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Abstract 

Common sole ( Solea solea ) is a key commercial flatfish species in Europe, yet its stock identity in the southern Celtic Sea and southwest 
of Ireland (ICES area 7h and 7j) is uncertain, resulting in a precautionary approach to fisheries management and declining quota. Here, 
the structure of sole populations and their connectivity patterns were in vestig ated from the southern North Sea to the Bay of Biscay 
spanning 10 ICES areas using 55 706 single nucleotide polymorphisms and five biological variables (sex, maturity, age, length, and 

weight). Our results confirmed the large-scale genetic differentiation between sole in the southern North Sea (ICES area 4c) and Bay of 
Biscay (8a, 8b). Sole from area 7h was genetically similar to sole from the Celtic Sea (7f and 7g) (both neutral and outlier loci), Western 

English Channel (7e, only neutral loci), and Irish Sea (7a, only neutral loci). Sole from area 7j showed significant neutral differentiation 

with sole from areas 7h and 7g, the Western English Channel (7e), and the Irish Sea (7a). These novel insights suggest a current mismatch 

between the biological populations and stock units of 7h and 7j, currently managed as a single stock, and provide a crucial basis for the 
re-evaluation of the current stock status, enabling more informed and effective fisheries management. 
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Introduction 

Stock assessments require high-quality, reliable, and sufficient 
data to facilitate optimal estimations of the stock status (Car- 
valho and Hauser 1995 , Begg et al. 1999 ). Overexploitation 

results in loss of productivity as documented across a wide 
range of marine fishes and might even destabilize local and 

regional stock dynamics (Pinsky and Palumbi 2014 , Kerr et 
al. 2017 ). In addition, declining population sizes and reduced 

genetic diversity in exploited commercial species could ham- 
per the potential of natural populations to adapt to chang- 
ing environments (Markert et al. 2010 , Pearse 2016 , Gandra 
et al. 2021 ). Therefore, the correct identification of the pop- 
ulation structure and connectivity among populations is im- 
perative for the long-term conservation and sustainable man- 
agement of commercial fisheries (Andersson et al. 2024 ). For 
many marine fishes, however, populations are delineated as 
stocks based on management criteria. Consequently, for sev- 
eral fisheries, these populations (biological units) are often and 

roughly mismatched by management units (stocks), which im- 
pacts assessments and predictive modelling (Reiss et al. 2009 ,
Casey et al. 2016 ). 

Several factors influence genetic isolation among marine 
fish populations, including geographic and oceanic distance,
environmental gradients (e.g. temperature, salinity), bathy- 
metric boundaries, life-history variants (e.g. ecotypes), and 

historical factors (e.g. the last ice age, overfishing) (Bossart 
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
nd Prowell 1998 , Salmenkova 2011 ). Marine fish popula-
ions are typically large, which limits the effects of genetic
rift and reduces divergence at neutral markers (Hellberg et 
l. 2002 , Cano et al. 2008 ). The use of single nucleotide poly-
orphisms (SNPs) revealed previously hidden levels of genetic 
iversity among marine flatfish populations, as demonstrated 

n plaice Pleuronectes platessa (Le Moan et al. 2021 , Weist et
l. 2022 ) and flounder Platichthys flesus (Kuci ́nski et al. 2023 ).

One of the most important commercial demersal marine 
sh species in Europe is the common sole, Solea solea (Lin-
aeus 1758, Pleuronectiformes, hereafter referred to as sole) 
Millner et al. 2005 , Bjørndal et al. 2016 , Jayasinghe et al.
017 ). Sole has a broad geographical distribution in the East-
rn Atlantic Ocean from the northwest coast of Africa to Sene-
al (15 

◦N), in almost all of the Mediterranean Sea to southern
orway (60 

◦N), Kattegat, and the Western Baltic Sea. This
atfish is often semi-immersed in the muddy or sandy seabed
Whitehead et al. 1984 , Quéro et al. 1986 ) and spawns in shal-
ow ( < 30 m depth) areas from early February to June, largely
riggered by sea surface temperature (Russell 1976 , Borre- 
ans 1987 ). The onset of spawning usually occurs at tempera-

ures ranging from 8 

◦C to 10 

◦C (Devauchelle et al. 1987 ). The
arge number of pelagic eggs (estimates ranging from 200 000
o 440 000 per female) and settling of pelagic larvae ∼3 weeks
fter hatching in nursery areas may prevent strong population 

tructuring (Witthames et al. 1995 ). In contrast, some studies
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rgue that larval connectivity is weak as spawning areas are
estricted to estuarine and coastal nursery grounds (Rochette
t al. 2012 ). Furthermore, movement of juveniles at their nurs-
ry grounds is limited ( < 10 km) resulting in little connectivity
rom juvenile movement (Coggan and Dando 1988 , Le Pape
nd Cognez 2016 ). Adult movement could be a potentially im-
ortant driver of gene flow between populations (Frisk et al.
014 ). Yet, homing behaviour might favour reproductive iso-
ation and thus divergence between populations (Exadactylos
t al. 2003 ). 

Several studies have investigated the population structure
f sole using a variety of genetic markers: allozymes (Kotoulas
t al. 1995 , Exadactylos et al. 1998 ), isozymes (Cabral et al.
003 ), Random Amplified Polymorphic DNA (Exadactylos
t al. 2003 ), mitochondrial DNA (Guarnieo et al. 2002 , Rol-
and et al. 2007 ), microsatellites (Cuveliers et al. 2012 ), and
ore recently SNPs (Diopere et al. 2018 , Corti et al. 2024 ).
ased on neutral microsatellites and mitochondrial markers,
enetic differences along a latitudinal gradient in the North-
ast Atlantic were documented with at least three distinct
opulations: Kattegat/Skagerrak, North Sea, and Bay of Bis-
ay, with indications of a fourth population in the Irish/Celtic
ea (Cuveliers et al. 2012 ). Genome-wide SNP fingerprinting
onfirmed the previously found population structure and the
xistence of an Irish/Celtic Sea group and showed additional
ub-structuring between the North Sea and English Channel
Diopere et al. 2018 ). In addition, tagging revealed limited
dult movement between the Western English Channel, East-
rn English Channel (split into three discrete sub-areas) and
he North Sea (Lecomte et al. 2020 ). The population struc-
ure of sole in the southern Celtic Sea and southwest of Ire-
and (ICES area 7hjk), however, remains unknown despite its
arge economical potential for the sole fishing industry. The
ack of information on the stock identity of sole in this region
ontributes to the implementation of the precautionary princi-
le by the International Council for the Exploration of the Sea
ICES) (ICES 2012 , ICES 2022 ). As a result, ICES catch advice
s reduced by 20% every three years in the region, causing a
etrimental socio-economic impact on the commercial fishing
eet. 
In this study, we investigated the genetic population struc-

