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Abstract 

The greater argentine is a benthopelagic fish with a northern amphi-Atlantic and southern Arctic distribution. Landings of this species 
have been steadily increasing since the early 20 0 0s, mainly for ultra-processed fish food. The rising economic importance of this species 
begs for an accurate delineation of the management units needed to ensure the sustainability of the fishery. The alignment between 

management and biological units was investigated on three of the ICES stocks in the NE Atlantic (123a4, 5a14, and 5b6a) by genotyping 

88 ad hoc- developed SNPs on 1299 individuals sampled along the Norwegian coast, north of Shetland, around the Faroe Islands, 
and in the Denmark Strait within Icelandic waters. Candidate loci to positive selection were particularly crucial for units’ delineation 

and supported the current ICES 5b6a and 5a14 stocks around the Faroe Islands and Iceland, respectively . However , within the third 

stock in vestig ated, 123a4, which corresponded mainly to the Norwegian coast, the sample from area 3a (Skagerrak) was significantly 
different from all the remaining in the same stock. This differentiation advocates for reconsideration of the present policy and suggests 
considering ICES Area 3a (Skagerrak) as an independent management unit. The environmental conditions in the Skagerrak area have 
left a genetic print on other marine taxa, which could putatively be the case in the greater argentine. 
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ntroduction 

isheries are considered sustainable when they do not com-
romise the persistence of viable wild populations; however,
ajor global threats such as illegal, unreported, and unreg-
lated fishing, overfishing, pollution, climate change, and
ften complex bureaucracy hinder this goal (Worm et al.
009 , Hilborn and Stokes 2010 , Osio et al. 2015 , Spies et al.
015 , Pauly and Zeller 2016 ). A reliable management is one
f the requirements of sustainability and needs to be based,
mong other pillars, on biologically valid management units
also called stocks) (Kerr et al. 2017 ). Stock delineation based
pon political and administrative considerations (Stephen-
on 2002 ) has often led to misalignment with biological
nits (Frank and Brickman 2000 , Reiss et al. 2009 , Kerr
t al. 2017 ), whereas methods of stock definition based on
iology (see Cadrin et al. 2014 for revision) have in recent
ecades been complemented by genetic- and genomic-based
pproaches (Reiss et al. 2009 , Funk et al. 2012 , Ovenden et
l. 2015 , Casey et al. 2016 , Bernatchez et al. 2017 ) to increase
ccuracy and prevent the overexploitation of unique spawn-
ng components (Allendorf et al. 2008 , Kerr et al. 2017 ).
ampling adults during spawning periods, particularly in
igratory species, is the best approach to identify population

tructure and to accurately outline management units (Nesbø
t al. 2000 , Hutchinson et al. 2001 ). 
The Author(s) 2024. Published by Oxford University Press on behalf of Interna
rticle distributed under the terms of the Creative Commons Attribution License 
euse, distribution, and reproduction in any medium, provided the original work 
The greater argentine, also known as Atlantic argen-
ine, greater silver smelt, or herring smelt ( Argentina silus
scanius 1775), is a benthopelagic fish found along the
ontinental shelves on both sides of the northern Atlantic
nd southern Arctic oceans (Emery and McCracken 1966 ,
ergstad 1993 , Magnússon 1996 ) within a bathymetric dis-

ribution ranging from 140 to 1440 m depth (Cohen 1984 ).
n Norwegian waters, spawning takes place from April
hrough October (Bergstad 1993 ) although the locations of
he spawning grounds are not known. However, Magnús-
on (1996) reported that, in Icelandic waters, spawning in-
ividuals were found in all months except January. Males
n spawning condition were most abundant in March, April,
nd July, whereas females were most abundant in Febru-
ry , July , and December, indicating that although the species
pawns year-round in Icelandic waters, intensive spawn-
ng seems to take place between April and July, and in
ecember. 
Greater argentine is a long-lived, slow-growing species that

