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ABSTRACT

The spatial distribution of the European anchovy has expanded in the northern part of its range in the Northeast Atlantic
in recent decades. However, whether this results from a northward range shift of southern conspecifics or the expansion of
a local northern population is unknown. Using for the first time whole-genome sequencing, we explore current patterns of
genetic diversity and population sub-structuring of European anchovy in the Northeast Atlantic, with special focus on re-
cently expanded North Sea areas. Genomic data suggested three distinct groups: Northern (North Sea and Kattegat), Southern
(Ireland and Central Portugal) and Cadis (South Portugal). Despite most of the genome being homogenised by high levels of gene
flow characteristic of small pelagic fish, several large regions of high genetic differentiation were observed. This suggests that
genomic population boundaries might be maintained by local adaptation within chromosome structural variants (inversions).
Admixture analysis indicates that the ongoing northern range shift involves both migrants of southern origin and expansion of
the local North Sea population. Historical demographic inference suggests that anchovies survived the last glacial period with
small population sizes, followed by a split into the current Northern and Southern groups at the end of the last glacial maximum.
The Southern group then expanded into the North Sea as the ice sheets retreated, in an expansion involving a large number of
individuals, which is consistent with the retention of most of the genetic diversity. In comparison with other small pelagic fish,
the genetic patterns found in anchovies (deeply divergent groups, no loss of genetic diversity during expansion, mixing between
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groups) align well with those found in European sprat, while sardines fit the pattern of expansion of a leading-edge popula-

tion, with reduced genetic diversity and much shallower divergence between populations. This study contributes to a better

understanding of population structure, range shifts and local adaptation in small pelagic fish under climate change, informing

conservation and management efforts.

1 | Introduction

Small marine pelagic fish, including anchovies, sardines, herring
and sprat, are key components of the functioning of marine eco-
systems (Alheit and Peck 2019). Characterised by relatively short
life-cycles, fast growth, large biomass and high mobility, they are
a food source for many marine species and underpin major food
webs (Cury et al. 2000; Palomera et al. 2007; Pikitch et al. 2014).
Given their key trophic positioning, fluctuations in abundance and
range of small pelagic fish populations can have significant eco-
logical and socio-economic impacts (Alheit et al. 2009, 2012). Due
to their high sensitivity to environmental conditions, collapses of
small pelagic fish have been observed in all oceans, such as the
regime shift observed in the Benguela Current ecosystem in the
1990s (Hutchings et al. 2009) or the collapse of the European an-
chovy in the Bay of Biscay in the 2000s (Uriarte et al. 2023). The
high vagility of small pelagic fish through their life cycle facilitates
gene flow over large geographical scales due to the lack of apparent
barriers to dispersal (Palumbi 1994), which is expected to promote
range shifts rather than local adaptation as a response to envi-
ronmental changes. Associated with high gene flow, low levels
of genetic structuring are expected, which might suggest shallow
evolutionary trajectories and limited adaptive divergence (Nielsen
et al. 2009). Despite this high dispersal potential, genetic studies
on small pelagic fish have been found to show sharp breaks in ge-
netic structure among populations, as seen in the recent whole-
genome studies on Atlantic horse mackerel Trachurus trachurus
(Fuentes-Pardo et al. 2023), European sardine Sardina pilchardus
(Da Fonseca et al. 2024) or Pacific sardine Sardinops sagax in
South Africa (Teske et al. 2021).

While most of the genome might be permeable to gene flow via
hybridisation and introgression, large chromosome structural
variants (SVs) can protect divergent haplotypes from recombi-
nation, thus facilitating reproductive isolation despite ongoing
gene flow (Zhang et al. 2021). SVs, inversions in particular, often
underlie ecologically important traits and contribute to local ad-
aptation in many species (Jones et al. 2012; Ayala et al. 2013).
In Atlantic cod Gadus morhua, chromosomal inversions com-
prising genes associated with low salinity adaptation have
been identified as distinguishing features between migratory
and nonmigratory ecotypes (Hemmer-Hansen et al. 2013; Berg
et al. 2015, 2016, 2017; Barth et al. 2017). In Atlantic horse mack-
erel, a large putative chromosomal inversion underlies a latitudi-
nal genetic cline (Fuentes-Pardo et al. 2023).

The European anchovy Engraulis encrasicolus is a short-lived
(3-4years) small pelagic fish widely distributed across the eastern
Atlantic Ocean, the Mediterranean Sea and the Black Sea, where it
is a major target of commercial fisheries (Mutalipassi et al. 2024).
Off the Atlantic coast of Europe and Africa, the range of the spe-
cies extends from the south of Norway to Namibia, where it mixes

with the South African anchovy E.capensis (Van der Lingen
et al. 2021). Recent observations indicate a northward range ex-
pansion of the European anchovy populations in the North Sea
since the 1990s (Petitgas et al. 2012). Survey data show that ancho-
vies are consistently caught in the entire North Sea and adjacent
waters, such as the Irish Sea, Skagerrak, Kattegat and the Baltic
Sea (Alheit et al. 2012). The range expansion is predicted to result
from ongoing anthropogenic-mediated climate change (Raybaud
et al. 2017) and can be explained by either a range shift of popu-
lations coming from the South or the expansion of remnant local
North Sea populations (Alheit et al. 2012).

