

Choo, L. Q., T. M. P. Bal, E. Goetze, and K. T. C. A. Peijnenburg. 2021. 
“Oceanic Dispersal Barrier in a Holoplanktonic Gastropod.” Journal 
of Evolutionary Biology 34, no. 1: 224–240. https://​doi.​org/​10.​1111/​jeb.​
13735​.

https://doi.org/10.54499/UIDB/04326/2020
https://doi.org/10.54499/UIDP/04326/2020
https://doi.org/10.54499/LA/P/0101/2020
https://doi.org/10.5281/zenodo.17912209
https://doi.org/10.5281/zenodo.17912209
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1016/j.pocean.2011.11.015
https://doi.org/10.1016/j.pocean.2011.11.015
https://doi.org/10.1146/annurev-animal-021122-102933
https://doi.org/10.1146/annurev-animal-021122-102933
https://doi.org/10.1186/s13104-016-1878-9
https://doi.org/10.1371/journal.pone.0062748
https://doi.org/10.1080/21658005.2017.1323588
https://doi.org/10.1111/faf.12079
https://doi.org/10.1111/faf.12079
https://doi.org/10.1111/j.1365-294x.2004.02125.x
https://doi.org/10.1111/j.1365-294x.2004.02125.x
https://doi.org/10.1093/icesjms/fsac223
https://doi.org/10.1111/j.1365-294X.2011.05080.x
https://doi.org/10.1111/j.1365-294X.2011.05080.x
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1139/f07-154
https://doi.org/10.1139/f07-154
https://doi.org/10.1186/s12862-015-0310-8
https://doi.org/10.1186/s12862-015-0310-8
https://doi.org/10.1111/jeb.13735
https://doi.org/10.1111/jeb.13735


13 of 15Ecology and Evolution, 2026

Christiansen, H. T., F. Rigét, A. Retzel, E. H. Nielsen, E. E. Nielsen, and 
R. B. Hedeholm. 2022. “Year-Round Genetic Monitoring of Mixed-Stock 
Fishery of Atlantic Cod (Gadus morhua): Implications for Management.” 
ICES Journal of Marine Science 79, no. 5: 1525–1529. https://​doi.​org/​10.​
1093/​icesj​ms/​fsac076.

Chust, G., E. Villarino, A. Chenuil, et  al. 2016. “Dispersal Similarly 
Shapes Both Population Genetics and Community Patterns in the 
Marine Realm.” Scientific Reports 6: 28730. https://​doi.​org/​10.​1038/​
srep2​8730.

Coll, M., J. Steenbeek, J. Sole, I. Palomera, and V. Christensen. 2016. 
“Modelling the Cumulative Spatial-Temporal Effects of Environmental 
Drivers and Fishing in a NW Mediterranean Marine Ecosystem.” 
Ecological Modelling 331: 100–114. https://​doi.​org/​10.​1016/j.​ecolm​odel.​
2016.​03.​020.

Cormon, X., C. Loots, S. Vaz, Y. Vermard, and P. Marchal. 2014. “Spatial 
Interactions Between Saithe (Pollachius virens) and Hake (Merluccius 
merluccius) in the North Sea.” ICES Journal of Marine Science 71: 1342–
1355. https://​doi.​org/​10.​1093/​icesj​ms/​fsu120.

Cowen, R. K., and S. Sponaugle. 2009. “Larval Dispersal and Marine 
Population Connectivity.” Annual Review of Marine Science 1, no. 1: 
443–466. https://​doi.​org/​10.​1146/​annur​ev.​marine.​010908.​163757.

Danecek, P., A. Auton, G. Abecasis, et  al. 2011. “The Variant Call 
Format and VCFtools.” Bioinformatics 27, no. 15: 2156–2158. https://​
doi.​org/​10.​1093/​bioin​forma​tics/​btr330.

Dennis, G., B. T. Sherman, D. Hosack, et al. 2003. “DAVID: Database for 
Annotation, Visualization and Integrated Discovery.” Genome Biology 
4, no. 5: R60. https://​doi.​org/​10.​1186/​gb-​2003-​4-​9-​r60.