ure and connectivity patterns of adult sole in the North-East
tlantic over a gradient from 45.25 

◦N to 53.75 

◦N spanning
0 ICES areas from the southern North Sea to Bay of Biscay
sing 55 706 high-quality SNP markers. These results were
omplemented with biological data obtained from the genet-
cally analysed fish (sex, maturity, age, length, weight) to in-
estigate if underlying biological patterns could affect the de-
ected population genetic structure. Specific focus was on un-
avelling the genetic structure of sole in the data poor areas in
he southern Celtic Sea (7h) and southwest of Ireland (7j) to
valuate whether the precautionary principle in current stock
anagement is warranted. 

aterials and methods 

ample collection 

 total of 541 sole were collected during the first and second
uarters (January to June) of 2022 on board Belgian commer-
ial fishing vessels in the framework of the Belgian National
ata Gathering Program (NDGP) using beam trawls (80 mm
esh size). The target number of sole per ICES statistical rect-
ngle was 20 individuals. Four rectangles were sampled in 7d,
hree rectangles in 4c, 7h, 7f, 7g, and 7a, and the combined
reas of 8a and 8b, two rectangles in 7e and one rectangle in
j ( Fig. 1 , Table 1 ). Although sole are currently managed un-
er stock 7hjk, no samples were included from ICES area 7k
ue to the region’s bathymetry, which makes it a largely un-
uitable habitat for sole. Consequently, fisheries targeting sole
re absent in this area. Fish were morphologically identified
y experts on board. Every fish was stored in a separate plas-
ic bag to avoid contamination of DNA between fish, labelled,
nd transported to the laboratory on ice. Length, weight, sex,
nd maturity of each fish were recorded, and otoliths were ex-
racted for age determination using the sectioned and stained
ethod ( Table 1 ) (Easey and Millner 2008 ). The age of 16

ollected sole could not be determined, resulting in a total of
25 sole with five complete biological parameters (i.e. length,
eight, sex, maturity, and age). Of those 525 individuals, a

ubset of 361 samples was used for genetic analyses. 

NA extraction and GBS library preparation 

ndividual genomic DNA was extracted from muscle tissue
after removal of skin) with the spin-column protocol for pu-
ification of total DNA from animal tissues using the DNeasy
lood & Tissue Kit (Qiagen, Germany). DNA concentrations
ere estimated using the Quantus Fluorometer dsDNA Sys-

em (Promega, USA). First, DNA samples were diluted to
0 ng/ μl (although samples with a concentration > 7 ng/ μl
ere retained for further analyses as well). The GBS libraries
ere prepared following a modified version of the genotyping-
y-sequencing protocol by Poland and Rife (2012) using re-
triction enzymes PstI and MspI. The master mix for one sam-
le for the restriction digestion consisted of 2 μl rCutSmart
uffer (NEB), 7 μl Sigma H 2 O, 10 units of PstI (NEB), 10
nits of MspI (NEB), and 10 μl template DNA. Samples were

ncubated for 2 h at 37 

◦C. No heat inactivation step was per-
ormed during incubation in contrast with the original pro-
ocol. For the ligation step, the master mix for one sample
as composed of 200 units of T4 DNA ligase (NEB), 2 μl T4
NA ligase buffer (NEB), 7 μl H 2 O, and 1.5 μl of Y-shaped

ommon adapter (10 μM). Per sample, 20 μl restriction digest
nd 4 μl barcoded adapters (0.25 μM) were added. Samples
ere incubated at 22 

◦C for 2 h, followed by 65 

◦C for 20 min.
he first purification step was repeated to remove all primer
imers with CleanNGS (CleanNA) using a volume ratio of
.6 beads: 1 DNA. Next, each PCR reaction consisted of 12.5
l Taq 2x Master Mix (NEB), 5.5 μl H 2 O, 3 μl purified di-
ested DNA, 2 μl unique P5 primer (10 μM), and 2 μl unique
7 primer (10 μM). The following PCR conditions were used:
0 s at 95 

◦C, followed by 18 cycles of 30 s at 95 

◦C, 20 s
t 65 

◦C, and 30 s at 68 

◦C. For the purification of the PCR
mplicons, 10 μl H 2 O was added to each amplicon, followed
y a purification identical to the first purification step. Next,
amples were quantified using the Quantus Fluorometer ds-
NA System, and the quality of a random subset of samples
as checked with the Bioanalyzer 2100. To account for po-

ential sequencing bias, replicate samples were included on all
eparate sequencing runs. After final quantification and qual-
ty checking, samples were pooled with equal volume (5 μl)
or the first run on the HiSeqX 2 × 150 bp platform (128
amples, including 8 replicates in pool 1) and Novaseq 6000
283 samples, including 20 replicates in pool 2 and 64 sam-
les, including 20 replicates in pool 3). For the second run, all
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Figure 1. Map with sampling locations of sole in quarter one (square shape) and quarter two (diamond shape) of 2022 with ICES areas (black lines) and 
st atistical rect angles (gre y lines). T he colours of the sampling points represent the t ype of dat a used in this study: biological and genetic dat a (pink and 
light blue) and only biological data (dark blue). 
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samples with < 3 million reads and more than 30 000 clusters 
were re-sequenced on the HiSeq X 2 × 150 bp platform (pools 
1, 2, and 3) after pooling with modified volume. More details 
on the calculation of the modified volume can be consulted in 

Appendix 1 . 