Population genetic studies on the European anchovy have been
steadily conducted since the 1990s, with the Mediterranean Sea
and the Bay of Biscay being the focus for most studies due to the
regional importance of these fisheries (Magoulas et al. 2006; Sanz
et al. 2008). Moreover, many studies have focussed on the occur-
rence of two distinct ecotypes, a marine ecotype found in open-sea
habitats and an estuarine ecotype found inshore, which show high
genetic differentiation (Le Moan et al. 2016; Montes et al. 2016).
Previous genetic studies using Single Nucleotide Polymorphism
(SNP) panels have shown a clear genetic boundary between the
Bay of Biscay and the northern stock in the North Sea/English
Channel (Zarraonaindia et al. 2012; Silva et al. 2014; Montes
et al. 2016; Huret et al. 2020). The population structure along the
Atlantic coast of the Iberian Peninsula is less clear since genetic
differences might stem from the inclusion of estuarine populations
(Zarraonaindia et al. 2009, 2012; Montes et al. 2016).

Our study is the first to use whole-genome sequencing to as-
sess the genetic differentiation and diversity of the European
anchovy from the Northeastern Atlantic, with particular focus
on the northern expanded range of the species. Connectivity at
the northern edge of the distribution has yet to be evaluated,
especially in a context of climate change and shifting popula-
tions, which can affect fishery dynamics and the management
of small pelagic fisheries. Historical population changes in-
ferred from mitochondrial DNA show strong links with paleo-
oceanographic conditions (Silva et al. 2014), suggesting that
ongoing climate change is actively shaping the eco-evolutionary
history of the species. By using millions of genome-wide SNPs,
we inferred current patterns of population structure and admix-
ture between regions and tested whether the northern range
shift involves migrants of southern origin or the expansion of
a local North Sea population. Using a coalescent approach, we
reconstructed the past demographic history of the species in-
cluding demographic changes and divergence times, which
are discussed within an evolutionary biogeographic context.
Finally, we tested the paradox that small pelagic fish with high
dispersal capacity and ongoing gene flow may still undergo local
adaptation due to reduced recombination within chromosome
inversions.
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2 | Materials and Methods
2.1 | Sampling

A total of 40 European anchovy were collected during 2021
as part of the Swedish, Danish, Irish and Portuguese national
surveys. Samples broadly covered the distribution of the spe-
cies in the Northeast Atlantic both north-southwards as well
as east-(Table S1) westwards (Figure 1a). All individuals in
our study correspond to the marine ecotype found in open-sea
habitats. ‘Swedish’ individuals were taken from the Kattegat,
at the exit of the Baltic Sea. ‘Danish’ individuals were taken
across the North Sea, including Dogger Bank, German Bight
and the West Coast of Denmark. ‘Irish’ individuals were
taken from South and South-eastern Ireland in the Celtic Sea.
‘Portuguese’ individuals were taken from the Silver Coast and
the Lisbon Coast in central Portugal and the Gulf of Cadis in
South Portugal/Spain. Sampling details are summarised in
Table S1.

2.2 | Sequencing

Muscle tissue was removed from each individual and stored at
—80°C until DNA extraction. Genomic DNA was extracted using
the Qiagen DNeasy Blood and Tissue Kit (using the manufactur-
er's protocol), with subsequent quality control via electrophoresis

on an agarose gel and measurement of the DNA concentration
using a Qubit fluorometer. DNA extracts were used to construct
short-insert libraries with an insert size of ca. 350 bp. Paired-end
sequencing libraries (PE150) were constructed and all 40 indi-
viduals were sequenced on a DNBseq platform at BGI, China.

2.3 | Data Filtering and SNP Discovery

Data quality of the reads was initially inspected using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc)
and the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx-tool-
kit). Next, adapters and low-quality bases were removed with
Trimmomatic v0.36 (Bolger et al. 2014) using a minimum Phred
score of 15. Subsequently, paired and unpaired reads were
aligned separately to the European anchovy genome assembly
IST_EnEncr_1.0 (NCBI Accession Number GCF_034702125.1)
using BWA mem v0.7.1 (Li and Durbin 2009). Aligned data were
pre-processed using the toolkit Picard v2.6.0 (http://broadinsti
tute.github.io/picard), which included merging, coordinate-
sorting and removal of duplicate reads that may have arisen
during library preparation due to PCR amplification.

Subsequently, a vcf file with all SNP variants for all 40 individ-
uals was constructed using the mpileup and call commands in
BCFtools v1.9 (Li et al. 2009). We excluded sites for which aver-
age read depth was less than 10 or more than 100, quality was
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FIGURE1 | (a)Samplinglocations of European anchovy including distribution of Northern (dark blue), Southern (light blue) and Cadis (red) clus-
ters. For sampling details see Table S1. (b) Visualisation of population structure using a Principal Component Analysus (PCA) of all 40 individuals

clustering in three separate clusters: Northern (dark blue), Southern (light blue) and Cadis (red). (c) ADMIXTURE analysis with most likely scenario

of three clusters (K= 3). Individual admixture proportions are shown for each individual. Locations: IR_S, Ireland; KAT, Kattegat; NS, North Sea;

POR_S, Portugal-South; POR_W, Portugal-West.
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below 20 and in proximity to indels. As a final step, SNP variants
were filtered using vcftools v0.1.14 (Danecek et al. 2011) so that
only biallelic SNPs present in all 40 individuals sequenced were
retained.