Díaz-Arce, N., P. A. Gagnaire, D. E. Richardson, et  al. 2023. 
“Unidirectional Trans-Atlantic Gene Flow and a Mixed Spawning Area 
Shape the Genetic Connectivity of Atlantic Bluefin Tuna.” Molecular 
Ecology 33, no. 1: e17188. https://​doi.​org/​10.​1111/​mec.​17188​.

Do Prado, F. D., M. Vera, M. Hermida, et al. 2018. “Parallel Evolution 
and Adaptation to Environmental Factors in a Marine Flatfish: 
Implications for Fisheries and Aquaculture Management of the Turbot 
(Scophthalmus maximus).” Evolutionary Applications 11, no. 8: 1322–
1341. https://​doi.​org/​10.​1111/​eva.​12628​.

Engelhard, G. H., D. A. Righton, and J. K. Pinnegar. 2014. “Climate 
Change and Fishing: A Century of Shifting Distribution in North Sea 
Cod.” Global Change Biology 20, no. 8: 2473–2483. https://​doi.​org/​10.​
1111/​gcb.​12513​.

Faria, R., K. Johannesson, and S. Stankowski. 2021. “Speciation 
in Marine Environments: Diving Under the Surface.” Journal of 
Evolutionary Biology 34, no. 1: 4–15. https://​doi.​org/​10.​1111/​jeb.​13756​.

Forde, S., S. von der Heyden, A. Le Moan, et  al. 2023. “Management 
and Conservation Implications of Cryptic Population Structure for Two 
Commercially Exploited Fishes (Merluccius spp.) in Southern Africa.” 
Molecular Ecology Resources 25, no. 5: e13820. https://​doi.​org/​10.​1111/​
1755-​0998.​13820​.

Frank, K. T., B. Petrie, J. S. Choi, and W. C. Leggett. 2005. “Trophic 
Cascades in a Formerly Cod-Dominated Ecosystem.” Science 308, no. 
5728: 1621–1623. https://​doi.​org/​10.​1126/​scien​ce.​1113075.

Gardiner, C. E. C., S. von der Heyden, C. Matthee, et  al. 2025. “Sex-
Linked Differentiation in Commercially Exploited Fishes: Rethinking 
Population Structure in Dynamic Marine Environments.” Global 
Change Biology 31: e70556.

Heath, M. R., M. A. Culling, W. W. Crozier, et al. 2014. “Combination 
of Genetics and Spatial Modelling Highlights the Sensibility of Cod 
(Gadus morhua) Population Diversity in the North Sea to Distributions 
of Fishing.” ICES Journal of Marine Science 71, no. 4: 794–807. https://​
doi.​org/​10.​1093/​icesj​ms/​fst185.

Heessen, H. J. L., N. Daan, and J. R. Ellis. 2015. Sea Fish Atlas of the 
Celtic Sea, North Sea and Baltic. KNNV Publisher.

Hemmer-Hansen, J., K. Hüssy, H. Baktoft, et al. 2019. “Genetic Analyses 
Reveal Complex Dynamics Within a Marine Fish Management Area.” 
Evolutionary Applications 12, no. 4: 830–844. https://​doi.​org/​10.​1111/​
eva12760.

Hemmer-Hansen, J., E. E. Nielsen, P. Gronkjaer, and V. Loeschcke. 
2007. “Evolutionary Mechanisms Shaping the Genetic Structure of 
Marine Fishes: Lessons From the European Flounder (Patichthys fle-
sus).” Molecular Ecology 16, no. 15: 3104–3118. https://​doi.​org/​10.​1111/j.​
1365-​294X.​2007.​03367.​x.

Hemstrom, W., J. A. Grummer, G. Luikart, and M. R. Christie. 2024. 
“Next-Generation Data Filtering in the Genomics Era.” Nature Reviews 
Genetics 25: 750–767. https://​doi.​org/​10.​1038/​s4157​6-​024-​00738​-​6.