an reach 30 years of age (Bergstad 1993 ) and matures at the
ge range of 4–12 years, mean age for females being 6 years
nd 7 for males (Johannessen and Monstad 2003 ). Growth
s slightly faster in females, and, at 1 year of age, fish mea-
ure ∼12–22 cm, reaching 30 cm at the age of 5 (Bergstad
993 ). Unlike most of the Argentinidae, which rarely > 25 cm
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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Figure 1. Map displaying the sampling locations of Argentina silus along with the current stock codes and management units. Stations marked with 
symbols of identical colours represent samples that were merged for analyses. Symbol shapes indicate the current ICES fishing stocks, delineated with 
thick lines and labelled with big fonts. Dotted lines demarcate ICES statistical areas, identified by small numerals. The 20 0–60 0 m depth interval, the 
core depth range for A. silus , is shaded. Note: ICES areas 1a and 1b, situated in the Barents Sea, are not depicted in this map. 
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in length, greater argentine can grow up to 40–50 cm after 
20 years. The 50% maturity point is reached by males at a 
length of 36–37 cm and at an age of ∼8 years, and by females 
at a length of 37–38 cm and ∼9 years (Magnússon 1996 ). In 

the Rockall area ( Fig. 1 , see Faroe_58), greater argentines feed 

on salps, ctenophores, and other prey in the benthopelagic 
environment (Mauchline and Gordon 1983 ), whereas in the 
western Atlantic they have been found with ‘shrimp-like crus- 
taceans’ in their stomachs (Cohen 1958 , Cohen 1964 ). A 

diet analysis conducted by Borodulina (1964) showed that 
European and American Atlantic greater argentines foraged 

on chaetognaths, euphausiids, hyperiid amphipods, shrimp,
squid, and ctenophores, as well as fish (by large individuals 
of 48–49 cm). 

Landing records of greater argentine depict the rising 
economic importance of this species since the early 2000s 
( Supplementary Fig. S1 ) as well as bycatch landings, which 

have increased from 350 t in 2012 to 7786 t in 2018 (ICES 
2021 ). Historically, the harvest was the result of by-catches in 

the mixed industrial trawl fisheries, mainly in the North Sea,
and was either discarded or processed for reduction. However,
from the mid-1970s, a directed fishery intended for human 

consumption started in Skagerrak and mid-Norway (Johan- 
nessen and Monstad 2003 ), in Icelandic and Faroese waters 
in the mid-1990s, and in West Scotland −Northern Ireland in 

early 2000s (ICES 2021 ). Greater argentine meat is primarily 
used in ultra-processed fish food, due to its softness, binding 
capacity, and high fat content (Østebrød 2020 ). 

Greater argentine inhabits 2 of FAO major fishing areas: 21 

and 27 in the NW and NE Atlantic, respectively. The manage- 
ment of the latter is subdivided by the International Council 
for the Exploration of the Sea (ICES) into four stock units 
(ICES 2021 ): (i) ICES areas 1, 2, 3a, and 4 (Aru.27.123a4); 
(ii) ICES areas 5a and 14 (Aru.27.5a14); (iii) ICES areas 5b 
nd 6a (Aru.27.5b6a); and (iv) ICES areas 6b, 7–10, and 12
Aru.27.6b7–1012), with most of the fisheries concentrated in 

eeper waters and on shelf edges within the three first men-
ioned stock units. Until 2015, only greater argentine around 

celand was treated as a separate assessment unit, as Icelandic
ife-history studies suggested that a separate stock might ex- 
st in Subarea 5a (ICES 1998 ). During the ICES benchmark
eeting in 2010 (ICES 2010 ), the outline of stock structure
as put forward, and hence, data and analyses were presented
n growth curves (age and length data), maturity ogives (age
t first maturity and gonad stage), and distribution and tim-
ng of spawning (Hallfredsson 2010 ). These analyses generally 
rouped data into the three main fisheries areas: Iceland, Faroe
slands, and Norway. In 2015, the remaining ICES areas were
llocated into current advisory units, as fishing grounds were 
onsidered sufficiently isolated (ICES 2014 ). This delineation 

egarded the stock units as populations, but without an un-
erlying genetic basis. Therefore, assessing genetic structure 
ould provide important information to better manage the 

pecies, be it as independent populations requiring local man- 
gement, or as transboundary stocks requiring close interna- 
ional cooperation. 