Bioinformatics, SNP calling, and filtering 

Initial processing of reads (i.e., demultiplexing, trimming 
and merging of forward and reverse reads) was done us- 
ing GBprocesS v4.0.0 (see https:// gbprocess.readthedocs.io/ ). 
Reads were mapped against the Solea solea reference genome 
(GenBank: GCA_958295425.1) using BWA (Li et al. 2009 ).
Variant calling was done using the mpileup command in 

BCFtools (Danecek et al. 2021 ). SNPs were filtered using 
VCFtools (Danecek et al. 2011 ) with the following parame- 
ters: (1) Minor Allele Frequency (MAF) 0.05; (2) only SNPs 
with two alleles and (3) minimum depth 15. Individuals and 

loci with more than 10% missing data were filtered from 

the dataset using the R package poppr v2.9.3 (Kamvar et 
al. 2014 ). Loci with observed heterozygosity > 0.50 were ex- 
luded from the dataset as they might be derived from col-
apsed paralogous loci in the reference sequence (Hohenlohe 
t al. 2011 ). Loci deviating from Hardy-Weinberg proportions 
p < 0.05) calculated for each population separately (i.e., ICES
evel) were removed. Replicate samples included on separate 
equencing runs were used to detect potential library or se-
uencing bias based on PCA clustering and removed from the
ataset to avoid redundancy. 

utlier detection 

utlier SNPs (SNPs potentially under selection) were identi- 
ed using two outlier detection methods: R package pcadapt 
4.3.3 for outlier detection based on Principal Component 
nalysis (PCA) (Luu et al. 2017 ) and OutFLANK for out-

ier detection based on FST that were more divergent than
xpected under neutrality using R package dartR v2.0.4 (Gru- 
er et al. 2018 ). For pcadapt, the optimal K (ranging from 1
o 20) was assessed, followed by two outlier detection meth-
ds with several cutoffs: (1) outliers detected with threshold 

.05 and 0.1 after Bonferroni correction; (2) outliers detected 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://gbprocess.readthedocs.io/
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after calculation of false discovery rate (FDR) of the obtained 

P -values with threshold 0.05 and 0.1 using the q -value func- 
tion with R package q- value v2.30.0. OutFLANK was run 

with default options (LeftTrimFraction and RightTrimFrac- 
tion = 0.05, Hmin = 0.1) and q -value thresholds for statisti- 
cal significance set at 0.05 and 0.1. For each outlier detection 

method, a Manhattan plot visualizing outlier SNPs exceeding 
the FDR with threshold q = 0.05 was obtained. Outlier de- 
tection methods were compared to obtain the shared outlier 
SNPs. 

Genetic data analysis 

Population diversity measures and patterns were investigated 

on two levels: (1) 10 ICES areas 7d, 7f, 7g, 7h, 7e, 7a, 4c,
8a, 8b, and 7j, and (2) statistical rectangles within and be- 
tween each ICES area. Mean observed ( H O 

) and expected ( H E ) 
heterozygosity and inbreeding coefficient ( F IS ) per ICES area 
were calculated using R package hierfstat v0.5.11 (Goudet 
2005 ). Pairwise F ST values with 99% confidence intervals and 

P -values were estimated with R package StAMPP v1.6.3 using 
10 000 bootstraps (Pembleton et al. 2013 ) for both the neu- 
tral and outlier SNPs dataset. P -values were adjusted for mul- 
tiple testing by applying Bonferroni correction. To investigate 
patterns of population structure, three methods were used for 
grouping sole individuals using the neutral and outlier SNPs 
dataset: PCA, discriminant analysis of principal components 
(DAPC), and admixture analysis. DAPCs were created using 
R package adegenet with a priori defined groups (i.e. manage- 
ment units; ICES areas and rectangles).To avoid inaccurate in- 
terpretations of the observed population structure caused by 
sex-linked markers, structuring based on sex (male, female),
maturity (immature, maturing, spawning, and spent) and age 
(ranging from 1 to 18 years), was investigated for both the 
neutral and outlier datasets using PCA. Admixture propor- 
tions per clusters based on statistical rectangles were calcu- 
lated in R package LEA v3.10.0 (Frichot and François 2015 ) 
with the sparse non-negative matrix factorization algorithm 

at individual and population level for the neutral and outlier 
SNPs dataset. Admixture proportions were visualized as pie 
charts using R package Mapmixture v1.0.4 (Jenkins 2024 ). 

Isolation-by-distance 

A Mantel test was performed to investigate the presence of 
isolation-by-distance (IBD) by testing for correlations between 

genetic distance (neutral pairwise F ST ) and oceanic distance 
(km) between populations. Pairwise oceanic distances (ma- 
rine least-cost distances via coast) between sampling locations 
were calculated using function lc.dist in R package marmap 

v1.0.10 (Pante and Simon-Bouhet 2013 ). The Mantel test 
was conducted using the mantel function in R package vegan 

v2.6.4 (Oksanen et al. 2022 ). 

Identification of candidate genes 

The physical position of the shared outlier SNPs (identified by 
both outlier detection methods pcadapt, and OutFLANK) was 
used to identify the potential candidate genes under selection 

on the annotated Solea solea reference genome (assembly fSol- 
Sol10.0 with 37 228 genes) using the Genome Data Viewer on 

NCBI (Rangwala et al. 2021 ). For each gene with at least one 
outlier SNP in its coding region, the gene name, gene ID, brief 
description of its function, and location on the genome were 
documented. Outlier SNPs shared between the two outlier 
ethods were visualized on a Manhattan plot using the func-
ion manhattan in R package qqman v0.1.8 (Turner 2018 ). 

ariation in biological variables 

he biological metadata obtained from 525 sole specimens 
ere analysed, and length, weight, and age for sole collected

n each of the 10 ICES areas were visualized. Linear mixed-
ffects regression models were employed to examine length 

nd weight, incorporating both fixed (ICES areas) and ran- 
om effects (sex and age) using the R package lme4 v1.1-35.3
Bates et al. 2016 ). The fixed effect allowed to estimate how
verage length and weight vary across these areas. The ran-
om effects accounted for variability in length and weight re-
ated to sex and age. 