Henriques, R., W. H. Potts, W. H. H. Sauer, and P. W. Shaw. 2012. 
“Evidence of Deep Genetic Divergence Between Populations of an 
Important Recreational Fishery Species, Lichia amia, Around Southern 
South Africa.” African Journal of Marine Science 34, no. 4: 585–591. 
https://​doi.​org/​10.​2989/​18142​32X.​2012.​749809.

Hewitt, G. M. 1996. “Some Genetic Consequences of Ice Ages, and Their 
Role in Divergence and Speciation.” Biological Journal of the Linnean 
Society 58, no. 3: 247–276. https://​doi.​org/​10.​1006/​bijl.​1996.​0035.

Hewitt, G. M. 2004. “Genetic Consequences of Climatic Oscillations 
in the Quaternary.” Philosophical Transactions of the Royal Society, B: 
Biological Sciences 359, no. 1442: 183–195. https://​doi.​org/​10.​1098/​rstb.​
2003.​1388.

Hilborn, R., T. P. Quinn, D. E. Schindler, and D. E. Rogers. 2003. 
“Biocomplexity and Fisheries Complexity.” Proceedings of the National 
Academy of Sciences of the United States of America 100, no. 11: 6564–
6568. https://​doi.​org/​10.​1073/​pnas.​10372​74100​.

Hsieh, C. H., S. M. Glaser, A. J. Lucas, and G. Sugihara. 2005. 
“Distinguishing Random Environmental Fluctuations From Ecological 
Catastrophes for the North Pacific Ocean.” Nature 435, no. 7040: 336–
340. https://​doi.​org/​10.​1038/​natur​e03553.

Hughes, P. D., P. L. Gibbard, and J. Ehlers. 2020. “The Missing 
Glaciations of the Middle Pleistocene.” Quaternary Research 96: 161–
183. https://​doi.​org/​10.​1017/​qua.​2019.​76.

Huret, M., P. Petitgas, and M. Woillez. 2010. “Dispersal Kernels and 
Their Drivers Captured With a Hydrodynamic Model and Spatial 
Indices: A Case Study of Anchovy (Engraulis encrasicolus) Early Life 
Stages in the Bay of Biscay.” Progress in Oceanography 87, no. 1–4: 6–17. 
https://​doi.​org/​10.​1016/j.​pocean.​2010.​09023​ICES.

ICES. 2022a. “Report of the ICES Advisory Committee.” ICES 
Advice 2022, hke.27.3a46-8abd. https://​doi.​org/​10.​17895/​​ices.​advice.​
19448012.

ICES. 2022b. “Report of the Hake Assessment Working Group 
(HAWG).” International Council for the Exploration of the Sea, ICES 
CM 2022/ACOM:16.

ICES. 2022c. “Working Group for the Bay of Biscay and the Iberian 
Waters Ecoregion (WGBIE).” ICES Scientific Report 4: 52. https://​doi.​
org/​10.​17895/​​ices.​pub.​20068988.

ICES. 2023. “Report on Ocean Climate.” ICES Cooperative Research 
Reports 358.

Izquierdo, F., I. Paradinas, S. Cervino, et  al. 2021. “Spatio-Temporal 
Assessment of the European Hake (Merluccius merluccius) Recruits on 
the Northern Iberian Peninsula.” Frontiers in Marine Science 8: 614675. 
https://​doi.​org/​10.​3389/​fmars.​2021.​614675.

Kirby, R. R., G. Beaugrand, and J. A. Lindley. 2009. “Synergistic Effects 
of Climate and Fishing in a Marine Ecosystem.” Ecosystems 12: 548–
561. https://​doi.​org/​10.​1007/​s1002​1-​009-​9241-​9.

