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Abstract 

The European sea bass ( Dicentrarchus labrax ) is a commercially and recreationally important fish widely, distributed across the North- 
east Atlantic Ocean and Mediterranean Sea. Two distinct lineages that represent the Atlantic and Mediterranean regions have been 

previously identified, with a hybrid zone close to the Almeria–Oran front. The presence of fine-scale population structure within the 
Northeast Atlantic region is less clear. Here, we investigated population structure in adult samples obtained from the northern part of 
the Atlantic range surrounding the UK, Ireland, Belgium, Germany, France, the Netherlands, and Norway, along with outgroups from 

Portugal and the Mediterranean, using a panel of 41 K single nucleotide polymorphism mark er s. Population structure among Northeast 
Atlantic Ocean samples was weak in both spawning—( FST = 0.0 0 022) and feeding—( FST = 0.0 0 032) season data sets, with small pairwise 
FST values between sample pairs. However, average FST was larger between spawning samples than between feeding samples, with a 
pattern of isolation-by-distance among the spawning samples, but not the feeding samples, suggesting some biologically meaningful 
population structure. The largest pairwise FST values at both International Council for the Exploration of the Sea (ICES) rectangle and 

division scales involved a sample from the west of Ireland. We found no evidence of a gradient in “Mediterranean” ancestry among 

samples collected around the UK in our data set or in a reanalysis of a published data set where such a pattern had been previously 
identified. In summary, there was no evidence that sea bass in different ICES divisions within the Northeast Atlantic Ocean represents 
genetically separate populations. Further work is required to reconcile evidence from tagging and modelling studies that suggest the 
potential for demographic independence with the genetic data. 
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anaging fish stocks in an environmentally, economically,
nd socially sustainable manner based on best-available scien-
ific evidence is a legal requirement in both the UK (Fisheries
ct 2020 ) and the EU (European Commission 2013 ). Achiev-

ng these targets is challenging for fisheries managers as they
ust deal with a legacy of overfishing (Thurstan et al . 2010 )

nd actively plan for future environmental and climatic con-
itions (Cheung et al . 2012 ). Accurately delineating fisheries
tocks, defined here as groups of individuals with similar de-
ographic and genetic characteristics that respond indepen-
ently to fishing, is essential for conservation and management
s failure to do so can impact stock sustainability (Ovenden
t al . 2015 ). 

Genetic methods have been widely used as a tool for de-
ineating populations and have now been used in fisheries
anagement for over five decades (Ovenden et al . 2015 ).

uch methods allow the quantification of gene flow, selec-
ion, and genetic drift (Vendrami et al . 2017 ), and provide
nsight into genetic connectivity among populations. Further-
ore, genetic diversity can be managed in its own right as lo-

alized adaptative traits are important to the ongoing health
f fish stocks (Limborg et al . 2012 ). More recently, genetic
onnectivity has been incorporated into the broader frame-
ork of Marine Functional Connectivity, which incorporates

nformation on the “spatial exchange of biomass, individ-
als, genes, and energy via the collective movements of all
arine organisms during their lifetimes” (Darnaude et al .
024 ). A multitude of genetic techniques exists to survey
enetic diversity; however, single nucleotide polymorphisms
SNPs) are now the most commonly used marker for stud-
es of population structure in a wide range of taxa (Hel-
ar et al . 2011 ). When genotyped in thousands or millions,
hey provide considerable statistical power and have acceler-
ted the uptake of genetics into marine fisheries management.
NPs have been successfully employed in many species, such
s Atlantic cod Gadus morhua (Johansen et al . 2020 ), At-
antic herring Clupea harengus (Bekkevold et al . 2023 ), and
tlantic bluefin tuna Thunnus thynnus (Rodriguez-Ezpeleta
019 ). However, despite these successes, even relatively low
evels of gene flow can dilute signals of population structure,
ven when utilising thousands of SNP markers (Limborg et al .
012 ). To ameliorate this, the use of SNPs under positive selec-
ion have been used to resolve fine-scale population structure
n species with large effective population sizes, large migra-
ion rates, lack of geographic barriers, and pelagic dispersal
hases to their lifecycles (Nielsen et al . 2012 , Andersson et al.
024 ). 
European seabass Dicentrarchus labrax (Linnaeus, 1758)

Moronidae, Teleostei), hereafter referred to as “sea bass,” is
 euryhaline, eurythermal, marine fish whose range extends
rom the Mediterranean Sea to the Northeast Atlantic Ocean
Pickett and Pawson 1994 ). Sea bass exhibits several charac-
eristics that have implications for population structure, or
ack of it. Adults are highly migratory; tagged individuals have
igrated distances greater than 1000 km in a 2-month period