2.4 | Genome-Wide Diversity and Population
Structure Analyses

All genomic diversity and population structure analyses
were conducted using a filtered SNP data set after linkage
disequilibrium-based 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 win-
dow at the end of each step, and a r? threshold of 0.5. Levels
of genetic diversity were assessed using Nei and Li (1979) nu-
cleotide diversity (I) and individual observed heterozygosity
(H,) calculated using vcftools v0.1.14 (Danecek et al. 2011).
Standardised genetic differentiation (Fg,;) statistics between
population pairs were calculated using vcftools v0.1.14 fol-
lowing Weir and Cockerham (1984). In order to assess the
significance of pairwise F values, we carried out bootstrap-
ping over loci to generate a confidence interval around the ob-
served Fg. p values were calculated using a one-sample ¢-test
for each pairwise Fgy.

Population structure was initially explored with a Principal
Component Analysis (PCA) in smartPCA from the Eigensoft
package (Patterson et al. 2006). Population structure was further
investigated using ADMIXTURE (Alexander and Lange 2011),
which uses a clustering algorithm to infer the most likely num-
ber of groups (K) and then calculates the proportion of ancestry
components (admixture proportion) for each individual. The
analysis was performed with K=1-6. For each K, 10 indepen-
dent runs were conducted to check the consistency of the results.
Following the software guidelines, the cross-validation (CV)
procedure was applied to choose the best K for the model.

2.5 | Tests for Selection

The classic Fg-based genome-scan method was used to detect
signatures of positive selection and uncover local adaptation.
The method is based on locus-specific Fg, estimates averaged
across genome regions, with regions with very high Fg,. com-
pared to the rest of the genome suspected to be under strong local
adaptation. Genome-wide Fg, was estimated using VCFtools
v0.1.14 (Danecek et al. 2011) with the unpruned data set by cal-
culating a sliding-window F with a window size of 10kb and a
step size of 10kb. Several combinations of window and step sizes
were tested (From 5 to 50kb), monitoring SNP counts per win-
dow. We settled on a 10-kb window with a 10-kb step size, which
had sufficient SNP density to provide reliable F;. estimates and
the size was large enough to encompass regions where linkage
disequilibrium has decayed, allowing for the detection of inde-
pendent loci. A minimum of 10 SNPs per window was chosen to
make the F; estimate reliable. Windows with average window-
F values above the 98th percentile of the empirical distribution
were considered as candidate regions putatively under selection.
Sliding-window Fg; along chromosomes was visualised with a
Manhattan plot using CMPlot in R.

Based on the list of candidate regions under selection, we local-
ised all corresponding SNPs and genes. A SNP was considered
to be located within a gene when found in exonic or intronic
regions or within 10kb of a gene, which is based on the esti-
mated decay of linkage disequilibrium in fish (Hemmer-Hansen
et al. 2014). Genes were then annotated using the gene pre-
dictions for the European anchovy genome IST EnEncr_ 1.0
available on NCB. Gene descriptions were obtained from the
Zebrafish Information Network (ZFIN) database (http://zfin.
org), together with human orthologs, which were used in the
GeneCards human gene database (http://genecards.org) to re-
trieve the NCBI gene summary, the UniProtKB/Swiss-Prot
summary as well as the Ensembl Gene IDs. Functional interpre-
tation of the set of candidate genes was conducted using 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). Zebrafish was
used as reference and standard settings of gene count and ease
in DAVID were used. Functional Gene Ontology terms of the
candidate genes were visualised with a Lollipop chart showing
the number of genes involved in enriched GO terms on the x-
axis using R. 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 considering GO terms with
corrected p values.

2.6 | Demographic History Inference

Coalescent methods can be applied to infer past population dy-
namics and demographic changes over historical time scales
with high resolution. We inferred the demographic history
of the European anchovy populations in our study using the
Pairwise Sequentially Markovian Coalescent (PSMC) method
(Li and Durbin 2011). PSMC extracts demographic information
about a given population/species from the distribution of het-
erozygous sites across the genome and infers the distribution of
time since the most recent common ancestor (TMRCA) between
each pair of alleles at all loci across the whole genome of one
single individual. This provides information about changes in
effective population sizes over time, hence allowing us to assess
responses to paleo-oceanographic conditions.

For all re-sequenced 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 individual separately with the mpileup and call com-
mands. Subsequently, the consensus command was used to cre-
ate a consensus sequence. The resulting vcf file 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 heterozygous
or homozygous. Then, PSMC v0.6.5 (Li and Durbin 2011) was
run with 25 iterations, T, (—f) of 15, initial mutation/recom-
bination ratio (—r) of 5 and time bin parameter (—p) set to the
standard ‘4+425*2+4+6’. For parameter conversion, results
were scaled using a generation time of 1year and a conservative
average mutation rate of 1x107® per nucleotide per generation
(Nikolic et al. 2020).
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3 | Results

3.1 | Genome-Wide Diversity and Patterns
of Population Structure

We conducted whole-genome re-sequencing on 40 European
anchovy individuals from four regions along the Atlantic coast
of Europe. On average, 36.2 million reads of 90bp per individ-
ual were generated (Table 1). After quality filtering, on average
10.8% were eliminated. Retained sequences (89.2%) have a mean
depth of 15.1x (9.8-20.3%) and a mean quality score of 36.1. On
average, 98.4% of paired sequences and 96.6% of unpaired se-
quences aligned to the European anchovy genome, with a mean
mapping quality of 24.9. After mapping, a total of 110.5 million
SNPs were obtained. After filtering for minimum depth, qual-
ity and biallelic SNPs genotyped in all individuals, a total of
30,262,784 SNPs was obtained (unpruned data set). After filter-
ing for linkage disequilibrium, a final data set of 1,073,507 high-
quality SNPs was retained for a pruned data set that was used
in all downstream analyses except the tests for selection, which
required the unpruned data set.