Lee, C. 2023. “Genome Architecture Underlying Salinity Adaptation in 
the Invasive Copepod Eurytemora affinis Species Complex: A Review.” 
iScience 26: 107851. https://​doi.​org/​10.​1016/j.​isci.​2023.​107851.

https://doi.org/10.1093/icesjms/fsac076
https://doi.org/10.1093/icesjms/fsac076
https://doi.org/10.1038/srep28730
https://doi.org/10.1038/srep28730
https://doi.org/10.1016/j.ecolmodel.2016.03.020
https://doi.org/10.1016/j.ecolmodel.2016.03.020
https://doi.org/10.1093/icesjms/fsu120
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1186/gb-2003-4-9-r60
https://doi.org/10.1111/mec.17188
https://doi.org/10.1111/eva.12628
https://doi.org/10.1111/gcb.12513
https://doi.org/10.1111/gcb.12513
https://doi.org/10.1111/jeb.13756
https://doi.org/10.1111/1755-0998.13820
https://doi.org/10.1111/1755-0998.13820
https://doi.org/10.1126/science.1113075
https://doi.org/10.1093/icesjms/fst185
https://doi.org/10.1093/icesjms/fst185
https://doi.org/10.1111/eva12760
https://doi.org/10.1111/eva12760
https://doi.org/10.1111/j.1365-294X.2007.03367.x
https://doi.org/10.1111/j.1365-294X.2007.03367.x
https://doi.org/10.1038/s41576-024-00738-6
https://doi.org/10.2989/1814232X.2012.749809
https://doi.org/10.1006/bijl.1996.0035
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1073/pnas.1037274100
https://doi.org/10.1038/nature03553
https://doi.org/10.1017/qua.2019.76
https://doi.org/10.1016/j.pocean.2010.09023ICES
https://doi.org/10.17895/ices.advice.19448012
https://doi.org/10.17895/ices.advice.19448012
https://doi.org/10.17895/ices.pub.20068988
https://doi.org/10.17895/ices.pub.20068988
https://doi.org/10.3389/fmars.2021.614675
https://doi.org/10.1007/s10021-009-9241-9
https://doi.org/10.1016/j.isci.2023.107851


14 of 15 Ecology and Evolution, 2026

Lees, K., S. Pitois, C. Scott, C. Frid, and S. Mackinson. 2006. 
“Characterizing Regime Shifts in the Marine Environment.” Fish and 
Fisheries 7, no. 2: 104–127. https://​doi.​org/​10.​1111/j.​1467-​2979.​2006.​
00215.​x.

Leone, A., P. Álvarez, D. García, F. Saborido-Rey, and N. Rodriguez-
Espeleta. 2019. “Genome-Wide SNP Based Population Structure in 
European Hake Reveals the Need for Harmonizing Biological and 
Management Units.” ICES Journal of Marine Science 76, no. 7: 2260–
2266. https://​doi.​org/​10.​1093/​icesj​ms/​fsz161.

Li, H., and R. Durbin. 2009. “Fast and Accurate Short Read Alignment 
With Burrows-Wheeler Transform.” Bioinformatics 25, no. 14: 1754–
1760. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btp324.

Li, H., and R. Durbin. 2011. “Inference of Human Population History 
From Individual Whole-Genome Sequences.” Nature 475, no. 7357: 
493–496. https://​doi.​org/​10.​1038/​natur​e10231.

Li, H., B. Handsaker, A. Wysoker, et al. 2009. “The Sequence Alignment/
Map Format and SAMtools.” Bioinformatics 25, no. 16: 2078–2079. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btp352.

Martínez Portela, P., L. Casas, N. Petit-Marty, et al. 2024. “Screening 
a New European Hake (Merluccius merluccius) Chromosome-Level 
Genome Assembly Suggests an XX/XY Sex Determining System Driven 
by the SRY-Box Transcription Factor 3 (sox3).” https://​doi.​org/​10.​22541/​​
au.​17338​1838.​85727​190/​v1.

Martinsohn, J. T., P. Raymond, T. Knott, et al. 2019. “DNA-Analysis to 
Monitor Fisheries and Aquaculture: Too Costly?” Fish and Fisheries 20: 
391–401. https://​doi.​org/​10.​1111/​faf.​12343​.

McKeown, N. J., F. Campanella, J. F. Silva, et  al. 2024. “Genomic 
Analysis of NE Atlantic Sardine (Sardina pilchardus) Reveals Reduced 
Variation in a Recently Established North Sea Population and Directs 
Reconsideration of Management Units.” Ecology and Evolution 14, no. 
8: e70101. https://​doi.​org/​10.​1002/​ece3.​70101​.