Pawson et al . 2007 ), suggesting the potential for high disper-
al and gene flow. Additionally, sea bass reproduce through
ass release of pelagic eggs at spawning sites (Mayer et al .
990 ), followed by pelagic larval development for 50–70 days
Jennings and Ellis 2015 ). At present, genetic evidence sug-
ests two distinct genetic lineages: one in the Mediterranean
ea and another in the Northeast Atlantic Ocean (Tine et al .
014 ). In the Northeast Atlantic Ocean, ICES manages sea
ass based on four stocks: “West of Scotland and Ireland”;
Atlantic-Iberian”; “Bay of Biscay”, and “North Sea, English
hannel, Celtic and Irish Sea.” The existence and extent of
opulation structure within these ICES management units are
ess clear, with considerable effort having been put into eluci-
ating stock structure. 
In brief, using allozymes, Child (1992) found evidence for

wo stocks around the UK: one in the Irish Sea and another
n the Thames Estuary and English Channel. Subsequent re-
earch using microsatellites (Fritsch et al . 2007 ), or mitochon-
rial DNA (mtDNA) found little evidence of genetic structur-

ng within the Atlantic Ocean (Lemaire et al . 2005 ). How-
ver, Coscia and Mariani (2011) , discovered low, but signif-
cant, FST variance (i.e. genetic differentiation) between Irish
ea and English Channel, as well as Celtic Sea and southern
orth Sea specimens. Recent research, predominantly using

NPs identified some genetic structure principally driven by
editerranean introgression into southern (Portuguese) pop-

lations (Souche et al . 2015 , Ratcliffe et al . 2022 ). Robinet
t al . (2020) identified no strong structure, but detected subtle
arriers to dispersal by analysing the introgression of Mediter-
anean alleles into the Atlantic population(s). Evidence from
enetics, tagging, and larval/juvenile pelagic drift studies re-
ealed strong connectivity between the northern (ICES divi-
ions 4.b and c, 7.a, d–h) and southern (ICES divisions 8.a and
) Atlantic sea bass stock units (Robinet et al. 2020 , de Pon-
ual et al. 2023 , ICES 2023 ). Potential boundaries were iden-
ified within the northern sea bass stock, particularly between
he North Sea and the Celtic/Irish Sea suggesting a single meta-
opulation structure representing a group of spatially sepa-
ated populations interacting at some level through migration,
eproduction, and/or feeding (Robinet et al. 2020 , de Pontual
t al. 2023 , ICES 2023 ). 

In this study, we investigated the fine-scale structure of
ea bass in the northern Atlantic Ocean stocks—principally
he “North Sea, English Channel, Celtic and Irish Sea” and
West of Scotland and Ireland” stocks using an SNP geno-
yping array (Allal et al . 2020 ). We utilized samples collected
rom around the UK, Ireland, Belgium, Germany, France, the
etherlands, and Norway, alongside reference samples from
ortugal and the Mediterranean Sea to document spatial pat-
erns of Mediterranean ancestry. 

ethods 

ample collection and SNP genotyping 

cales or tissue samples from 1152 sea bass were sourced
rom around the UK, Ireland, Belgium, France, Germany, the
etherlands, Norway, Portugal, and the Mediterranean Sea

rom scale archives, market sampling, and bespoke capture,
uring both the spawning and the feeding seasons ( Fig. 1 a
nd b; Supplementary Table S1 ). All samples were adults with
he exception of the Portuguese samples, which were juveniles.
cales were dried and stored at room temperature before cut-
ing into approximate 2 × 2 mm pieces. Dissection equipment
as sterilized between samples. One to eight dissected frag-
ents (depending on the size of the original scales) were used

or SNP genotyping. DNA extraction and SNP genotyping us-
ng the Axiom Dlab chip, a 57 K SNP array developed for sea

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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Figure 1. (a and b) Sampling locations for spawning and feeding seasons labelled with ICES rectangle in yellow circles. ICES divisions are also shown. 
Southern samples are shown as inset in spawning sample map. See Supplementary Table S1a and b for samples sizes and other information for each 
site. Figure 1 c and d. Pairwise FST among ICES divisions for spawning and feeding samples. Cells are coloured by FST value (included as text) and the 
statistical significance after Bonferroni correction is indicated (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). 
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bass aquaculture studies (Allal et al . 2020 ) were performed at 
the GENTYANE INRAE Clermont platform. 