Genome-wide diversity indices were similar across the four
regions studied (Table S2), including nucleotide diversity
(IT=0.236-0.246) and heterozygosity (H =0.248-0.264). The
results of the PCA based on the whole-genome pruned SNP data
set showed that individuals clustered into three major clades
(Figure 1b). The first principal component (PC1) distinguished
the first cluster, which consisted of all individuals from the Gulf
of Cadis in South Portugal (‘Cadis’). The second principal com-
ponent (PC2) separated ‘Northern’ and ‘Southern’ cluster. All
individuals from Kattegat were part of the Northern cluster,
while all individuals from Ireland and Central Portugal were
part of the Southern cluster. By contrast, individuals from the
North Sea appeared in both clusters. Within each cluster, some
individuals were intermediate between clusters, pointing to
possible admixture between populations. Calculation of genetic
differentiation between clusters showed a high and significant
F; between Cadis-Northern (Fy.=0.055, p value <0.05) and be-
tween Cadis-Southern (Fg;=0.054, p value <0.05). A lower but
significant Fg value of 0.012 was found between the Northern
and Southern clusters (Table 2), which was higher when ex-
cluding intermediate individuals (Fq;=0.021, p value <0.05).
Re-examination of genome-wide diversity levels taking into
account the groups observed in the PCA showed a higher di-
versity in the Southern cluster relative to the Northern clus-
ter (Table S2), in terms of both nucleotide diversity (Southern:
IT=0.240; Northern: I1=0.234) and heterozygosity (Southern:
H_=0.263; Northern: H =0.249). The Cadis cluster showed the
lowest values overall (IT=0.227; H =0.241). However, none of
the comparisons were significantly different from each other.

When exploring the overall number of genetic groups present,
ADMIXTURE suggested a scenario with three clusters (K=3)
as the most likely (Figure 1c). The three clusters suggested by
admixture analysis supported the PCA results, with a Cadis,
a Southern and a Northern cluster. Individuals from South
Portugal were all pure individuals of the Cadis cluster, while in-
dividuals from Central Portugal belonged to the Southern clus-
ter (2 pure, 4 admixed). Individuals from Ireland all belonged
to the Southern cluster (9 pure, 1 admixed), while individuals

from Kattegat all belonged to the Northern cluster (5 pure, 5 ad-
mixed). The North Sea was the most mixed region with six in-
dividuals belonging to the Northern cluster (4 pure, 2 admixed)
and four belonging to the Southern cluster (3 pure, 1 admixed).

3.2 | Detection of Selective Sweeps

We detected strong signatures of selection in the genome
based on sliding-window Fg;. When comparing the Northern
and Southern clusters, regions with high F¢. were apparent
(Figure 2). Rather than being found all along the genome, high
F windows were restricted to five chromosomes: 3, 4, 6, 18 and
19. Particularly for chromosome 3, 30.8% of windows showed
F; higher than the 98% percentile and 16.5% higher than the
99% percentile. At chromosome 4, 10.4% of windows showed
Fy; higher than the 98% percentile and at chromosome 6 the
percentage was 4.2%. These regions or structural variants with
F; higher than the 98% percentile encompassed most of chro-
mosome 3 (between 10.4 and 43.9 Mbp) and chromosome 6 (be-
tween 3.5 and 51.9 Mbp), while encompassing only the second
half of chromosome 4 (between 29.5 and 58.4 Mbp; Figure 2).

When comparing the Cadis cluster versus the Northern
(Figure S1a) and the Southern (Figure S1b) clusters, many re-
gions with high F. were also apparent, generally more spread
across the genome. Still, some apparent structural variants were
observed in both comparisons at chromosomes 2, 3, 6, 13, 16
and 18.

For the rest of the selection analysis, we focussed on the com-
parison of the Northern and Southern clusters. A total of 981
genes were located in the windows with F¢. higher than the 98%
percentile. Out of these, 633 were fully characterised and were
selected as candidate genes for local adaptation for GO analyses
(Figure 3). Those included ATP production, reproduction, trans-
membrane transporter activity, integrated component of mem-
brane, Golgi apparatus and vesicle trafficking, DNA repair and
chromosomal DNA replication, WNT signalling pathway and
circadian rhythms among many others. A list of all annotated
genes putatively under selection including gene description in
the Zfin database, human orthologs and summaries from Entrez
and UniProtKB/Swiss-Prot is provided in File S1.