McKeown, N. J., P. Carpi, J. F. Silva, A. J. E. Healey, P. W. Shaw, and J. 
van der Kooij. 2020. “Genetic Population Structure and Tools for the 
Management of European Sprat (Sprattus sprattus).” ICES Journal of 
Marine Science 77, no. 6: 2134–2143. https://​doi.​org/​10.​1093/​icesj​ms/​
fsaa113.

Milano, I., M. Babbucci, A. Cariani, et al. 2014. “Outlier SNP Markers 
Reveal Fine-Scale Genetic Structure Across European Hake Populations 
(Merluccius merluccius).” Molecular Ecology 23, no. 1: 118–135. https://​
doi.​org/​10.​1111/​mec.​12568​.

Morales-Nin, B., S. Pérez-Mayol, K. Mackenzie, et al. 2022. “European 
Hake (Merluccius merluccius) Stock Structure in the Mediterranean as 
Assessed by Otolith Shape and Microchemistry.” Fisheries Research 
254: 106419. https://​doi.​org/​10.​1016/j.​fishr​es.​2022.​106419.

Murua, H. 2010. “The Biology and Fisheries of European Hake 
Merluccius merluccius in the North-East Atlantic.” Advances in Marine 
Biology 58: 97–154. https://​doi.​org/​10.​1016/​B978-​0-​12-​38101​5-​1.​00002​-​2.

Nadachowska-Brzyska, K., C. Li, L. Smeds, G. Zhang, and H. Ellegren. 
2015. “Temporal Dynamics of Avian Populations During Pleistocene 
Revealed by Whole-Genome Sequences.” Current Biology 25, no. 10: 
1375–1380. https://​doi.​org/​10.​1016/j.​cub.​2015.​03.​047.

NEEM. 2013. “Eeniam Interglacial Reconstructed From a Greenland 
Folded Ice Core.” Nature 493, no. 7433: 489–494. https://​doi.​org/​10.​
1038/​natur​e11789.

Nei, M., and W. H. Li. 1979. “Mathematical Model for Studying Genetic 
Variation in Terms of Restriction Endonucleases.” Proceedings of the 
National Academy of Sciences of the United States of America 76, no. 10: 
5269–5273. https://​doi.​org/​10.​1073/​pnas.​76.​10.​5269.

Nielsen, E. E., A. Cariani, E. Mac Aoidh, et al. 2012. “Gene-Associated 
Markers Provide Tools for Tackling Illegal Fishing and False Eco-
Certification.” Nature Communications 3: 851. https://​doi.​org/​10.​1038/​
ncomm​s1845​.

Nielsen, E. E., P. Grønkjær, D. Meldrup, and H. Paulsen. 2005. 
“Retention of Juveniles Within a Hybrid Zone Between North Sea and 
Baltic Sea Atlantic Cod (Gadus morhua).” Canadian Journal of Fisheries 
and Aquatic Sciences 62, no. 10: 2219–2225. https://​doi.​org/​10.​1139/​
f05-​139.

Nielsen, E. E., and E. Kenchington. 2002. “A New Approach for 
Prioritizing Marine Fish and Shellfish Populations for Conservation.” 
Fish and Fisheries 2, no. 4: 328–343. https://​doi.​org/​10.​1046/j.​1467-​
2960.​2001.​00055.​x.

Nikolic, N., S. Liu, M. W. Jacobsen, et al. 2020. “Speciation History of 
European (Anguilla anguilla) and American Eel (A. rostrata) Analysed 
Using Genomic Data.” Molecular Ecology 29, no. 3: 565–577. https://​doi.​
org/​10.​1111/​mec.​15342​.

Ouled-Cheikh, J., M. Coll, L. Cardona, J. Steenbeek, and F. Ramírez. 
2022. “Fisheries-Enhanced Pressure on Mediterranean Regions and 
Pelagic Species Already Impacted by Climate Change.” Elementa: 
Science of the Anthropocene 10: 00028. https://​doi.​org/​10.​1525/​eleme​
nta.​2022.​00028​.