The objective of this study is to assess the genetic structure
f greater argentine in the north-east Atlantic and use this
nformation to investigate whether the current management 
nits of ICES stock delineation align with biological units. 

aterial and methods 

ampling 

 total of 1299 individuals were sampled at multiple loca-
ions in the NE Atlantic Ocean ( Fig. 1 ), covering 3 of the 4
tocks outlined by ICES hereafter referred to as: ‘Norwegian’,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
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ru.27.123a4 ( N = 762); ‘Icelandic’, Aru.27.5a14 ( N = 95);
nd ‘Faroese’, Aru.27.5b6a ( N = 235). Within those stocks,
ndividuals were distributed into 14 samples ranging from
 = 40 to N = 201 (see Table 1 ). Most of the fish were

ollected in seven sampling areas along the Norwegian coast,
rom the Norwegian Sea in the north to the North Sea and
kagerrak in the south. In addition, fish were collected north
f Shetland, around the Faroe Islands (including in the Faroe
rench), and in the Denmark Strait in Icelandic waters. Some
reas, such as northern and western Norway and the Faroe
slands, were sampled several years. Sampling was conducted
uring scientific trawl surveys (2016–2019), and fish were
aught in bottom trawls near the seafloor, handled and sam-
led by trained personnel in accordance with national legisla-
ion. Geographically close sampling stations showing no ge-
etic differentiation across years were merged in one sample
o increase sampling size and statistical power. More than 300
ndividuals were collected around Faroe Islands; they were
herefore distributed in samples according to their geographic
ositions within 1 

◦ latitude from 58 

◦ to 62 

◦. Fin clips were
reserved in 96% ethanol prior to DNA extraction. 
Finally, in spite that ideally only breeding adults should be

sed for genetic stock assessment, the wide breeding time win-
ow of this species led to have mixed samples of adults and
uveniles in some of the locations ( Supplementary Table S1 ).
he discrimination between both age groups was based upon
aturity, with juveniles belonging to stage 1 and adults be-

onging to stage 2 and upwards. However, sample NorthSea_S
ontained representative numbers of both groups to assess ge-
etic divergence in connection to age. 

evelopment of SNP mark er s and genotyping 

o capture as much genetic differentiation as possible, high-
uality DNA (high molecular weight fragments with an
 260 / 280 absorbance ratio between 1.8 and 2.0) from 16 in-
ividuals collected in geographically distant areas, i.e. Bear Is-

and (Barents Sea; N = 8) and Faroe Islands ( N = 8), was
sed for the initial SNP detection. DNA was isolated us-
ng a Qiagen blood and tissue kit following the manufac-
urer’s recommendations. A double-digest RAD (ddRAD) li-
rary was constructed for SNP mining following Manousaki
t al. (2015) using a SbfI–SphI restriction enzyme combina-
ion and sequenced on the Illumina MiSeq platform. Sequence
eads were demultiplexed, and SNPs were identified/scored us-
ng STACKS 1.47 (Catchen et al. 2013 ) parameters (de novo
ssembly; parameters m = 6, M = 2, and n = 1) before
NP locus primer design for the MassARRAY iPLEX Plat-
orm (Agena Bioscience). A panel of 100 SNPs was thus devel-
ped and genotyped in-house in an attempt to balance geno-
yping costs and statistical power based upon former success-
ul experiences (e.g. Quintela et al. 2020 , 2021b , Seljestad et
l. 2020 ). For genotyping the complete set of samples, total
enomic DNA was extracted from fin clips using the Qia-
en DNeasy 96 Blood and Tissue Kit following the manu-
acturer’s instructions. Individuals were genotyped for an ar-
ay of 100 SNPs on a MassARRAY platform using an iPLEX
eaction (Agena Bioscience) (Gabriel et al. 2009 ). Genotypes
ere called with TyperAnalyzer 4.1.83 (Agena Bioscience),

nd all genotypes with a mass height < 0.4 were removed.
oth the markers developed for this study and the resulting
enotypes can be publicly accessed from the HI repository
 https:// hdl.handle.net/ 11250/ 3122412 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://hdl.handle.net/11250/3122412
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Data handling and analysis 