3.3 | Demographic Inference Using PSMC

We had data of sufficient resolution to infer for the first time the de-
mographic history of European anchovy using PSMC. The analy-
sis revealed that the three clusters inferred by PCA/ADMIXTURE
(Northern, Southern and Cadis) share common ancestry encom-
passing the last 3million years, as they converge into one single
ancestral population (Figure 4). Initial effective population sizes
were estimated between 100,000 and 200,000 individuals and re-
mained relatively stable for most of the early and mid-Pleistocene.
The split of the Cadis cluster occurred ca. 250,000years ago during
the late-Pleistocene. After this first split, all clusters remained
with relatively low population sizes until ca. 20,000years ago.
At this point, both the Cadis cluster and the Northern/Southern
cluster started a period of steady demographic expansion. The
split between the Northern and Southern clusters occurred ca.
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15,000years ago, after which the Southern cluster continued to
increase moderately, while the Northern cluster showed a slight
decline. While the PSMC is less accurate for recent periods, it is
apparent that the Southern cluster retained a larger effective popu-
lation size over time than the Northern cluster.

4 | Discussion

4.1 | Identification of Three European Anchovy
Groups in the Northeast Atlantic

Characterising the population structure of small pelagic fish,
which support an array of associated biodiversity as well as
human fisheries, is vital in order to better understand the impact
of climate change (ICES 2012). This is particularly important for
systems where species are shifting their ranges in response to
environmental changes, such as temperature (Alheit et al. 2007,
2012). Whole-genome sequencing data of European anchovy in-
dividuals in the Northeast Atlantic suggest three distinct groups:

TABLE 2 | Pairwise genetic differentiation between the Northern,
Southern and Cadis clusters.

Northern Southern Cadis
Northern wkk
Southern 0.012* ekl
Cadis 0.055* 0.054* skl

Note: Statistical significance: *p <0.05.

a Northern cluster including all individuals from the Kattegat and
most individuals from the North Sea; a Southern cluster including
all individuals from Ireland, Central Portugal and few from the
North Sea; and a Cadis cluster including all individuals from South
Iberia. The Northern cluster likely represents the population that
spawns in the German Bight and the German Wadden Sea in the
southern North Sea from June to August with a peak in July (Alheit
et al. 2007). The Southern cluster likely represents the population
that spawns in the Bay of Biscay from April to August with a peak
in May-June (Motos 1996). The Cadis cluster appears to spawn
locally in the Gulf of Cadis from early spring to early autumn with
a peak in July-August (Baldo et al. 2006). The clear genetic diver-
gence between Northern and Southern clusters is consistent with
previous studies using SNP panels (Zarraonaindia et al. 2012; Silva
et al. 2014; Montes et al. 2016; Huret et al. 2020) and microsatellites
(Van der Kooij et al. 2024), showing significant genetic differenti-
ation between samples from the Bay of Biscay and the North Sea.
Interestingly, while whole-genome data place samples from the
Celtic Sea within the Southern cluster, samples from the adjacent
Irish Sea and English Channel are part of the Northern cluster,
according to SNP (Zarraonaindia et al. 2012; Montes et al. 2016)
and microsatellite data (Van der Kooij et al. 2024). Future stud-
ies could use whole-genome sequencing to assess individual levels
of introgression in these regions, given the high levels of admix-
ture observed in the southern North Sea in our study (see below).
Additionally, whole-genome sequencing efforts should cover the
unsampled area in our study between the Celtic Sea and North
Portugal, specifically the Bay of Biscay and the Cantabric Sea, to
confirm the genetic cohesion reported here. On the other hand,
our study is the first to clearly delineate the genetic boundary be-
tween the Southern and Cadis clusters, as previous genetic studies

= WEIGHTED_FST
- FST

chromosome 4

Chet (Mb) o u s % 25 » 55 El El

Chrl1 2 3 4 5 6 7 8 9

10 11

12 13 14 15 16 17 18 19 20 21 22 23 24

FIGURE 2 | Manhattan plot based on sliding-window genetic differentiation FST comparing the Northern and Southern clusters. Inner panel
shows detailed plot for chromosome 4. Regions above the 98% percentile of the empirical distribution are marked with discontinuous blue line. The

average FST is represented by a discontinuous red line.
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FIGURE3 | Visualisation of the ontology terms detected during Gene Ontology and KEGG analysis when comparing the Northern and Southern

European anchovy clusters, including biological processes, cellular components and metabolic and signalling pathways. (a) Lollipop chart with num-

ber of genes involved in enriched GO terms on the x-axis and (b) ClueGO network for a better biological interpretation of functionally grouped genes.
Analyses were conducted using the zebrafish Ensembl Gene IDs, only considering GO terms with corrected p values <0.05 and selecting the major

significant GO term as the representation of the group.

in the region focused on narrow-shelf populations (Zarraonaindia
et al. 2012; Montes et al. 2016).

The finding of distinct genetic clusters in our study points to
strong spawning site fidelity in European anchovy. Philopatry
allows fish to place their offspring in the same habitat and en-
vironmental conditions of the parental generation, ensuring
larval survival and reproductive success. However, the low (but
albeit significant) genetic differentiation found suggests ongoing
gene flow between groups. Population dynamics patterns show
that in spring-summer during the spawning season, anchovies
present a restricted distribution, limited to the Bay of Biscay
and the southern North Sea (Huret et al. 2020). By contrast, in
autumn-winter, anchovies show a continuous distribution and
are also found in the Celtic Sea, Irish Sea, English Channel,
and the entire North Sea. Overlapping distribution in overwin-
tering habitats gives ample opportunity for both groups to mix
in autumn-winter. As a result, some individuals are expected
to cross over and spawn occasionally with the other spawning
group. Ongoing gene flow, as suggested by the high number of
introgressed individuals found in our study, would explain the
low genetic differentiation found.