Pacariz, S., G. Björk, and H. Svedäng. 2014. “Interannual Variability in 
the Transport of Fish Eggs in the Kattegat and Öresund.” ICES Journal 
of Marine Science 71, no. 7: 1706–1716. https://​doi.​org/​10.​1093/​icesj​ms/​
fsu044.

Patterson, N., A. L. Price, and D. Reich. 2006. “Population Structure and 
Eigenanalysis.” PLoS Genetics 2, no. 12: e190. https://​doi.​org/​10.​1371/​
journ​al.​pgen.​0020190.

Pinerio, C., and M. Sainza. 2003. “Age Estimation Growth and Maturity 
of the European Hake (Merluccius merluccius) From Iberian Atlantic 
Waters.” ICES Journal of Marine Science 60, no. 5: 1086–1102. https://​
doi.​org/​10.​1016/​S1054​-​3139(03)​00086​-​9.

Pinsky, M. L., and D. Byler. 2015. “Fishing, Fast Growth and Climate 
Variability Increase the Risk of Collapse.” Proceedings of the Royal 
Society B: Biological Sciences 282, no. 1813: 20151053. https://​doi.​org/​10.​
1098/​rspb.​2015.​1053.

Pinsky, M. L., R. Selden, and Z. J. Kitchel. 2020. “Climate-Driven Shift 
in Marine Species Ranges: Scaling From Organisms to Communities.” 
Annual Review of Marine Science 12: 153–179. https://​doi.​org/​10.​1146/​
annur​ev-​marin​e-​01041​9-​010916.

Pita, A., A. Leal, A. Santafé-Munoz, C. Pineiro, and P. Presa. 2016. 
“Genetic Inference of Demographic Connectivity in the Atlantic 
European Hake Metapopulation (Merluccius merluccius) Over a Spatio-
Temporal Framework.” Fisheries Research 179: 291–301. https://​doi.​org/​
10.​1016/j.​fishr​es.​2016.​03.​017.

Pita, A., M. Pérez, M. Balado, and P. Presa. 2014. “Out of the Celtic 
Cradle: The Genetic Signature of European Hake Connectivity in 
South-Western Europe.” Journal of Sea Research 93: 90–100. https://​doi.​
org/​10.​1016/j.​seares.​2013.​11.​003.

Pita, A., M. Pérez, S. Cervino, and P. Presa. 2011. “What Can Gene 
Flow and Recruitment Dynamics Tell Us About Connectivity Between 
European Hake Stocks in the Eastern North Atlantic?” Continental 
Shelf Research 31: 376–387. https://​doi.​org/​10.​1016/j.​csr.​2010.​09.​010.

Potkamp, G., and C. H. J. M. Fransen. 2019. “Speciation With Gene 
Flow in Marine Systems.” Contributions to Zoology 88, no. 2: 133–172. 
https://​doi.​org/​10.​1163/​18759​866-​20191344.

Privé, F., K. Luu, B. J. Vilhjálmsson, and M. G. B. Blum. 2020. 
“Performing Highly Efficient Genome Scans for Local Adaptation With 
R Package Pcadapt Version 4.” Molecular Biology and Evolution 37, no. 
7: 2153–2154. https://​doi.​org/​10.​1093/​molbev/​msaa053.

Pujolar, J. M., C. E. C. Gardiner, S. von der Heyden, et  al. 2025. 
“Resolving the Population Structure and Demographic History of the 
European Anchovy in the Northeast Atlantic: Tracking Historical and 
Contemporary Environmental Changes.” Molecular Ecology 34, no. 14: 
e17829. https://​doi.​org/​10.​1111/​mec.​17829​.