SNP loci and individuals missing > 20% data were discarded,
resulting in the removal of 8 loci and 133 individuals. Like- 
wise, 4 monomorphic markers were also discarded, leav- 
ing a dataset of 1166 individuals genotyped at 88 polymor- 
phic SNP loci. To assess whether the SNP array would ac- 
curately discriminate between individuals in a population,
a genotype accumulation curve was built using the func- 
tion genotype curve in the R (Team 2020 ) package poppr 
(Kamvar et al. 2014 ) by randomly sampling × loci with- 
out replacement and counting the number of observed mul- 
tilocus genotypes (MLGs). This was repeated r times for 1 

locus up to n -1 loci, creating n -1 distributions of observed 

MLGs. 
Observed ( H O 

) and unbiased expected heterozygosity 
( uH E ), as well as the inbreeding coefficient ( F IS ), were esti- 
mated for each sample with GenAlEx (Peakall and Smouse 
2006 ). The genotype frequencies of each locus and heterozy- 
gote deficit or excess were compared with Hardy-Weinberg 
expectations (HWE) using the programme GENEPOP 7 

(Rousset 2008 ), as was linkage disequilibrium (LD) between 

pairs of loci. HWE and LD were examined with the follow- 
ing Markov chain parameters: 10 000 steps of dememoriza- 
tion, 1000 batches, and 10 000 iterations per batch. The False 
Discovery Rate (FDR) correction (Benjamini and Hochberg 
1995 ) was applied to P -values to control for Type I errors.
Data were plotted via a principal component analysis (PCA),
which was conducted using the function dudi.pca in ade4 

(Dray and Dufour 2007 ). 
Loci carrying signatures of locally divergent selection can 

be powerful markers to assess spatially explicit genetic struc- 
ture, and to define stocks for fisheries management (Russello 

et al. 2012 , Schulze et al. 2020 ). Thus, three approaches were 
combined to identify loci possibly departing from neutrality: 
BayeScan 2.1 (Foll and Gaggiotti 2008 ), LOSITAN (Antao 

et al. 2008 ), and Arlequin 3.5.1.2 (Excoffier et al. 2005 ). In 

BayeScan, sample size was set to 10 000 and thinning interval 
to 50. Loci with a posterior probability > 0.99, corresponding 
to a Bayes factor > 2 ‘decisive selection’ (Foll and Gaggiotti 
2006 ), were retained as candidate outliers. In LOSITAN, a 
neutral distribution of F ST with 1 000 000 iterations was sim- 
ulated, with forced mean F ST at a significance level of 0.05 

under an infinite allele model. In Arlequin, analysis was simu- 
lated based on 1000 demes with 50 000 simulations under a 
hierarchal island model. Loci flagged as deviating from neu- 
tral expectations by the three methods simultaneously were 
handled as candidate outliers and kept separate when appro- 
priate. 

Genetic structure was assessed using AMOVA and pair- 
wise F ST (Weir and Cockerham 1984 ) estimated with Ar- 
lequin 3.5.1.2 (Excoffier et al. 2005 ) using 10 000 permu- 
tations. The Bayesian clustering approach implemented in 

STRUCTURE 2.3.4 (Pritchard et al. 2000 ), and conducted 

with ParallelStructure (Besnier and Glover 2013 ), was used 

to identify genetic groups under a model assuming admix- 
ture and correlated allele frequencies, both with and without 
LOCPRIORS to assist the clustering. Ten runs with a burn- 
in period of 100 000 replications and a run length of 1 000 

000 MCMC iterations were performed for K = 1–K = 10 

clusters. STRUCTURE output was then analysed using two 

approaches to assess the number of clusters: (i) the ad hoc 
summary statistic �K of Evanno et al. ( 2005 ) and (ii) the 
four statistics Puechmaille (2016) (MedMedK, MedMeanK, 
axMedK, and MaxMeanK), both implemented in Structure- 
elector (Li and Liu 2018 ). Finally, the 10 runs for the se-
ected K s were averaged with CLUMPP 1.1.1 (Jakobsson and
osenberg 2007 ) using the FullSearch algorithm and the G’
airwise matrix similarity statistic, and graphically displayed 

sing barplots. Furthermore, the relationships among samples 
ere also examined using the discriminant analysis of princi- 
al components (DAPC; Jombart et al. 2010 ) implemented in
degenet (Jombart 2008 ), in which groups were defined us-
ng (i) geographically explicit samples and (ii) current ICES 
tocks. To avoid overfitting, both the optimal number of prin-
ipal components and discriminant functions to be retained 

ere determined using the xvalDapc cross-validation func- 
ion, also in adegenet (Jombart and Collins 2015 , Miller et
l. 2020 ). 