SNP calling and filtering 

Axiom Analysis Suite (5.1.1, Affymetrix 2011 ) was used 

to call genotypes across four 384 well genotyping arrays 
using “Best Practice Genotyping Analysis Workflow.” Ar- 
ray output files with Dish QC values below 0.82, QC call 
rates below 0.97, and a plate-wide average call rate be- 
ow 98.5% were excluded from downstream analysis. Fur- 
her quality filtering was undertaken in PLINK (1.9; Pur- 
ell et al . 2007 ) where SNPs with minor allele frequencies
MAFs) < 0.05 and Hardy Weinberg Expectation (HWE) 
ere significant at < 1 × 10−10 were pruned from the dataset.
runing SNPs based on linkage disequilibrium was not per- 
ormed as LD was accounted for during the SNP chip
esign. Individuals missing > 5% of SNPs were removed,
long with one of any pair of individuals with relatedness
 0.35. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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ata set partitioning 

o investigate population structure in Northeast Atlantic
cean, individuals were divided into two data sets that re-
ected putative spawning and feeding seasons based on the
ampling month (Data sets 1 and 2: Northeast Atlantic Ocean
pawning and feeding samples). Individuals caught between
ebruary and May were assigned as “spawning,” individuals
aught between June and November were assigned as “feed-
ng.” Individuals caught in December and January were as-
igned as “spawning” in ICES divisions 7.d and 7.e and as
feeding” in the North Sea (ICES divisions 7.c and north)
Britton et al . 2023 ). The Mediterranean Sea and Portuguese
amples were included as outgroup samples to detect signals
f Mediterranean ancestry for both data sets. 

enetic di ver sity 

verage HE , HO, and FIS (expected and observed heterozy-
osity and the deficit of heterozygotes in a sample relative
o those expected under HWE) were estimated for each ICES
ectangle across all SNPs along with % polymorphic loci us-
ng the gl.report.heterozygosity of dartR (Gruber et al . 2018 ,
upplementary Table S1 ). 

utlier identification 

 search for SNPs potentially (a) affected by selection in
amples surrounding the UK and (b) loci putatively affected
y selection between the Northeast Atlantic Ocean and the
editerranean Sea was conducted using three different meth-

ds: Bayescan version 2.0 (Foll and Gaggioti 2008 ), Out-
LANK (Whitlock and Lotterhos 2015 ) and pcadapt (Luu et
l. 2017 ). Bayescan parameters were: n = 5000, thinning = 10,
b = 20, pilot = 5000, burn = 50 000, and pr-odds = 100.
 q -value threshold of 0.05 was used as a threshold for out-

ier detection. OutFLANK was run using the default param-
ters ( LeftTrimFraction = 0.05, RightTrimFraction = 0.05,
min = 0.1, qthreshold = 0.05) using the gl.outflank wrap-
er script from dartR (Gruber et al . 2018 ). Pcaadapt was run
sing default parameters and a k = 2 and only for the (b) data
et that included the Mediterranean and Portugal N sample. 

opulation structure 

opulation structure was investigated using several comple-
entary methods. Global FST and associated standard error
as estimated using Weir and Cockerham’s (1984) theta im-
lemented in the globalFST function of FinePop2 (Kitada et
l . 2021 ) for the spawning and feeding datasets (excluding
he Portuguese and Mediterranean Sea samples) at the scale
f ICES rectangle and ICES divisions ( https://www.ices.dk/ 
ata/maps/pages/default.aspx ). Only sites with 10 or greater
ndividuals were included in the analyses. Pairwise Weir and
ockerham’s FST was calculated using the gl.fst.pop func-

ion in dartR (Gruber et al . 2018 ) for feeding and spawning
amples independently and at two spatial scales: (a) among
CES rectangles and (b) among ICES divisions and also for
eeding and spawning samples combined. P values were cal-
ulated using 1000 bootstraps for the for the independent
pawning and feeding data sets and 10 000 permutations for
he larger combined matrix. Sequential Bonferroni correction
as applied to P values with the R function p.adjust in stats

R core team 2023 ) for the ICES area data sets and using
enjamini and Hochberg ( 1995 ) correction for the combined
eeding/spawning matrix due to the large number of pairwise
omparisons. Differences in the relative magnitude of pairwise
heta between spawning and feeding data sets at the ICES
ectangle scale were visualized using network graphs (force-
lots) implemented in the qgraph R package after conversion
o similarity matrices by dividing each value in both feeding
nd spawning Fst matrices by the maximum FST value across
oth data sets in order to standardize edge thickness across the
wo plots, followed by subtracting each standardized FST from
 (Epskamp et al . 2012 ). A permutation test was performed
n the magnitude of pairwise theta between the feeding and
pawning data ICES rectangle sets using the lmp function of
mperm R package (Wheeler and Torchiano 2025 ). 