https://doi.org/10.1111/j.1467-2979.2006.00215.x
https://doi.org/10.1111/j.1467-2979.2006.00215.x
https://doi.org/10.1093/icesjms/fsz161
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/nature10231
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.22541/au.173381838.85727190/v1
https://doi.org/10.22541/au.173381838.85727190/v1
https://doi.org/10.1111/faf.12343
https://doi.org/10.1002/ece3.70101
https://doi.org/10.1093/icesjms/fsaa113
https://doi.org/10.1093/icesjms/fsaa113
https://doi.org/10.1111/mec.12568
https://doi.org/10.1111/mec.12568
https://doi.org/10.1016/j.fishres.2022.106419
https://doi.org/10.1016/B978-0-12-381015-1.00002-2
https://doi.org/10.1016/j.cub.2015.03.047
https://doi.org/10.1038/nature11789
https://doi.org/10.1038/nature11789
https://doi.org/10.1073/pnas.76.10.5269
https://doi.org/10.1038/ncomms1845
https://doi.org/10.1038/ncomms1845
https://doi.org/10.1139/f05-139
https://doi.org/10.1139/f05-139
https://doi.org/10.1046/j.1467-2960.2001.00055.x
https://doi.org/10.1046/j.1467-2960.2001.00055.x
https://doi.org/10.1111/mec.15342
https://doi.org/10.1111/mec.15342
https://doi.org/10.1525/elementa.2022.00028
https://doi.org/10.1525/elementa.2022.00028
https://doi.org/10.1093/icesjms/fsu044
https://doi.org/10.1093/icesjms/fsu044
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1016/S1054-3139(03)00086-9
https://doi.org/10.1016/S1054-3139(03)00086-9
https://doi.org/10.1098/rspb.2015.1053
https://doi.org/10.1098/rspb.2015.1053
https://doi.org/10.1146/annurev-marine-010419-010916
https://doi.org/10.1146/annurev-marine-010419-010916
https://doi.org/10.1016/j.fishres.2016.03.017
https://doi.org/10.1016/j.fishres.2016.03.017
https://doi.org/10.1016/j.seares.2013.11.003
https://doi.org/10.1016/j.seares.2013.11.003
https://doi.org/10.1016/j.csr.2010.09.010
https://doi.org/10.1163/18759866-20191344
https://doi.org/10.1093/molbev/msaa053
https://doi.org/10.1111/mec.17829


15 of 15Ecology and Evolution, 2026

Purcell, S., B. Neale, K. Todd-Brown, et al. 2007. “PLINK: A Toolset for 
Whole-Genome Association and Population-Based Linkage Analysis.” 
American Journal of Human Genetics 81, no. 3: 559–575. https://​doi.​org/​
10.​1086/​519795.

Reiss, J., J. R. Bridle, J. M. Montoya, and G. Woodward. 2009. “Emerging 
Horizons in Biodiversity and Ecosystem Functioning Research.” Trends 
in Ecology & Evolution 24, no. 9: 505–514. https://​doi.​org/​10.​1016/j.​tree.​
2009.​03.​018.

Riginos, C., Y. M. Buckley, S. P. Blomberg, and E. A. Treml. 2014. 
“Dispersal Capacity Predicts Both Population Genetic Structure and 
Species Richness in Reef Fishes.” American Naturalist 184, no. 1: 52–64. 
https://​doi.​org/​10.​1086/​676505.

Roldán, M. I., J. L. García-Marín, F. M. Utter, and C. Plà. 1998. 
“Population Genetic Structure of Hake Merluccius merluccius.” Heredity 
81: 327–334. https://​doi.​org/​10.​1046/j.​1365-​2540.​1998.​00383.​x.

Stern, D. B., and C. E. Lee. 2020. “Evolutionary Origins of Genomic 
Adaptations in an Invasive Copepod.” Nature Ecology & Evolution 4: 
1084–1094. https://​doi.​org/​10.​1038/​s4155​9-​020-​1201-​y.

Stewart, J. R., A. M. Listen, I. Barnes, and L. Dalén. 2010. “Refugia 
Revisited: Individual Responses of Species in Space and Time.” 
Proceedings of the Royal Society B: Biological Sciences 277, no. 16829: 
661–671. https://​doi.​org/​10.​1098/​srpb.​2009.​1272.

Stroeven, A. P., C. Hattestrand, J. Kleman, et al. 2016. “Deglaciation of 
Fennoscandia.” Quaternary Science Reviews 147: 91–121. https://​doi.​
org/​10.​1016/j.​quasc​irev.​2015.​09.​016.