Length ∼ Area + ( 1 

| Sex ) + 

(
1 

∣∣Age 
)

Weight ∼ Area + ( 1 

| Sex ) + 

(
1 

∣∣Age 
) . 

The bootMer function from the R package boot v1.3-30 

Canty 2002 ) was used to obtain robust estimates of uncer-
ainty for the model parameters, an approach that relaxes 
ssumptions of normality and independence that parametric 
ethods rely on (Davison and Hinkley 1997 , Morris 2002 ).
ost-hoc pairwise comparisons (Tukey’s test) were conducted 

sing the R multcomp package v1.4-25 (Hothorn et al. 2008 )
o evaluate differences in length and weight across ICES areas.

esults 

ioinformatics and filtering 

iltering with VCFtools kept 60 484 SNPs with sufficient 
ead depth. 41 replicate samples were removed after con- 
rming that no library or sequencing bias occurred ( Fig. S1 ).
83 SNP loci and 37 individuals contained missing values 
 10% and were removed from the dataset. 63 and 2328 SNP

oci with, respectively, expected and observed heterozygosity 
bove 50%, as well as 1404 SNP loci out of Hardy–Weinberg
quilibrium, were removed from the dataset. The final dataset 
ontained 55 706 SNP genotype calls in 324 individuals. 

utlier detection 

n overview of the number of obtained candidate outlier 
NPs detected by the two different outlier detection methods 
ith different threshold is provided in Table S2 . For pcadapt,
 = 2 was retained after assessment using a scree plot of

he proportion of variance explained by each PC. A total of
6 outlier SNPs obtained in both methods following FDR- 
djusted q -values with threshold 0.05 were used for subse-
uent analyses. The Manhattan plots with outlier SNPs ob- 
ained through the chosen threshold in pcadapt and Outflank 

re provided in Fig. S2 . The final neutral and outlier SNPs
ataset contained 324 individuals with 55 630 and 76 SNP
oci, respectively. 

enetic di ver sity and population differentiation 

bserved and expected heterozygosity, with mean values of 
.25 and 0.27, respectively ( t = 107.0, P < .001), were simi-
ar across all sampling sites. The inbreeding coefficient F IS was
ow with values ranging from 0.02 to 0.04 ( Table 1 ). There
as no evidence of population structuring based on sex, ma-

urity, or age based on the neutral ( Fig. S3 ) and outlier SNP
ataset ( Fig. S4 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
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Table 2. Pairwise fixation index ( F ST ) values (lower diagonal) for putative sole groups based on ICES areas and neutral SNP markers after 10 0 0 0 bootstraps 
and Bonferroni correction. 

EEC CEL CEL CEL WEC IRE NOS BISC BISC 

7d 7f 7g 7h 7e 7a 4c 8a 8b 

7f 0 .0008 ∗

7g 0 .0006 ∗ 0 
7h 0 .0009 ∗ 0 0 .0001 
7e 0 0 .0004 0 .0002 0 .0004 
7a 0 .0004 ∗ 0 .0002 0 .0003 ∗ 0 .0005 ∗ 0 .0002 
4c 0 .0004 ∗ 0 .0011 ∗ 0 .0011 ∗ 0 .0013 ∗ 0 .0006 ∗ 0 .0007 ∗

8a 0 .0013 ∗ 0 .0013 ∗ 0 .0011 ∗ 0 .0011 ∗ 0 .0012 ∗ 0 .0014 ∗ 0 .0022 ∗

8b 0 .0015 ∗ 0 .0010 ∗ 0 .0013 ∗ 0 .0011 ∗ 0 .0014 ∗ 0 .0016 ∗ 0 .0024 ∗ 0 .0004 
7j 0 .0008 ∗ 0 .0005 0 .0004 ∗ 0 .0006 ∗ 0 .0006 ∗ 0 .0007 ∗ 0 .0014 ∗ 0 .0012 ∗ 0 .0012 ∗

P -values < .01 are indicated with an asterisk ( ∗). 

Figure 2. Population genetic str uct ure based on (a and c) PCA and (b and d) DAPC of putative sole groups based on ICES areas after retaining the first (a 
and c) 50 PCs, (b) 100 PCs, and (d) 20 PCs, respectively, using the (a and b) neutral SNPs and (c and d) outlier SNPs dataset. Each dot represents an 
individual. The colours refer to ICES areas in which sole were collected. The PCA for the outlier dataset with PC axes 1 and 2 can be found in Fig. S4A . 
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arge scale population patterns: ICES areas 

eutral SNPs dataset 
airwise F ST values between ICES regions were low and varied
rom 0 to 0.0024 ( Table 2 ). Sole sampled in the Bay of Biscay
8a and 8b) and southern North Sea (4c) were significantly dif-
erentiated from all other locations. No significant genetic dif-
erentiation was found for sole sampled in the Celtic Sea (7f,
g, and 7h), nor was there significant differentiation between
ole in the Western English Channel (7e), and the Eastern En-
lish Channel (7d), and sole from the Western English Chan-
el (7e), Celtic Sea (7f, 7g, and 7h), and Irish Sea (7a). Sole
rom the southwest of Ireland (7j) was significantly differenti-
ted with all other ICES areas, except for 7f in the Celtic Sea.
hen applying a less stringent threshold ( P < .05), however,

ole from area 7f was also significantly differentiated with area
j ( P = .02). The highest level of significant genetic differentia-
ion was found between the southern North Sea (4c) and Bay
f Biscay (8b, F ST = 0.0024). Similarly, the PCA and DAPC
howed the largest differentiation between sole from the Bay
f Biscay and the southern North Sea along the first discrimi-
ant axis ( Fig. 2 a and b). 