Mantel tests were performed using the ade4 package in R
Dray and Dufour 2007 ) with p-values calculated using 1000
ermutations on pairwise FST and pairwise sea distances (km)
stimated using the Contour pairwise marine distances script
Assis et al . 2013 ) on feeding and spawning data sets indepen-
ently. Portuguese and Mediterranean Sea samples were ex-
luded from the analyses to ensure the results were not driven
y these geographically and genetically outlying sites. 
Population specific FST s, which use both differences in allele

requencies and heterozygosity to determine differentiation
rom a putative ancestral population (Kitada et al . 2021 ) were
alculated using the pop_specificFST function of FinePop2
ackage in R (Kitada et al . 2021 ). This data set included all
amples (feeding and spawning) and included the Mediter-
anean Sea and Northern and Southern Portuguese samples.
rincipal components analysis was performed using the glPCA
unction of adegenet in R (Jombart 2008 ) on the spawning
nd feeding data sets independently, both with, and without,
he Mediterranean Sea and Portuguese samples. 

Clustering analysis was performed using sparse non-
egative matrix factorization (sNMF) in LEA (3.8.0; Frichot
nd François 2015 ). Ten repetitions were run for each k.
ross entropy was used to select the best-supported num-
er of clusters ( k = 2–10). sNMF results use the best-fitting
epetition for the best-supported number of clusters. Out-
uts were summarized and plotted using the R package pong
Behr et al. 2016 ). In addition, the relationship between geo-
raphic distance from the Mediterranean Sea and the % of the
enome with Mediterranean ancestry was investigated by run-
ing LEA with K = 2 (Atlantic vs Mediterranean ancestry) for
oth the feeding and spawning data sets and taking the mean
Mediterranean” ancestry component for individuals in each
CES rectangle, which were plotted against sea distance from
he Northern Portugal sample. The lm function in base R was
sed to fit linear models. 

esults 

ver one thousand ( n = 1152) sea bass samples were
enotyped for 57 K SNPs and ∼51 K SNPs passed ini-
ial Affymetrix quality controls. Subsequent filtering removed
10 K SNPs, with 3547 removed due to strong deviations

rom HWE, and 6965 due to MAF. After removing samples
ith < 10 individuals, 901 individual sea bass (representing
8 geographic localities) and 41 022 SNPs were included in
ownstream analysis. Observed and expected heterozygosities
ere similar across all Atlantic Ocean samples with HE and
O 

∼ 0.35 for all samples ( Supplementary Tables S2a and
2b ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://www.ices.dk/data/maps/pages/default.aspx
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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Figure 2. Pairwise Weir and Cockerham’s FST (theta) for feeding (fe) and spawning (sp) sea bass samples labelled by the ICES rectangle from which they 
were collected (see Fig 1 a, b). All samples comprise at least 10 individuals). Cells are coloured by FST value and the statistical significance after 
Benjamini and Hochberg ( 1995 ) correction is indicated by ∗∗∗= P < 0.001, ∗∗P = 0.01, ∗P = 0.05. 
https:// www.ices.dk/ data/ maps/ Pages/ ICES- statistical- rectangles.aspx . 
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Outlier identification 

Bayescan identified no SNPs and OutFLANK identified one 
SNP locus potentially influenced by selection in the At- 
lantic + Northern Portugal dataset. Pcadapt was not run in 

the Atlantic only data set due to lack of structure in PCA 

plots. Bayescan identified 20 loci putatively under positive se- 
lection in the Atlantic Ocean vs Mediterranean Sea data set 
( Supplementary Fig. S1a ), OutFLANK identified 1553 loci 
( Supplementary Fig. S1b ) and pcadapt identified 1242 loci.
Overall, there were 2037 loci across the three methods with 

738 in common between outflank and pcaadapt and 12 loci 
in common across the three methods. 