Svendsen, J. I., H. Alexanderson, V. I. Astakhov, et  al. 2004. “Late 
Quaternary Ice Sheet History of Northern Eurasia.” Quaternary Science 
Reviews 23, no. 11–13: 1229–1271. https://​doi.​org/​10.​1016/j.​quasc​irev.​
2003.​12.​008.

Svensson, A. 2010. Sammanfattning från försöksfisket efter kummel i juli 
2010. Promemoria Institute of Marine Research.

Van der Ven, R. M., J. F. Flot, C. Buitrago-Lopez, and M. Kochzius. 
2020. “Population Genetics of the Brooding Coral Seriatopora hystrix 
Reveals Patters of Strong Genetic Differentiation in the Western Indian 
Ocean.” Heredity 126, no. 2: 351–365. https://​doi.​org/​10.​1038/​s4143​7-​
020-​00379​-​5.

Weir, B. S., and C. C. Cockerham. 1984. “Estimating F-Statistics for 
the Analysis of Population Structure.” Evolution 38, no. 6: 1358–1370. 
https://​doi.​org/​10.​1111/j.​1558-​5646.​1984.​tb056​57.​x.

Westgaard, J. I., A. Staby, J. A. Godiksen, et al. 2017. “Large and Fine 
Scale Population Structure in European Hake (Merluccius merluccius) 
in the Northeast Atlantic.” ICES Journal of Marine Science 74, no. 5: 
1300–1310. https://​doi.​org/​10.​1093/​icesj​ms/​fsw249.

Wisz, M., O. Broenniman, P. Grønkjær, et  al. 2015. “Arctic Warming 
Will Promote Atlantic-Pacific Fish Interchange.” Nature Climate 
Change 5: 261–265. https://​doi.​org/​10.​1038/​nclim​ate2500.

Wolf, J. B. W., and H. Ellegren. 2017. “Making Sense of Genomic Islands 
of Differentiation in Light of Speciation.” Nature Reviews Genetics 18: 
87–100. https://​doi.​org/​10.​1038/​nrg.​2016.​133.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table S1: ece373085-sup-0001-Tables.
docx. File S1: ece373085-sup-0002-SupplementFile1.xlsx. Figure S1: 
ece373085-sup-0003-FigureS1.pdf. 

https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1016/j.tree.2009.03.018
https://doi.org/10.1016/j.tree.2009.03.018
https://doi.org/10.1086/676505
https://doi.org/10.1046/j.1365-2540.1998.00383.x
https://doi.org/10.1038/s41559-020-1201-y
https://doi.org/10.1098/srpb.2009.1272
https://doi.org/10.1016/j.quascirev.2015.09.016
https://doi.org/10.1016/j.quascirev.2015.09.016
https://doi.org/10.1016/j.quascirev.2003.12.008
https://doi.org/10.1016/j.quascirev.2003.12.008
https://doi.org/10.1038/s41437-020-00379-5
https://doi.org/10.1038/s41437-020-00379-5
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1093/icesjms/fsw249
https://doi.org/10.1038/nclimate2500
https://doi.org/10.1038/nrg.2016.133

	Patterns of Population Genomic Variation and Evolutionary History of European Hake in the Northeastern Atlantic
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sampling
	2.2   |   Sequencing
	2.3   |   Data Filtering and SNP Discovery
	2.4   |   Detection of Outlier SNPs
	2.5   |   Genome-Wide Diversity and Population Structure Analyses
	2.6   |   Genome Scans and Functional Analysis of Candidate Genes
	2.7   |   Demographic History Inference

	3   |   Results
	3.1   |   SNP Datasets
	3.2   |   Genome-Wide Diversity and Patterns of Population Structure
	3.3   |   Genome-Wide Selection and Candidate Gene Analyses
	3.4   |   Demographic Inference Using PSMC

	4   |   Discussion
	4.1   |   A Complex Scenario in the Northeastern Atlantic With Three Distinct Populations
	4.2   |   Salinity-Driven Local Adaptation on Osmoregulatory Genes
	4.3   |   Pleistocene Impact on the Demographic Dynamics of European Hake

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