Our results highlight the North Sea as a mixing zone for anchovy
populations. Interestingly, recent studies have reported a north-
ward expansion of anchovies since the 1990s, extending into
the entire North Sea and even the Baltic Sea (Alheit et al. 2012).
Our data suggest that individuals found in these newly occupied
areas primarily originate from the local population spawning in

the southern North Sea. For example, individuals collected in
Kattegat in our study, where survey data indicate anchovies were
missing in the 1970s and 1980s but present from the mid-1990s
onward (Alheit et al. 2012), were all assigned to the Northern
cluster. However, 40% of North Sea individuals were assigned to
the Southern cluster, indicating that some migrant individuals
of southern origin move northward into the North Sea during
winter. Genetically pure southern individuals were found in the
Dutch Dogger Bank, the central North Sea and the Danish West
Coast. Hence, genetic data suggest a mix of migrants and local
North Sea populations in newly occupied habitats. As the North
Sea warms due to ongoing climate change, our results suggest
that the Southern population is expanding into previously un-
suitable habitats, tracking evolving environmental conditions.

In contrast to the North Sea, population mixing is much lower
in Portugal, where the Cadis cluster is genetically more distinct,
showing 5% genetic differentiation and no signs of admixture.
This suggests Cape San Vicente in South Portugal as the limit
between the two groups, which would act as a hard barrier sep-
arating West and South Portuguese populations. The west coast
of Portugal typically has low anchovy abundances with occa-
sional population surges, whereas the south coast is character-
ised by more stable large abundances (ICES 2018). Fisheries data
indicate that the Gulf of Cadis hosts a self-sustained population,
with the main spawning near the Guadalquivir River mouth in
Spain (Baldo et al. 2006). Morphological studies also showed a
gradual shift in head-to-body ratio along the western coast and
the Gulf of Cadis (Caneco et al. 2004). Lagrangian simulations
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FIGURE 4 | Demographic history reconstruction of European an-

chovy populations using the PSMC (Pairwise Sequentially Markovian
Coalescent) method. A universal mutation rate of 1x 10~ and gener-
ation time of 1year were used. All individuals were included in the
analysis and each PSMC curve corresponds to a single individual. The
three clusters are colour-coded: Northern (dark Blue), Southern (light
blue) and Cadis (red). The shaded area indicates the Last Glacial Period
(LGP).

suggest that dispersal north from the Gulf of Cadis to the west-
ern Portuguese coast is possible but affected by low probability
of early stages survival (Casaucao et al. 2021). Collectively, fish-
eries data, population dynamics and morphological evidence all
support our genetic findings that there is little to no gene flow
between South and West Portugal.

4.2 | Structural Variants Facilitating Local
Adaptation Despite Gene Flow

Chromosomal inversions between populations may facil-
itate local adaptation despite opportunities for gene flow
(Wellenreuther and Bernatchez 2018). Spatially diversifying se-
lection favours the build-up of linkage disequilibrium between
genes involved in local adaptation and reproductive isolation.
However, gene flow and recombination can rapidly break these
associations (Coyne and Orr 2004; Schluter and Rieseberg 2022),
unless divergent haplotypes are protected from recombination
by structural variants (Zhang et al. 2021).

Our tests of selection revealed extensive areas of high genetic
differentiation concentrated in specific parts of the genome,
likely representing structural variants. Those regions encom-
pass genes under local adaptation that characterise and discrim-
inate the three population clusters (Northern, Southern and
Cadis) despite gene flow. It is apparent in our study that most
of the genome appears permeable to introgression, as deduced
by the low overall genetic differentiation and the widespread
presence of admixed individuals, ranging from 10% in Ireland
to 50% in Kattegat and Central Portugal. However, certain ge-
nomic regions appear to be impermeable and may act as bar-
riers to gene flow. We hypothesise that the ‘genomic islands of

differentiation’ on most of chromosome 3, the second half of
chromosome 4 and most of chromosome 6 are putative struc-
tural variants, likely chromosomal inversions. This aligns with
a well-documented paradox in small pelagic species, where
high dispersal capacity and associated gene flow should theo-
retically prevent local adaptation, yet structural variants allow
adaptive variants to persist by preventing recombination (Zhang
et al. 2021). Exceptionally large chromosomal regions suggest-
ing suppressed recombination consistent with megabase inver-
sions/supergenes have been detected in Atlantic herring (Han
et al. 2020), king scallop (Hollenbeck et al. 2022) and European
sprat (Pettersson et al. 2024), contributing to environmental
adaptation.

Putative candidate genes under selection were found for a wide
array of traits, including energy production, circadian rhyth-
micity and reproduction. For example, the gene ATP5SF1D (ATP
synthase F1 subunit delta) encodes the delta subunit of the cat-
alytic core of the mitochondrial ATP synthase that produces
energy for use in many cellular processes. Differences in allele
frequencies between populations at this gene might reflect local
adaptation to different metabolic demands linked to different
environmental conditions such as water temperature or oxygen
concentration. Average sea surface temperature data from win-
ter 1990 to 2011 in the North East Atlantic (Jansen et al. 2012)
reveal significant regional variation, ranging from 10°C to 12°C
in the Celtic Sea to 3°C-7°C in the Wadden Sea in the southern
North Sea and as low as 1°C-2°C in the Kattegat. Populations
in colder waters such as the North Sea and Kattegat could ben-
efit from ATP5F1D alleles associated with enhanced energy
production and higher metabolic rates. This suggests divergent
selection across temperature gradients, consistent with local ad-
aptation in energy metabolism.