Population structure 

Global FST among the Northeast Atlantic Ocean sam- 
ples was small, with global FST = 0.000316 (standard 
rror ( se ) = 0.000054) among the UK Atlantic Ocean
pawning samples when partitioned at ICES rectangle level 
nd FST = 0.0002235 ( se = 0.0000414) when individuals 
ere combined into ICES divisions. Global FST = 0.00022 

 se = 0.000032) among the Atlantic feeding samples 
hen partitioned into ICES rectangles and FST = 0.0001 

 se = 0.000026) when individuals were combined into ICES
ivisions. When including the Mediterranean Sea and Por- 
uguese samples, global, FST was larger, with FST = 0.0062 

 se = 0.0000796) for the spawning sample data set. 
Within the Atlantic samples surrounding the UK, pairwise 

ST was small among ICES rectangles, ranging between 0 and 

.0019 for spawning samples and between 0 and 0.0016 for
eeding samples. P values for permutation tests revealed some 
airwise FST values that were significantly different from zero 

fter Benjamini and Hochberg ( 1995 ) correction ( Fig. 2 ) with
ne feeding sample showing significant differences in almost 

https://www.ices.dk/data/maps/Pages/ICES-statistical-rectangles.aspx
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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Figure 3. Forceplots of feeding and spawning pairwise similarity (1–FST ). The line colour saturation and the width of the edges show the absolute weight 
and scale relative to the strongest weight in the plot. Nodes represent ICES rectangles and are coloured by ICES division. 
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ll pairwise comparisons (32F1; North Sea, ICES division 4.c).
ifferentiation between ICES divisions was also very low with
airwise theta ranging from 0 to 0.0019 for spawning sam-
les, with Northern Portugal significantly different from all
ther ICES divisions ( Fig. 1 c). The Irish Sea (ICES division
.a) and West Coast of Ireland (ICES division 7.b) showed
he greatest differentiation ( FST = 0.0019). Pairwise FST be-
ween feeding samples was smaller, ranging from 0 to 0.0005
ith a some statistically significant comparisons despite the

mall FST ( Fig 1 d). The West Coast of Ireland (ICES division
.b) had somewhat larger ( ∼double) pairwise FST values than
ther comparisons. 
Pairwise FST were significantly larger between ICES rect-

ngle spawning than between feeding samples (Permutation
est, P = 0.015; Supplementary Fig. S2 ). Differences between
airwise FST of the spawning and feeding assemblages is illus-
rated using network forceplots ( Fig. 3 ) where similarity (1-
ST ) is plotted. Thicker bars between nodes (ICES rectangles)
ndicate greater genetic similarity. 

Mantel tests revealed a significant relationship between log
eographic sea distance and genetic distance ( FST ) within the
ortheast Atlantic Ocean spawning date set ( P = 0.031) but
ot in the feeding data set ( P > 0.05) when excluding the Por-
uguese and Mediterranean Sea samples ( Supplementary Figs
2a and b). See Supplementary Table S1a , b for samples sizes
nd other information for each site and season. 

opulation (sample) specific FST 

he Mediterranean Sea sample had the lowest sample specific
ST . Feeding and spawning samples had similar sample specific
ST , with one feeding site (32F1, North Sea, ICES division 4.c)
nd three spawning sites (26E6, English Channel, ICES divi-
ion 7.e; 34E0, West Coast of Ireland, ICES division 7.b; and
0E4; Bristol Channel, ICES division 7.f) showing higher val-
es ( Fig. 4 ). 
Principal components 1 and 2 accounted for 3.42% and

.49% of the total variation in the data set, respectively in-
luding the Mediterranean Sea and Portuguese samples and
he PCA identified clear differentiation between the North-
ast Atlantic Ocean samples, the Portuguese samples, and
he Mediterranean Sea ( Fig. 5 a). The two Portuguese sam-
les form a cluster with North and South Portugal samples
ifferentiated on PC2 ( Fig. 5 a) with two individuals from the
outhern Portuguese site intermediate with the Mediterranean
ea cluster. The Northeast Atlantic Ocean samples form a sin-
le cluster with clear differentiation from the Mediterranean
ea and Portuguese samples. Principal component analysis on
olely the Northeast Atlantic Ocean samples did not reveal
ny site-specific clusters and there was considerable overlap
etween individuals across both the ICES division ( Fig. 5 b)
nd rectangle scales for both feeding and spawning data sets.
he first two PCs each explained 0.43% of the total variation.

odel-based clustering 

odel-based clustering identified k = 2 as the largest log-
ikelihood, with the Mediterranean Sea sample with strong

editerranean ancestry and the Atlantic samples with lower
editerranean ancestry ( Fig. 6 ). Larger K s did not reveal ad-

itional population structure within the Northeast Atlantic
cean ( Supplementary Fig. S4 ). The Southern Portuguese in-
ividuals showed an average Mediterranean component of
9%, but with a wide range of Mediterranean ancestry (15%–
0%). This suggested the presence of several Mediterranean
igrants or admixed migrants in the sample and some individ-
als that had much lower Mediterranean admixture compo-
ents typical of Atlantic sites. The Northern Portuguese sam-
le showed an average of 7.8% Mediterranean ancestry, with
he samples surrounding the UK showing an average of 1.2%–
.7% Mediterranean ancestry ( Fig. 6 ). 