utlier SNPs dataset 
airwise F ST values estimated with outlier SNPs ranged from
 to 0.0856, with the highest level of adaptive genetic differ-
ntiation between sole in the Bay of Biscay (8b) and southern
orth Sea (4c) ( Table 3 ). Sole from the Bay of Biscay (8a and
b) showed significant differentiation from all other ICES ar-
as. Similar to the neutral F ST values, no adaptive differenti-
tion was observed between sole from the Celtic Sea (7f, 7g,
nd 7h), the Western English Channel (7e), and Eastern En-
lish Channel (7d), and between the Celtic Sea (7f, 7g, and
h) and the Irish Sea (7a). Moreover, no adaptive genetic dif-
erentiation was detected in the greater Celtic Seas region (7f,
g, 7h, 7a, 7e) and the southwest of Ireland (7j). The PCA
ith axes 1 and 2 based on outlier SNPs revealed no clear ge-
graphic structuring ( Fig. S4 ); however, the PCA with axes 2
nd 3 revealed a more similar pattern to the PCA based on

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
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Table 3. Pairwise fixation index ( F ST ) values (lower diagonal) for putative sole groups based on ICES areas and outlier SNP markers after 10 0 0 0 bootstraps 
and Bonferroni correction. 

EEC CEL CEL CEL WEC IRE NOS BISC BISC 

7d 7f 7g 7h 7e 7a 4c 8a 8b 

7f 0 .0635 ∗

7g 0 .0417 ∗ 0 .0020 
7h 0 .0352 ∗ 0 .0026 0 
7e 0 .0027 0 .0293 0 .0140 0 .0102 
7a 0 .0034 0 .0271 0 .0134 0 .0087 0 
4c 0 .0029 0 .0679 ∗ 0 .0579 ∗ 0 .0481 ∗ 0 .0133 0 .0132 ∗

8a 0 .0534 ∗ 0 .0454 ∗ 0 .0481 ∗ 0 .0424 ∗ 0 .0308 ∗ 0 .0376 ∗ 0 .0506 ∗

8b 0 .0851 ∗ 0 .0722 ∗ 0 .0774 ∗ 0 .0771 ∗ 0 .0582 ∗ 0 .0715 ∗ 0 .0856 ∗ 0 .0101 
7j 0 .0309 ∗ 0 .0270 0 .0116 0 .0121 0 .0067 0 .0101 0 .0500 ∗ 0 .0471 ∗ 0 .0752 ∗

P -values < .01 are indicated with an asterisk ( ∗). 
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neutral SNPs with the subtle grouping of the Bay of Biscay 
samples (8a, 8b) and Celtic Sea and southwest of Ireland sam- 
ples (7h, 7f, 7g, and 7j). The Eastern English Channel (7d),
Western English Channel (7e), Irish Sea (7a), and to some ex- 
tent southern North Sea (4c) sole were separated along the 
x-axis ( Fig. 2 c). The DAPC based on outlier SNPs showed a 
clear separation of most sole sampled in the Bay of Biscay, par- 
ticularly the southern part (8b), and all other locations ( Fig.
2 d). Furthermore, the DAPC based on outlier SNPs revealed 

similar patterns as the DAPC based on neutral SNPs, although 

the clustering of sole from the southern North Sea (4a), East- 
ern English Channel (7d), Western English Channel (7e), and 

Irish Sea (7a) was more pronounced in the DAPC with outlier 
SNPs. 

Fine-scale population structuring: ICES statistical 
rectangles 

Neutral SNPs dataset 
Neutral F ST values were low and varied from 0 to 0.0029,
with maximum significant genetic differentiation between sole 
sampled in the Bay of Biscay (statistical rectangle 20E7 in 8b) 
and near the coast of the UK in the southern North Sea (statis- 
tical rectangle 31F1 in 4c) ( Table 4 ). No significant substruc- 
turing between statistical rectangles within any of the ICES 
areas was observed. Only one statistical rectangle was sam- 
pled in southwest Ireland (7j) and the northern part of the 
Bay of Biscay (8a). Within the Celtic Sea (7h, 7f, and 7g), no 

significant sub-structuring was detected, indicating that sole 
forms one genetically homogenous population. A significant,
positive correlation was detected between pairwise F ST and 

oceanic distance ( r = 0.63, P = .01) across the individuals 
from all 22 sampled statistical rectangles, indicating IBD ( Fig.
3 ). Admixture analysis ( K = 2 and K = 3) supported the find- 
ings from the F ST and IBD analyses by predominantly assign- 
ing sole from the Bay of Biscay (8a, 8b) to one cluster, while 
those from other sampling locations to different cluster(s) ( Fig.
4 a and b). All clusters were present in every sampling location 

for both K = 2 and K = 3. For K = 3, a subtle gradient could 

be observed with sole predominantly assigned to cluster 3 in 

the southern North Sea (4c) transitioning to cluster 2 in the 
English Channel (7d, 7e) ( Fig. 4 b). Sole from the Celtic Sea 
(7h, 7f, 7g), Irish Sea (7a), and southwest of Ireland (7j) ex- 
hibited a mixture of all three clusters. 