Interestingly, genes from the circadian clock pathway appeared
to be under selection. Circadian rhythms are internal biologi-
cal processes that maintain approximately a 24-h periodicity
and regulate an array of activities such as feeding or spawning.
The adaptive significance of circadian rhythms is to synchro-
nise physiological and behavioural processes to occur at advan-
tageous times and better capitalise on the available resources
(Sharma 2003). We identified footprints of local adaptation at
the CLOCK gene, which controls the persistence and periodicity
of circadian rhythms, and CRY1, which regulates the circadian
clock network (Hardin 2000). These genes may be under local
selection due to differences in local photoperiod associated with
the difference of 10° in latitude and 10° in longitude between the
spawning site in the Bay of Biscay (45°N, 3° W) and the spawning
site in the North Sea (55°N, 7°E). Circadian rhythm genes con-
tribute to optimal reproductive performance, and the CLOCK
gene has been associated with the timing of reproduction in a
number of species (Boden and Kennaway 2006). Reproductive
genes were also putatively under selection, including BSG (bas-
igin) and TSSK6 (Testis-specific serine kinase 6), both located
on chromosome 6. Both genes play essential roles in fertilisation
success, with a role in sperm-egg fusion (Harada et al. 2013).
Selection on these genes might reflect local adaptation to the
particular environmental conditions of the spawning sites in the
North Sea and Gulf of Biscay, with notable differences in tem-
perature, salinity and oceanographic conditions. The southern
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North Sea is characterised by colder temperatures and low sa-
linities around 30 PSU, while the Bay of Biscay is characterised
by warmer, more saline > 35 PSU and more stable environments
(ICES 2022, 2023). Interestingly, the transcriptomic study of
Montes et al. (2016) also identified BSG and TSSK6 to be under
putative selection when comparing marine and coastal anchovy
populations in the Bay of Biscay, further supporting their adap-
tive significance.

An alternative explanation for the highly differentiated markers
being under ecologically based divergent selection could be in-
trinsic genetic incompatibilities (Bierne et al. 2011). According
to the coupling hypothesis, increased differentiation is not
driven by local adaptation to different environments but by neg-
ative interactions between genes within the genome that do not
depend on the environment. Intrinsic genomic incompatibilities
act as endogenous barriers to gene flow, even in the absence of
strong ecological differences.

Given that large structural variants in other fish species have
been linked to salinity adaptation (Hemmer-Hansen et al. 2013;
Berg et al. 2016; Barth et al. 2017), we tested whether the struc-
tural variants identified in our study might be associated with
osmoregulation and salinity adaptation. In our studied area in
the eastern Atlantic, salinity is highly variable, ranging from
values >37 PSU in the Gulf of Cadis and > 35 PSU in the Celtic
Sea to lower salinities around 30 PSU in the southern North
Sea and between 18 and 26 PSU in the Kattegat (ICES 2022,
2023; Pacariz et al. 2014). We searched for key genes involved
in these functions, including the sodium pump Na*/K* ATPase
(ATP1A1), NatH* antiporter (NHE), V-type H* ATPase (VHA),
carbonic anhydrase and acid-sensing ion channels (Stern and
Lee 2020). However, none of these genes were located within the
structural variants or showed signatures of selection in our data.
Further research is needed to determine whether the identified
structural variants play a role in salinity adaptation.

4.3 | Demographic History in the Northeast
Atlantic

We carried out the first reconstruction of the demographic his-
tory of the European anchovy in the Northeast Atlantic using
the PSMC coalescent approach. The exact timing of events
should be interpreted with caution, given that the use of a uni-
versal mutation rate and factors such as gene flow, introgression
and selection can bias the estimates of population sizes and di-
vergence times (Leaché et al. 2014; Adams et al. 2018).

The three groups detected in our study (Northern, Southern and
Cadis) share a common ancestor dating back as far as 3million
years ago (MYA) in the Pliocene. During the early Pleistocene
(from 2.58 MYA) the ancestral population remained low but
stable, without major expansions or declines. The split between
the Cadis group and the Northern/Southern group appears to
have occurred ca. 250,000years ago during the ‘Quaternary
Glaciation’. This period was characterised by alternating gla-
cial and interglacial periods, where ice sheets expanded and
contracted (Hewitt 2004). During such periods, the Cadis group
might have become isolated for an extended period, leading to
the accumulation of genetic differences.

The results also suggest that the European anchovy populations
survived with low population sizes during the Last Glacial Period
(LGP), from ca. 120,000 to 12,000years ago, when massive ice
sheets covered large parts of the Northern Hemisphere, includ-
ing Scandinavia, the British Isles and parts of mainland Europe
(Svendsen et al. 2004). Coinciding with the end of the LGP, an-
chovies split into the current Northern and Southern groups.
Many temperate species survived the Last Glacial Maximum
(LGM) in ice-free southern European refugia along the north-
ern Atlantic coast of the Iberian Peninsula, Southern France,
Italy and the Balkans (Hewitt 1996; Taberlet et al. 1998). This
suggests that the warm water-adapted European anchovy may
have been confined to refugia during glacial maxima as seen in
many other temperate species (Stewart et al. 2010). It is feasible
that during the LGM the Northern/Southern group could have
settled around the Iberian Peninsula, even possibly spawning
in the Bay of Biscay, as many fish species exhibit strong fidel-
ity to ancestral spawning sites (i.e., Atlantic cod, Skjaeraasen
et al. 2011; European eel, Miller et al. 2019). Towards the end of
the LGM ca. 20,000years ago, the Irish, English, North Sea and
Fenno-Scandian ice sheets retreated and new favourable habi-
tats became available for the European anchovy. At this time-
point, the size of all genetic groups increased. We hypothesise
that a subset of the ancestral Southern/Northern group (possibly
surviving the LGM in an in situ glacial refugium in northern
Spain) expanded into the North Sea, which had become ice-free,
establishing a new spawning population. Soon after the popula-
tion expansion, the two groups split at ca. 15,000 years ago.