The relationship between genetic ( F ST ) and geographic dis-
ance ( Km ) was examined to test for isolation by distance
IBD) (Wright 1943 , Slatkin 1993 , Rousset 1997 ). A two-
ailed Mantel (1967) test was conducted using PASSaGE 2 

Rosenberg and Anderson 2011 ) and significance was assessed 

ia 10 000 permutations. The matrix of pairwise shortest dis-
ance by water was calculated with the R (Team 2020 ) pack-
ge marmap (Pante and Simon-Bouhet 2013 ). 

esults 

he genotype accumulation curve showed that as few as 15–
0 loci carried enough power to discriminate between unique 
ndividuals, thus confirming the resolution capacity of the SNP 

rray used ( Supplementary Fig. S1 ). Observed ( H O 

) and unbi-
sed expected heterozygosity (u H E ) were similar across sam-
les ( ∼0.3) ( Table 1 ). Some 154 SNP locus-population combi-
ations (12.5% of the total 1232) deviated from HWE, which
ropped to 70 (5.7%) after FDR correction. A total of 2691
f the 53 592 pairwise tests for LD (5%) showed significant
ssociations, which dropped to 12 (0.02%) after FDR correc- 
ion. Heterozygote deficits were significant in all samples but 
toregga. Loci Asi_112 and Asi_127 displayed strong and sig-
ificant linkage in all samples. 
The first axis of the PCA biplot, built upon 88 loci, drove a

triation pattern lacking a geographic basis ( Fig. 2 a). The load-
ngs on the first axis of the PCA revealed that the two above-
entioned loci in LD were responsible for such clustering. The

opological distribution of the individuals into three groups 
 Supplementary Fig. S2 ) resulted in a frequency of 1–0.5–0 per
roup for loci Asi_112 and Asi_127, which could putatively 
e regarded as AA–AB–BB karyotypes. Collectively, 87.5% of 
he fish carried karyotype AA, whereas BB was the minority
3.5%). Karyotype AA showed a decreasing frequency trend 

outhward ( Supplementary Table S2 ), broken by Faroe sam-
les. Skagerrak not only showed the smallest proportion of 
A (63.8%) but singled out for displaying the largest fre-
uency of AB (29.8%). Dataset was LD-pruned by remov- 
ng locus Asi_112, as it contained a slightly larger percentage
f missing data than Asi_127. The PCA resulting from the
7 LD-pruned loci lacked the striped pattern, yet remained 

nable to show geographic discrimination among individuals 
 Fig. 2 b). 

The three outlier procedures conducted on the LD-pruned 

ataset consistently flagged five loci as candidates to positive 
election: Asi_052, Asi_073, Asi_088, Asi_103, and Asi_127 

 Supplementary Table S3 ). All of them were retained as puta-
ive outliers; however, none of their flanking regions could be

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
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(a)

(b)

Figure 2. Principal Component Analysis (PCA) of greater argentine ( Argentina silus ) from NE Atlantic with individuals coloured according to samples 
based upon: (a) 88 polymorphic SNPs and (b) 87 polymorphic SNPs after removing one of the two linked loci. 
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(a)

(b)

Figure 3. Barplot representing the proportion of individuals’ ancestry to cluster as inferred from B a y esian clustering in S TR UCTURE using LD-pruned set 
of 87 SNPs at K = 2 (a) with LOCPRIORS to assist the clustering, and without LOCPRIORS at K = 2 (b) and K = 4 (c), respectively. Samples were 
organiz ed f ollo wing the division of ICES stocks. 
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nnotated using BLAST. Major allele frequencies per sample
or the outliers can be found in Supplementary Table S4 . Allele
si_052_A showed the greatest divergence between samples,

anging from a frequency of 91.1% in Faroe_62% to 26% in
kagerrak. 