Outlier SNPs dataset 
Pairwise F ST values estimated with outlier SNPs ranged from 

0 to 0.1607, with the highest level of adaptive genetic differ- 
ntiation between sole from the Bay of Biscay (8b) and the
outhern Celtic Sea (7h, statistical rectangle 27E4) ( Table 5 ).
ole from the Bay of Biscay (8b, statistical rectangle 19E8)
as significantly differentiated from all other statistical rect- 

ngles, including those within the Bay of Biscay (20E7 in
b and 22E7 in 8a). Two ICES areas showed distinct adap-
ive divergence: the southern North Sea (4c, continental ver- 
us UK coast) and the Bay of Biscay (8b). Admixture anal-
sis revealed three distinct clusters ( K = 3) ( Fig. 4 c). Sole
rom the southernmost sampling location in the Bay of Bis-
ay were predominantly assigned to cluster 2, while those 
ollected near the Belgian coast in the southern North Sea
ere predominantly assigned to cluster 1. The population 

ub-structuring detected in the southern North Sea based on 

utlier SNPs could also be observed in the admixture anal-
sis with the population near the UK mostly being assigned
o cluster 3, while the populations near the Belgian coast
ere predominantly assigned to cluster 1. Sole from the En-
lish Channel and Celtic Seas were predominantly assigned to 

luster 3. 

dentification of candidate genes under selection 

 Manhattan plot showed the physical distribution of the 76
utlier SNPs across chromosomes 1 to 21 on the sole reference
enome ( Fig. 5 ), indicating a genome-wide pattern of SNP dis-
ribution. A total of 59 out of 76 outlier SNPs were located in
he coding region of a gene, and a total of 35 unique potential
andidate genes were identified ( Table S3 ). In several cases,
ultiple SNPs were detected in the coding region of the same

andidate gene with a maximum of 5 SNPs detected in the
amb21 gene on chromosome 11, which is an immune-related 

ene. 

ariation in length and weight across areas 

ole showed variability in length across the different areas,
ith specimens caught in the Western English Channel (7e) 

nd Celtic Seas area (7f and 7h) significantly larger than sole
rom other areas ( P < .05), with the exception of 7f compared
o Bay of Biscay (8a and 8b) and 7e compared to 8a ( Fig. 6 ;
ig. S5 ; Table S4 ). Significant differences in weight were found
etween 7h and all other areas except for 7e, 7f, and southwest
f Ireland (7j) ( P < .05), for 7e and 7j with areas 4c, 7d, 7g,
nd 8b ( P < .05), and between 7f and 7g ( P < .05) ( Fig. 6 ;
ig. S5 ; Table S4 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
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Figure 3. IBD based on pairwise comparisons of F ST (estimated with 
neutral SNPs) and oceanic distances between all sampled statistical 
rectangles. 
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Discussion 

Identifying the population structure and adaptive diversity of 
commercial fish species is crucial for effective and sustain- 
able fisheries management (Pearse 2016 ). We revealed novel 
insights in the population structure of data-poor sole stocks 
in the southern Celtic Sea (7h) and southwest of Ireland (7j).
We found no significant genetic differentiation between sole 
populations within the Celtic Sea (7f, 7g, and 7h) using both 

neutral and putative outlier loci. However, subtle population 

structuring of sole in the southwest of Ireland (7j) with several 
subpopulations in areas 7h (both neutral and outlier loci) and 

7f (neutral loci) was observed. In addition, we did not detect 
significant genetic neutral differentiation between sole from 

the Celtic Sea (7f, 7g, and 7h) and the Irish Sea (7a), which 

provides evidence for the suggested Irish/Celtic Sea popula- 
tion in previous studies (Cuveliers et al. 2012 , Diopere et al.
2018 ), and the Western English Channel (7e). The lack of ge- 
netic structure within these regions is corroborated by length 

and weight analyses obtained from the sampled sole, which 

showed no significant differences between the southern Celtic 
Sea (7h), Western English Channel (7e), and Celtic Sea (7f).
These new findings are imperative information for sustainable 
fisheries management in these currently data-poor, yet com- 
mercially important fishing areas. 

Sole in the Celtic Sea are genetically homogeneous 

Our results reveal the presence of one genetically homoge- 
neous sole population in the Celtic Sea (7f, 7g, and 7h). Fur- 
thermore, no neutral genetic differentiation was observed be- 
tween sole from the Celtic Sea and sole from the Western En- 
glish Channel (7e). Previous tagging experiments have sug- 
gested a counter-clockwise flux of plaice around the southern 

UK (Dunn and Pawson 2002 ), and similar pathways for sole 
could explain the connectivity between sole in the Western 

English Channel (7e) and Celtic Sea (7f, 7g, and 7h). In addi- 
tion, no genetic differentiation was found between sole from 

the Western and Eastern English Channel (7e and 7d), pro- 
viding additional evidence for the connectivity along the UK 

coasts. Moreover, sole from the Celtic Sea (7f, 7g, 7h) showed 

no significant differentiation with sole from the Irish Sea (7a).
n the Irish Sea, eggs and larvae have been documented to dis-
erse up to 300 km (van der Molen et al. 2007 ), yet prevail-

ng winds and regional currents largely hamper the transport 
rom east to west (Fox et al. 2009 ). In the case of another
atfish species, plaice, the majority of larvae originating from 

pawning grounds in the Eastern Irish Sea settled on nursery
rounds along the Welsh, English, and Scottish coasts (Fox et
l. 2009 ). Similar mechanisms can be expected for sole and
ould explain the lack of genetic differentiation observed in 

he Celtic Sea (7f, 7g, and 7h) and Irish Sea (7a). At the same
ime, the limited larval connectivity from those areas to the
oast of Ireland could explain the observed genetic differenti- 
tion with the southern Ireland sole (7j). The connectivity be-
ween sole in the southwest of Ireland (7j) to the Irish Sea (7a)
nd, to some extent, other areas in the Celtic Sea appears to
e limited. Simulations of current-mediated larval dispersal in 

ockles have shown that larvae released from coastal locations 
n southern Ireland are predominantly entrained in westward 

urrents around southern Ireland, restricting the potential of 
arval connectivity from southern Ireland to other areas (Cos- 
ia et al. 2020 ). Moreover, there is no documented evidence of
pawning or feeding migrations of sole from southern Ireland 

o areas in the Celtic Sea or Irish Sea. 