editerranean ancestry and geographic distance 

here was no evidence of a relationship between the admix-
ure proportion and distance from the Mediterranean Sea
ithin the samples surrounding the UK and Ireland or any ev-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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Figure 4. Population (sample) specific FST values for feeding and spawning sea bass samples by ICES rectangles, where the initial two-digit number 
indicates degrees latitude. See Supplementary Table S1a . b for samples sizes and other information for each site and season. 
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idence of genetic breaks associated with ICES division when 

using solely the samples surrounding the UK and Ireland ( Fig.
7 ). We also investigated the relationship between geographic 
distance and Mediterranean ancestry using the loci identi- 
fied by Bayescan, OutFLANK, and pcadapt as putatively af- 
fected by selection. Similar patterns were identified as using 
the whole data set, but confidence intervals were larger ( Fig.
8 ). No genetic breaks among ICES divisions in the English 

Channel were identified. 

Discussion 

This study utilized dense sampling of European sea bass from 

across the Northeast Atlantic Ocean, in waters surrounding 
the UK, and more than 41 000 SNP markers suggests ex- 
tremely low levels of population structure. Global and pair- 
ise levels of FST are smaller than those previously identified 

n other commercially important marine fishes at similar geo- 
raphic scales (see below). Measures of population differenti- 
tion, as measured by FST, were small across almost all sample
airs with statistically significant differences identified mainly 
n comparisons involving a few specific sites. The West of Ire-
and (ICES division 7.b) spawning sample was the most differ-
ntiated of the samples with a higher pairwise FST value and
as statistically significantly differentiated from the Irish Sea 

ICES division 7.a) with lower pairwise FST values compared 

o other divisions. While pairwise FST s were small, spawning 
amples had significantly larger pairwise FST values than feed- 
ng samples, suggesting some biologically meaningful struc- 
ure within the data set. There was evidence of isolation-by-
istance among spawning samples surrounding the UK and 

reland, but not within the feeding data set. Principal com-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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(a) (b)

Figure 5. Principal component analysis of spawning sea bass samples by ICES division, including (a) and excluding (b) samples from the Mediterranean 
Sea and Portugal. 

(a)

(b)

Figure 6. Output of model-based clustering for spawning (a) and feeding (b) sea bass samples arranged by ICES rectangle [for K = 2 (greatest log 
likelihood clustering)]. Portuguese and MED outgroups are included in both plots. 
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onent analysis and model-based clustering failed to identify
ny evidence of population structure within the Northeast
tlantic Ocean samples. We identified an expected steep de-
line in Mediterranean ancestry between the Mediterranean
ea and the Northeast Atlantic Ocean, but there was no evi-
ence of a decrease in Mediterranean ancestry in relation to
eographic distance within the Northeast Atlantic Ocean sam-
les (when excluding Portugal). 

opulation structure 

verall, we identified low levels of population structure
mong sea bass in the Northeast Atlantic Ocean. Global FST 

as small in both spawning and feeding data sets. Global
ST ranged between 0.0001 and 0.000316 depending on the
cale (ICES rectangles vs divisions), and between spawning
nd feeding collection periods. This is comparable to the
ST = 0.0002 estimated in the SNP-based sea bass study of
obinet et al . ( 2020 ), which included a wider sampling area,
ut fewer SNPs ( n = 1012). However, it is smaller than the
alue of FST = 0.009 found by Coscia and Mariani (2011) us-
ng microsatellite markers. FST values in marine fish are typ-
cally considered to be small, with Ward et al . (1994) identi-
ying an average FST of 0.062 across 57 marine species. This
alue was estimated using mainly allozyme based studies, but
ore recent analyses using SNP markers have found compa-

able values. For example, Wright et al . (2021) found a global
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Figure 7. Proportion of Mediterranean ancestry in spawning (a) in relation 
to geographic sea distance from the Northern Portuguese sample. Error 
bars are 2x standard error. Populations are coloured by ICES division. 
Regression line is shown in black ( y = 0.02 + 0 ∗ distance + e). Adjusted 
R2 value = −0.0484, P = 0.5622. 
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FST of 0.045 in Atlantic cod ( Gadus morhua ) sampled from 

around the Scottish coastline, which is almost 2 orders of mag- 
nitude greater than found here in sea bass suggesting much 

lower levels of genetic structure in sea bass than typically 
found in cod. 