Hierarchical AMOVA based on 87 LD pruned loci re-
ealed no significant differentiation among current ICES
tocks ( F CT = 0.0008, P = .098), whereas significant differ-
ntiation was detected among samples within ICES stocks
 F SC 

= 0.0024, P < .0001), as well as within samples
 F ST = 0.0035, P < .0001). After FDR correction, pairwise F ST 

evealed that Skagerrak significantly differed from all samples
 Table 2 ), whereas in the rest of the samples within the Nor-
egian stock, F ST ranged between 0 and 0.005. Only five pair-
ise comparisons were significant. Iceland only differed from

he southernmost Norwegian samples (NorthSea_N/S and Sk-
gerrak). Within the Faroese stock, the southernmost sample
Faroe_58) showed weak ( F ST = 0.005–0.007) but significant
ifferentiation from Faroe_62 and Faroe_60, respectively. The
outhernmost samples of the Faroese stock (Faroe_58 and
aroe_59) did not differ from the samples in the Norwegian
tock with the exception of Skagerrak. 

Hierarchical AMOVA based upon the 82 neutral loci re-
ealed no significant differentiation among current ICES
tocks ( F CT = 0.000, P = .696), but weak significant differen-
iation among samples within stocks ( F SC 

= 0.001, P = .004),
nd within samples ( F ST = 0.001, P = .003). The pairwise F ST 

atrix revealed that few pairwise comparisons retained statis-
ical significance; however, Faroe_62 and Faroe_60 remained
ignificantly different from the Norwegian samples south of
toregga, and Skagerrak still differed from the northernmost
aroese samples ( Supplementary Table S6 ). The five candidate
utliers to positive selection revealed significant differentia-
ion among ICES stocks ( F CT = 0.039, P = .021) within stocks
 F SC 

= 0.039, P < .001), and within samples ( F ST = 0.076,
 < .0001). In the F ST pairwise comparisons, Skagerrak dif-

ered from all samples and showed large F ST values when com-
ared to the Icelandic and Faroese samples. All samples in
he Norwegian stock differed from Iceland as well as from
aroe_60 to Faroe_62 ( Supplementary Table S6 ). Deficits of
eterozygotes in the set of neutral loci, were detected in only
our samples (NorthSea_N and S, Lofoten, and Nordland). 

STRUCTURE analysis was conducted on the LD-pruned
ataset of 87 loci. A posteriori analysis of STRUCTURE
utcomes using LOCPRIORS selected K = 2 as the most
ikely number of clusters, both following Puechmaille and
vanno’s methods ( Supplementary Fig. S3 a). The correspond-

ng barplot ( Fig. 3 a ) confirmed the distinctiveness of Skager-
ak and suggested subtle latitudinal trends both in the Nor-
egian and Faroese stocks. The outcome of STRUCTURE
ithout priors yielded K = 2 and K = 4 for Puechmaille

nd Evanno’s methods, respectively ( Supplementary Fig. S3 b).
espite the lack of geographic information to interpret the

lustering, at K = 2, Skagerrak retained its uniqueness ( Fig.
 b), but no patterns appeared among the remaining sam-
les. The clustering at K = 4 did not provide further clar-
ty ( Fig. 4 c). STRUCTURE conducted using LOCPRIORS on
he set of 82 neutral loci revealed differentiation between the
orwegian and Iceland −Faroese stocks but little differenti-

tion within stocks ( Supplementary Fig. S4 a). Lacking pri-
rs to assist the clustering revealed the inability of the set
f neutral markers to show differentiation among samples
 Supplementary Fig. S4 b). Likewise, no divergence related to
aturity stage was detected in the sample from NorthSea_S