enetic differentiation between sole populations in 

he North-East Atlantic is low 

verall, sole showed low levels of genetic differentiation be- 
ween putative populations within the North-East Atlantic 
ith the highest level of genetic differentiation between sole 

rom the Bay of Biscay (ICES areas 8a, 8b) and southern North
ea (4c), which is in agreement with previous studies (Ex-
dactylos et al. 1998 , Cuveliers et al. 2012 , Diopere et al.
018 ). These low levels of genetic differentiation could be ex-
lained by extensive larval dispersal between spawning and 

ursery grounds. Pelagic larval stages increase the opportu- 
ity for long-distance dispersal and are often associated with 

ow levels of genetic differentiation over larger geographical 
istances (Riginos and Victor 2001 ). The dispersal distance 
f sole larvae shows the ability to link spawning and nursery
rounds and is directly related to the time spent in the water
olumn and hydro-dynamical conditions (Barbut et al. 2019 ).
arval exchanges between the southern North Sea (4c) and 

astern English Channel (7d) can occur in both directions,
hereas the Western English Channel (7e) also receives lar- 
ae from the Eastern English Channel (7d), but usually not
he other way around (Savina et al. 2016 ). This larval connec-
ivity might explain the absence of neutral genetic differentia- 
ion between sole populations in the southern North Sea (4c)
nd Eastern English Channel (7d) and eastern English Chan- 
el (7d) and Western English Channel (7e). The Bay of Biscay
oes not generally receive larvae from other areas, and the
roportion of larvae from the Bay of Biscay settling in the
estern English Channel is low ( ± 2%) (Savina et al. 2016 ).
verall, while eggs and planktonic larval stages can clearly

ontribute to long-distance connectivity, oceanographic con- 
itions and larval behaviour can favour certain pathways con- 
ributing to population structuring (Champalbert and Kout- 
ikopoulos 1995 , Riginos et al. 2011 ). 

A second potential explanation for the low degree of ge-
etic differentiation observed between populations is the mi- 
ratory behaviour of juvenile and adult sole between feeding 
nd spawning grounds. Selective tidal transport, a dispersal 
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Figure 4. Pie charts based on admixture coefficient of individual sole as inferred by R package LEA at (a) K = 2 and (b) K = 3 using the neutral SNP 
dataset and (c) K = 3 using the outlier SNP dataset. 
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echanism from feeding to spawning grounds (and the other
ay around) using tidal currents, likely plays an important

ole (Walker et al. 1980 ). Here, we list three well-documented
igratory routes of adult flatfish using tidal transport to high-

ight the connectivity between several areas, which might ex-
lain the absence of genetic differentiation between the re-
ions: (1) sole and plaice from feeding grounds in the Southern
ight of the North Sea (4c) to spawning grounds in the East-
rn English Channel (7d) and vice versa (Walker and Emerson
990 , Metcalfe et al. 2006 ); (2) plaice from feeding grounds in
he south-east Irish Sea (7a) to spawning grounds in the Bris-
ol Channel (7f) and off south-east Ireland (7g) (Dunn and
awson 2002 ); (3) plaice from feeding grounds in the Bris-
ol Channel (7f) to spawning grounds in the Western English
hannel (7e) (Dunn and Pawson 2002 ). Migratory routes un-
ertaken by plaice are expected to be similar for sole. The con-
ectivity of sole between the Bay of Biscay and other areas is
ather limited, but movement into the Western English Chan-
el has been observed (Koutsikopoulos et al. 1995 ). Here, sig-
ificant differentiation between sole sampled in the Bay of
iscay (8a, 8b) and Western English Channel (7e) was ob-
erved. Interestingly, no genetic differentiation was found be-
ween sole from the Bay of Biscay and those from several sam-
ling locations in the Celtic Sea (7f, 7g, and 7h) indicating
ome level of connectivity between the regions. Regardless, a
attern of IBD was observed, especially between the southern
orth Sea (4c) and Bay of Biscay (8a, 8b), highlighting the

imits to overcome large-scale geographic distances. A similar
attern of IBD along the continental shoreline has also been
bserved for sole by Cuveliers et al. (2012) and Diopere et al.
2018) . 

The combination of high gene flow among populations in
he North-East Atlantic, large effective population sizes, and
he relatively young age of the marine habitat might explain
he low levels of genetic differentiation based on neutral SNP
arkers (Cano et al. 2008 ). Glacial retreat at the end of the

ast ice age allowed the re-colonisation of the European seas
y marine organisms. Potential isolation between populations
an stay unnoticed for a long period as differences in allele fre-
uencies will only slowly accumulate (Hauser and Carvalho
008 ). In this study, the observed similarities between sole in
he Irish Sea (7a) and the southern North Sea (4c) potentially
eflect signatures of re-colonization after the last ice age. Sim-
lar hypotheses have been formulated for other high gene flow
atfish species like European plaice (Le Moan et al. 2021 ,
eist et al. 2022 ). 

atterns in adaptive variation suggest local 
daptation 

espite high levels of gene flow and low levels of genetic pop-
lation structuring commonly found in marine fishes, adap-
ive population divergence might be more prevalent than pre-
iously assumed (Nielsen et al. 2009 , Limborg et al. 2012 ),
ncluding in local sole populations. For example, adaptive di-
ergence was observed in the southern North Sea between sole
ampled near the UK and Belgian coast. Furthermore, adap-
ive divergence was detected between sole from the southern
orth Sea (4c) and Eastern English Channel (statistical rect-

ngle 30E9 near Newhaven, UK), and sole from the western
ampling location in the Western English Channel but not the
astern part of the Western English Channel (7e). This adap-
ive divergence was not observed within the Western English
hannel, although it became significant when a less stringent

hreshold ( P = .05 instead of P = .01) was applied. These re-
ults suggest the presence of adaptive processes in the region,
hich require further research. Sole in the Bay of Biscay are

enerally considered to form a panmictic population (Cuve-
iers et al. 2012 , Diopere et al. 2018 ), although spatial struc-
uring between a southern and a northern group in the Bay
f Biscay, at least on the nursery grounds, has been reported
efore (Guinand et al. 2008 ). While this study found no neu-
ral genetic population structuring between the northern and
outhern components, adaptive genetic differentiation was de-
ected between sole collected in two statistical rectangles in
b and between the northern and southern parts of the Bay
f Biscay. These findings are in agreement with several pre-
ious studies that have suggested different selective pressures
cting on sole (Rolland et al. 2007 , Guinand et al. 2008 ) and
ounder (Marchand et al. 2003 ) in the Bay of Biscay. 

utative candidate genes underlying adaptive 

otential of sole populations 

n this study, a total of 59 outlier SNPs were detected in 35
otential candidate genes spread across the sole genome. To
ighlight a few, five SNPs and two SNPs were detected in
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Figure 5. Manhattan plot of neutral and outlier SNPs (abo v e threshold) and their respective positions on chromosomes 1 to 21 of the sole genome. The 
horizontal line indicates the genome-wide significance threshold ( q -value = 0.05). 