Following this split, the Southern group appeared to experience
a notable population size increase ca. 10,000years ago, which
might reflect a further range expansion (e.g., into the Celtic
Sea). A similar pattern was observed for the Cadis population,
while the North Sea population remained relatively stable after
the split. From this point onward, PSMC analyses become less
accurate for estimating population sizes, as evidenced by the
large variability of population size trajectories among individu-
als within groups. Nevertheless, it is apparent that the Southern
group has a larger population size than the Northern group. This
is concordant with fisheries and population dynamics data, as
the Bay of Biscay hosts the largest aggregation of European an-
chovy in the Northeast Atlantic (Uriarte et al. 2023).

4.4 | A Northern Expansion After the LGM With
no Significant Loss of Genetic Diversity

Comparison of genome-wide diversity using millions of high-
quality SNPs reveals similar levels of genetic diversity in the
Northern and Southern clusters. This indicates that most of the
genetic diversity was retained during the expansion into the
North Sea at the end of the LGM. This pattern is consistent with
a large expansion event driven by a large number of individuals
in a relatively short period of time.

Small pelagic clupeoid fish including anchovies, sardines, her-
ring or sprat are characterised by the ability to respond quickly
to environmental changes because of their high reproductive
plasticity as they can rapidly alter their reproductive traits when
environmental conditions require it (Alheit 1989). Moreover,
their extreme vagile nature allows them to travel long distances
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and facilitates range shifts in their geographical distribution,
such as the northward expansion of European anchovy after
the LGM inferred by the PSMC analysis. A large number of
founders, as suggested from our genetic data for the North Sea
population, is likely crucial in preventing inbreeding associated
with low population sizes and providing sufficient standing ge-
netic variation for natural selection to act upon. This is partic-
ularly relevant for the expansion of European anchovy in the
North Sea, where environmental conditions differ significantly
from their original range, particularly in terms of temperature.
The European anchovy is a warm water-adapted fish, as seen
in the Mediterranean Sea, where spawning occurs exclusively
in summer. The cooler North Sea waters are less favourable for
spawning (Alheit et al. 2007). Nevertheless, anchovies have con-
tinued their northward expansion to the Skagerrak-Kattegat
region and the Baltic Sea (Alheit et al. 2012). In the southern
areas around the Bay of Biscay, surface salinities over 33% are
characteristic, whereas in the Baltic Sea they drop as low as 6%,
Hence, substantial standing genetic variation in expanding pop-
ulations could be crucial in adapting and thriving in new en-
vironmental conditions encountered after shifting from native
into new habitats.

5 | Conclusions

Poleward and upward range shifts have been reported for ma-
rine species in response to changing environmental conditions,
including contemporary climate change (Pinsky et al. 2020).
However, responses vary depending on species tolerance to en-
vironmental factors such as temperature and oxygen, dispersal
capacity, biotic interactions, habitat availability and human ac-
tivities. A common pattern often seen in species shifting range
is populations expanding at the leading edge, which tend to
exhibit reduced genetic variability due to founder effects (Fifer
et al. 2022). Among small pelagic species expanding in the
North Sea, anchovies and sardines are showing range shifts due
to different demographic processes. In contrast with the mixing
reported here for anchovies in the North Sea and the retention
of most of the genetic diversity, sardines fit the pattern of expan-
sion of a leading-edge population, with reduced genetic diversity
in the expanded populations (McKeown et al. 2024). While the
expansion of sardines consists of new colonisers only, our study
shows that anchovies in newly colonised areas in the North Sea
are a mix of remnant local populations and southern migrants.
Anchovies and sardines also differ in their level of population
structure, with our study showing clear distinct evolutionary
trajectories for the Northern and Southern clusters, as shown
in the demographic reconstruction analysis, whereas North Sea
and Bay of Biscay sardine populations exhibit a much shallower
divergence (McKeown et al. 2024, 2025). The genetic patterns
found for anchovies align more closely with those reported for
European sprat Sprattus sprattus, another small pelagic fish that
shows similar levels of genetic diversity across the Northeastern
Atlantic (McKeown et al. 2020). While Bay of Biscay and the
North Sea sprat constitute a single population, there are deeply
divergent populations in the Norwegian fjords and the Baltic Sea,
with some evidence of mixing between the Baltic and North Sea
populations (McKeown et al. 2020; Quintela et al. 2020). This
study contributes to elucidating population structure, potential

range shifts and adaptive responses in small pelagic fish under
climate change. Ultimately, the findings will contribute to a bet-
ter understanding of evolutionary processes in marine ecosys-
tems, which in turn will be a key factor for the conservation and
management of these species in response to global environmen-
tal change.
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