 Supplementary Fig. S7 a −b). 
The cross-validation function for DAPC analysis on the ge-

graphically explicit samples at 87 LD-pruned SNPs selected
0 principal components (PCs) and 3 discriminant functions.
he first axis of differentiation, accounting for 40.7% of the
ariation, showed that the centroid for Skagerrak individu-
ls slightly deviated from the remaining individuals ( Fig. 4 a),
espite the general overlap of samples. DAPC was also con-
ucted on the three ICES stocks plus Skagerrak considered as
n extra one. The first axis of variation of the DAPC built
pon 80 PCs and 3 discriminant functions explained 63% of
he variation and revealed no overlapping among centroids

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
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(a)

(b)

Figure 4. DAPC based upon 87 polymorphic SNPs of greater argentine ( Argentina silus ) from NE Atlantic. Individuals were grouped according to: (a) 
geographically explicit samples and (b) current ICES stocks plus Skagerrak. 
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f the 4 putative units, which would further support the dis-
inctiveness of Skagerrak ( Fig. 4 b). The loadings on the first
xis revealed that four loci (Asi_052, Asi_088, Asi_120, and
si_127) were the main drivers of the genetic differentiation
mong stocks. Major allele frequency per locus and stock
 Supplementary Table S7 ) further singled Skagerrak out. 

No significant correlation between genetic distance ( F ST )
nd shortest water distance (km) was detected for any of the
ets of SNPs, including the total dataset of 88 loci ( r xy = 0.185,
 = .157), the 87 LD-pruned SNPs ( r xy = 0.182, P = .159),

he putatively neutral 82 ones ( r xy = 0.000, P = .441), or
he 5 candidate outliers to directional selection ( r xy = 0.299,
 = .097). 

iscussion 

he need to harmonize biological and management units
as been repeatedly put forward when contrasting popula-
ion genetics information and stock delineation of commer-
ial species (Leone et al. 2019 , Rodríguez-Ezpeleta et al. 2019 ,
uintela et al. 2020 , Aguirre-Sarabia et al. 2021 ). In partic-
lar, genotyping spawning adult individuals improves the ac-
uracy of the delineation of genetic stocks (Nesbø et al. 2000 ,
utchinson et al. 2001 ). 
This study scrutinizes the delineation of ICES current stocks

or Argentina silus by analysing 88 SNP loci genotyped on
166 fish. The neutral fraction of those markers revealed ex-
remely low overall differentiation, close to a panmictic sin-
le stock. However, adaptive divergence sometimes appears in
sh populations despite neutral markers suggesting panmixia
Hemmer-Hansen et al. 2007 , Freamo et al. 2011 ). The impor-
ance of outliers for management delineation, highlighted by
ussello et al. (2012) , has been illustrated in the literature us-

ng various molecular tools. Allozyme locus SOD ∗ suggested
wo stocks of sardine along the Moroccan coast (Chlaida et
l. 2008 ). Locus PanI not only discriminated between north-
ast Arctic and Norwegian coastal cod stocks but also al-
owed real-time management of the fishery (Johansen et al.
018 ). Outlier candidates at microsatellites and SNPs also dif-
erentiated spring- and autumn-spawning herring in the Baltic
ea (Bekkevold et al. 2016 ), and diagnostic SNPs differenti-
ted four herring management units in the Faroese and sur-
ounding waters (Kongsstovu et al. 2022 ). Likewise, outlier
NPs were proposed to outline stocks of kingklip ( Genypterus
apensis) in Namibia, South Africa (Schulze et al. 2020 ). 

In the current study, the contribution of the five candi-
ate outliers to positive selection depicted a non-panmictic
cenario and suggested that the ICES current Faroese stock
Aru.27.5b6a) aligned with biological units and differed from
he remaining stocks. The Icelandic stock (Aru.27.5a14)
hould be taken with caution because, although the only sam-
le available (collected far west in the Danmark Strait) was
ignificantly different from all the remaining at the five pu-
ative outliers, the species is also distributed both south and
ast of Iceland, and therefore some mixing may occur in the
celand–Faroe Ridge. 