Pairwise FST values were also small at both the ICES rectan- 
gle and ICES division scales. However statistically significant 
pairwise comparisons were identified within the data set at 
both ICES scales. The west of Ireland sample had the highest 
pairwise FST value of all comparisons which could indicate 
this area is more genetically isolated than other areas in the 
study, but as the result is based on a single sample, caution is 
needed in any inferences drawn. A single ICES rectangle in the 
North Sea off Clacton (32F1) during the feeding period was 
an outlier in both the population specific analyses and had 34 

out of 34 pairwise comparisons, which were statistically sig- 
nificant (after Benjamini and Hochberg correction). The rect- 
angle did not have a small sample size nor geographic isola- 
tion that could explain the higher levels of structure or higher 
population specific FST in this sample. However, the sampled 

scales were archived in 2007 and the age may have impacted 

the genotyping. Other outlying samples are the spawning sam- 
ples from the west coast of Ireland (34E0) which are in a dif- 
ferent ICES stock to the other samples in the data set (“West of 
Scotland and Ireland”). This sample has 18 of 34 statistically 
significant pairwise comparisons. This sample is a geographi- 
cal outlier and the sample size is the smallest that we included 

in the analysis ( n = 10). Other parameters ( HE , HO, and FIS ) do 

not appear unusual, but it is also an outlier on the population 

specific FST plot ( Fig. 4 ). Spawning samples 26E6 and 30E4 

(English Channel, ICES divisions 7e and 7d) were outliers on 

the population specific FST analysis and similar to the outly- 
ing feeding sample had high FIS indicating more heterozygotes 
than expected within the sample. 

The low levels of population structure in sea bass identified 

here are predicted by particle tracking models, which follow 
he modelled trajectories of planktonic eggs and larvae and 

ndividual tagging experiments. Particle tracking models sug- 
est that there is considerable connectivity between putative 
ea bass spawning areas around the UK (Beraud et al . 2018 ,
raham et al . 2023 ) with particles originating in the Western
nglish Channel moving further east and north into the North
ea as well as into the Bristol channel. Interestingly, particles
riginating in the Bay of Biscay were also shown to settle in the
estern English Channel. Tagging studies have also demon- 

trated large-scale movements of adult sea bass in UK waters,
howing some individuals moving between the Celtic Sea/Irish 

ea and the North Sea (Wright et al . 2024 ) and some individu-
ls moving between the Bay of Biscay and the Western English
hannel (de Pontual et al . 2023 ). 
The significantly higher level of population structure found 

n spawning samples compared to feeding samples suggests 
hat there is increased population integrity during the spawn- 
ng season (January–May) than in the feeding season, which is
xpected when investigating marine fish stocks based on ge- 
etic parameters (Carvalho and Hauser 1994 ). Sea bass are
nown to form spawning aggregations between February and 

une in waters surrounding the UK (Pickett and Pawson 1994 ,
awson et al . 2007 ) and migrants can exhibit strong fidelity
o summer feeding and winter spawning areas (de Pontual et
l. 2023 ). 

Outlier loci can be useful in identifying fine scale population
tructure in marine species where effective population sizes 
re large, reducing the rate at which drift can modify allele
requencies (Nielsen et al . 2012 ). Three methods were used
n this study to identify outlying loci, which may have been
nfluenced (directly or indirectly through linkage) by some 
ype of selection. We identified a single locus that was likely
ffected by selection within the UK Atlantic samples using 
utFLANK and none with Bayescan. However, including the 
editerranean Sea sample resulted in larger numbers of pu- 

atively selected loci;–20 markers with Bayescan and 1530 

ith OutFLANK and 1242 with pcadapt, reflecting the ef- 
ect of numerous genetic barriers to gene flow that exist be-
ween Atlantic Ocean and Mediterranean sea bass lineages 
Tine et al . 2014 ). We used SNPs under divergent selection
etween lineages (i.e. those with reduced introgression rates) 
o investigate within-Atlantic population structure by investi- 
ating the relationship between Mediterranean ancestry and 

eographic distance from the Mediterranean Sea. Using this 
trategy, Robinet et al . (2020) identified a break in Mediter-
anean ancestry between the eastern and western parts of the
nglish Channel, suggesting a barrier to effective dispersal in 

his area. Robinet et al . (2020) also found a slight increase
n Mediterranean ancestry northward to the English Chan- 
el, which was attributed to “allele surfing” of rare Mediter- 
anean alleles in the northern part of the species range due to
orthern expansion, or more efficient selection against weakly 
eleterious Mediterranean alleles in the larger populations of 
he Bay of Biscay than in populations around the UK. We
id not identify such a break in the English Channel in this
tudy using either the full data set or solely outlier loci ( Figs
 and 8 ), or a trend of increasing MED ancestry as distance
rom the Mediterranean Sea increased among the northeast- 
rn Atlantic samples. To further investigate this discrepancy,
e accessed genotype data and ancestry output files from 