Figure 6. Barplot ( ± standard deviation) showing (a) mean length (cm) and (b) mean weight (g) of sampled sole per ICES area. Significant differences are 
indicated in the text and Table S4 . 
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he laminin subunit beta 1 (lamb2l) and laminin subunit 2
lamb2) gene region, which are immune-related genes previ-
usly identified in the spleen of the flatfish turbot Scophthal-
us maximus (Song et al. 2024 ). A total of three and two

NPs were detected in the low-density lipoprotein receptor-
elated protein 2b (lrp2b) and very low-density lipoprotein re-
eptor (vldlr) genes, respectively, both play an essential role in
ipid metabolism (e.g. cellular signal transduction, cholesterol
omeostasis, fatty acid uptake) (Cao et al. 2023 ). Two SNPs
ere detected in the collagen alpha-1 (X) chain gene, which is
art of the collagen family that functions as important struc-
ural protein in connective tissues. In Atlantic salmon, col-
agen genes might be involved in the immune response to
ope with sea lice and other diseases (López et al. 2019 ).
everal other putative candidate genes (e.g. ST3GAL1) might
lso be related to immune responses (Decloquement et al.
023 ), while others might be related to coloration (e.g. ATP-
inding cassette sub-family G) (Feng et al. 2015 ). Diopere et
l. (2013) previously identified 29 validated SNPs in eight can-
idate genes related to maturation and growth, but we did
ot detect SNPs in those candidate gene regions. Furthermore,
e also did not detect the 19 outlier SNPs previously de-

cribed in Diopere et al. (2018) . However, similar to Diopere
t al. (2018) , several SNPs were detected in potential candi-
ate genes related to muscle activity (i.e. Rho GTPase activat-
ng protein 42a, glycogen phosphorylase, SH3, and cysteine-
ich domain-containing protein 3-like). Our findings clearly
equire further research, as adaptive population divergence
as important implications for the management and conser-
ation of sole under rapidly increasing evolutionary pressures

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf034#supplementary-data
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from fisheries- and climate-induced changes, especially on a 
local scale. 

Revision of current stock units for sustainable 

fisheries management 

Stocks have been traditionally managed according to geo- 
graphical boundaries, in European waters typically according 
to ICES divisions. Biological stocks, however, are more com- 
plex and dynamic, which could result in potential mismatches 
between traditional management areas and biological stocks 
(Reiss et al. 2009 ). A mismatch between the managed stock 

and the effective biological population can lead to the overex- 
ploitation of some spawning components and ultimately, the 
entire biological population (Abaunza et al. 2008 ). Currently,
sole in our study area is managed according to the follow- 
ing seven ICES stocks: 7f and 7g (Celtic Sea), 7a (Irish Sea),
7hjk (southern Celtic Sea South and southwest of Ireland), 4 

(North Sea), 7d (Eastern English Channel), 7e (Western En- 
glish Channel), and Bay of Biscay (8a and 8b). Sole popula- 
tions in ICES areas 7h, 7f, and 7g were genetically similar on 

both a neutral and adaptive level. Despite the lack of neu- 
tral genetic differentiation among sole in the Celtic Sea (7f,
7g, 7h), Irish Sea (7a), and Western English Channel (7e), sig- 
nificant population differentiation between several statistical 
rectangles in these areas in the outlier dataset highlights the 
role of local adaptation. Although our sampling in the south- 
west of Ireland (7j) was limited to one location, the sample 
size and number of SNPs included in our analyses provided 

strong support for the genetic signal observed in these sam- 
ples. Sole from the southwest of Ireland (7j) were significantly 
differentiated from all other ICES areas, with the exception of 
sole in the Celtic Sea (7f), which suggests at least some con- 
nectivity between the southwest of Ireland and the Celtic Sea.
On the statistical rectangle level, sole from area 7j was sig- 
nificantly differentiated with sole from one rectangle in area 
7h (neutral and outlier loci) and 7g (neutral loci). Based on 

our genetic data, we conclude that sole from 7h and 7j should 

not form one stock. Instead, sole from southwest of Ireland 

(7j) could be considered as one management unit, and sole 
from southwest of the Celtic Sea (7h) could form one manage- 
ment unit together with sole from 7f and 7g. Yet, biological 
data must be taken into consideration as well. For instance,
sole from area 7g were significantly smaller and weighted less 
compared to sole collected in 7e, 7f, and 7h, which is likely re- 
lated to the larger proportion of younger fish sampled in that 
area. Therefore, analysing differences in growth patterns with 

a more comprehensive dataset could clarify this. 

Conclusion 

This study revealed several novel insights into the population 

structure of sole in the Celtic Seas, including the stock identity 
of sole in two data-poor regions: the southern Celtic Sea (7h) 
and southwest of Ireland (7j). We propose a revision of the 
current stock status of 7hjk and recommend the establishment 
of two distinct management units: sole from the southwest 
of the Celtic Sea (7h) combined with sole from 7fg and sole 
from the southwest of the of Ireland (7j).The lack of genetic 
structure between the southern Celtic Sea (7h) and Celtic Sea 
(7f) is supported by biological metadata related to length and 

weight. In addition, multiple potential candidate genes have 
been identified, which can be used for investigating signatures 
of selection in future research. Our genetic findings in com- 
ination with biological parameters are imperative to inform 

tock assessments to ensure the implementation of sustainable 
sheries management. 
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