In contrast, a revision of the stock boundaries could be
uggested for the so-called Norwegian stock (Aru.27.123a4:
CES areas 1, 2, 3a, and 4), as the clear genetic differentia-
ion detected between Skagerrak and the rest of the Norwe-
ian coastal samples ( F ST computed at 87 loci ranging from
.004 to 0.011) would support establishing the ICES 3a area
s an independent management unit. Even though divergence
as weak, small F ST values can be biologically meaningful
n marine fish; e.g. in coastal Atlantic cod, F ST values as low
s 0.0037 correspond to separate temporally persistent local
opulations (Knutsen et al. 2011 ). The differentiation between
kagerrak and the remaining samples of the Norwegian stock
s virtually absent at the subset of putatively neutral mark-
rs in an analogous manner to what occurs among European
ake populations, where no differentiation between North
ea and Skagerrak–Kattegat was detected at neutral loci but
evealed with loci under positive selection (Westgaard et al.
017 ). However, the differentiation computed using the set of
andidate outliers ( F ST ranging from 0.087 to 0.203) further
orroborates the importance of markers under positive selec-
ion for management outline. 

The Baltic Sea is a young and evolving environment that
urned from fresh to brackish water ∼6500–9800 year BP
Zillén et al. 2008 ) and is connected to the North Sea via the
arrow channels of the Kattegat, Skagerrak, and Belt Sea. This
arine region is characterized by both restricted water move-
ent and strong environmental gradients in an area that tran-

itions from the marine waters of the North Sea to the west-
o-east gradient of low salinity of the Baltic. Johannesson et
l. (2020) provide a comprehensive review on the North Sea–
altic Sea multispecies contact zone. Marine organisms col-
nized the Baltic from the North Sea over the course of the
ast 8000 years (Johannesson et al. 2020 ), or from recently
erived Pacific lineages (Nikula et al. 2007 ). Others seem to
ave gradually evolved by local adaptation in the contact zone
espite experiencing gene flow from ancestral marine popula-
ions (Martínez Barrio et al. 2016 , Jiménez-Mena et al. 2020 ).
daptation to salinity has been invoked as the driving force
f speciation of at least two species that evolved in the Baltic
Pereyra et al. 2009 , Momigliano et al. 2017 ). As a transition
one, Skagerrak is inhabited by several taxa that show adapta-
ions to salinity, including fish (Nielsen et al. 2003 , Gaggiotti
t al. 2009 , Berg et al. 2015 , Guo et al. 2016 , Quintela et
l. 2020 , Jansson et al. 2023 ), molluscs (Väinölä and Hvil-
om 2008 , Luttikhuizen et al. 2012 ), jellyfish (Lucas 2001 ),
nd diatoms (Sjöqvist et al. 2015 ). Genome sequencing stud-
es on Atlantic herring and Atlantic cod have suggested the
xistence of standing genetic variation available for adaption
o a changing environment, which allowed both species to suc-
essfully adapt to the brackish waters of the Baltic (Andersson
t al. 2023 ). 

Differentiation between Skagerrak and the rest of the sam-
les (in particular those within the same stock) occurred
ostly at loci putatively under directional selection and sug-

ests that differentiation may be connected to adaptive pro-
esses. However, the reduced representation of the molecular
arkers used in this study does not allow further inferences,

ncluding the association between genetics and environmental
actors. 

Finally, the three-stripped pattern in the PCA biplot was
riven by two loci in strong linkage disequilibrium. Again,
he sample from Skagerrak singled out with a percentage of
eterozygotes for those loci that was much larger than the re-
aining samples. Striations in PCA can potentially unravel

hromosomal inversions using high-density SNPs (Ma and
mos 2012 ); this approach has been validated using large SNP
rrays (Jiménez-Mena et al. 2020 , Nowling et al. 2020 , Hale
t al. 2021 , Mérot et al. 2021 ) and has been suggested using
educed-SNP representation (Quintela et al. 2021a ). Large-
cale chromosome inversions involved in ecological adapta-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae055#supplementary-data
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tion have been identified in Atlantic herring in connection with 

temperature at spawning (Pettersson et al. 2019 ) and allegedly 
linked to migratory lifestyle and salinity tolerance in Atlantic 
cod (Matschiner et al. 2022 ). We cannot exclude the possi- 
bility of chromosome inversions occurring in the greater ar- 
gentine genome, but more powerful genomic tools would be 
needed to clarify this issue. 
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