he Robinet et al.’s ( 2020) paper ( https://zenodo.org/records/ 
989825 ). We identified a number of cases where unexpect- 
dly high-individual MED ancestry was associated with high 

https://zenodo.org/records/3989825
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Figure 8. Proportion of Mediterranean ancestry in spawning samples in relation to geographic sea distance from the Portugal North sample using outlier 
loci. Error bars are 2x standard error. Populations are coloured by ICES division. (a) Bayescan outliers (20 loci), (b) OutFLANK outliers (1553 loci), (c) 
pcadapt outliers (1242 loci), and (d) all outliers (2037 loci). 
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evels of individual missing data. Thus, we refiltered the Robi-
et et al. (2020) data to exclude individuals with > 5% miss-
ng data ( Supplementary Fig. S5a and S5b ) and replotted the
obinet et al. (2020) MED ancestry figure (Robinet et al. Fig.
 a and c), which no longer showed an increase in MED an-
estry in the northeast Atlantic along with smaller error bars
cross the whole data set as a result of outlying individuals be-
ng removed ( Supplementary Fig. S6a and S6b ). The finding of
ncreasing Mediterranean ancestry in the samples around the
K, appears to have been driven by a single sample from the
orth East UK (NEUK), which had a small sample size ( n = 8)

nd large FIS . Two individuals had very high levels of missing
ata and large MED ancestry ( Supplementary Fig. S5a ). Thus,
 combination of small sample size and missing data in some
ndividuals appears to have led to an artefactual increase in

ED ancestry in the northeastern Atlantic from the English
hannel northwards in the Robinet et al. (2020) paper. Af-

er filtering the Robinet et al.’s ( 2020 ) data, the results for the
ortheastern Atlantic are similar to those found in our study. 

anagement implications 

his study identified weak structure within the Northeast At-
antic Ocean sea bass stock, but identified some structure 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf064#supplementary-data
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between the West of Ireland and Irish Sea/English Channel,
indicating the potential for differentiation between the "West 
Coast of Ireland and Scotland" and “North Sea, English 

Channel, Celtic and Irish Sea” stocks. Some previous stud- 
ies have indicated population structuring across similar ge- 
ographic areas, (e.g. Fritsch et al . 2007 ), but the results were 
not consistent (e.g. Child 1992 , Coscia and Mariani 2011 ).
Large scale studies have not found distinct population struc- 
ture within the northern stock (e.g. Souche et al . 2015 , Robi- 
net et al . 2020 ) making the identification of stocks based on 

genetic structure difficult (ICES 2023 ). However, high levels 
of fidelity to feeding and spawning areas as adults (de Pontual 
et al . 2023 ) would suggest that smaller management units are 
needed than are currently in place to effectively manage the 
stock and ensure sustainability. As a result, it is important to 

consider connectivity between areas in terms of pelagic drift 
of eggs and larvae, and adult movements to define subpopu- 
lations that could be included within a single metapopulation 

management unit that could be used to drive future ICES as- 
sessments (ICES 2023 ). 

Bringing together all existing data on genetics, pelagic drift,
and migration suggest that “Northern” and “Biscay” sea bass 
are not separate populations but exist as a metapopulation 

with potentially distinct subpopulation components with con- 
nectivity between current ICES advice units (ICES 2023 ).
However, there was insufficient evidence to identify the sub- 
populations or zones of mixing as the evidence was contra- 
dictory (ICES 2023 ). In addition, it is likely that connectivity 
exists between all four of the existing stock units (i.e. North- 
ern, Biscay, Atlantic-Iberian, and West of Scotland and Ire- 
land), so further genomics, tagging, biophysical modelling,
and otolith microchemistry studies, are needed to understand 

exactly how sea bass within the Northeast Atlantic Ocean are 
connected, the subpopulations that should be considered, in 

order to define the relevant management units. Utilizing addi- 
tional analytical methods may also be informative, including 
novel population-specific genotype by phenotype associations 
to identify introgressed individuals and migrants (Leitwein et 
al. 2024 ), species essential habitat modelling to identify suit- 
able spawning habitat and environmental barriers (Dambrine 
et al. 2021 ), and dynamic energy budget modelling to predict 
size and season specific distributions based on physiological 
parameters (Teal et al. 2012 ). 
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