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Despite its economic importance, the population structure of the European hake, Merluccius merluccius, is unresolved, and the species is
assessed based on two stocks (northern and southern) separated by the Capbreton Canyon. In order to shed light into the European hake
population structure, we used Restriction-site-Associated DNA sequencing (RAD-seq) to discover and genotype thousands of genome-wide
single nucleotide polymorphisms in more than a hundred samples. Our population genetic inferences confirm differentiation of
Mediterranean and northeast Atlantic locations and reveal management relevant information within the latter. First, hake in the Norwegian
Sea is genetically different from that of the rest of the locations under study and, second, samples from the eastern Bay of Biscay and the
northwestern Iberian Peninsula are not genetically different. These results imply that samples from the northern stock belong to different ge-
netic populations, and that samples belonging to locations included in the northern and southern stocks are part of a single genetically ho-
mogeneous population. Although the definition of the boundary between the northern and southern stocks and the potential need for
additional stocks still requires further analyses, the mismatch between biological and management units should already be considered in fur-
ther assessments of European hake.
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Introduction
Determining spatio-temporal genetic variation is important for

sustainable fishery management (Hauser and Carvalho, 2008).

Yet, intrinsic characteristics of marine fish such as large popula-

tion sizes, high dispersal capacity, and high fecundity often trans-

late into low genetic differentiation even at interoceanic distances

(Nielsen and Kenchington, 2001; Nielsen et al., 2009). This often

results in a mismatch between biological and management units

(Reiss et al., 2009), which can lead to reduced productivity, local

reduction of populations, and in extreme cases, to local popula-

tion collapse (Bonfil, 2005). An example of potential mismatch

between biological and management units is the European hake

(Merluccius merluccius; Reiss et al., 2009), an important commer-

cial fish that inhabits the Northeast Atlantic Ocean and adjacent

seas (Korta et al., 2015; ICES, 2018). Within the Northeast

Atlantic Ocean, the European hake is managed by the

International Council for the Exploration of the Sea (ICES) as-

suming two stocks separated by the Capbreton Canyon, the

northern stock extending northward to Norway (ICES Division

3a, Subareas 2, 4, 6, and 7, and Divisions 8a, b, and d) and the

southern stock, southward to Gibraltar Strait (ICES Divisions 8c

and 9a; ICES, 2011, 2018). Yet, this separation is not based on
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clear biological evidences other than the assumption of the barrier

effect of the Capbreton Canyon (Casey and Pereiro, 1995).

Additionally, in locations from the northern stock (e.g. Bay of

Biscay), the main spawning season ranges from January to

March, whereas in locations from the southern stock (Galicia and

Portugal), spawning occurs all year-round with the presence of

several other peaks in summer and autumn (Korta et al., 2015;

Dominguez-Petit, 2017).

There is still no consensus on the population structure of the

European hake (Roldán et al., 1998; Castillo et al., 2005; Pita

et al., 2014). Studies based on otolith chemistry, which reflects

where fish has been born and grown, have detected differences

between samples from southern (represented by northern

Portugal) and northern (represented by the Norwegian Sea and

West of Scotland) stocks (Swan et al., 2006), whereas others

(Tanner et al., 2012) found no significant differences between

samples from the northern (represented by the Celtic Sea and the

Armorican Shelf) and the southern stock (represented by samples

from the Portugal and Galician Shelf). Early studies based on mi-

crosatellite genetic markers resulted in conflicting results. For ex-

ample Lundy et al. (1999) found differentiation within the

northern (e.g. Celtic Sea and Norwegian Sea) and southern (e.g.

Cantabrian Sea and southern Portugal) stocks but no differentia-

tion between the two stocks (e.g. Celtic Sea and Bay of Biscay).

Castillo et al. (2005) confirmed the lack of differentiation between

samples from the Bay of Biscay (ICES Divisions 8c vs. 8a, b, d)

belonging to the two stocks but found no differentiation between

the Cantabrian Sea and Portuguese coast samples (ICES Divisions

8 and 9). More recent studies using microsatellites have con-

firmed the lack of differentiation between Bay of Biscay samples

belonging to northern and southern stocks and suggested a possi-

ble differentiation of North Sea samples (Pita et al., 2011, 2014).

Despite the advent of High Throughput Sequencing technolo-

gies and their demonstrated potential to study population struc-

ture in marine fish (Bernatchez et al., 2017), so far only one study

has applied this technique to study population connectivity in the

European hake (Milano et al., 2014), and is only based on 381

single nucleotide polymorphisms (SNPs), a very small number

compared with the tens of thousands used in other studies aimed

at resolving population structure of marine fish (Rodrı́guez-

Ezpeleta et al., 2016, 2017). Milano et al. (2014) did not find dif-

ferentiation between northern and southern stocks when using

neutral markers but found differentiation within the southern

(between Galicia and north Portugal) and within the northern

(between North Sea and the other locations) stocks when using

seven outlier loci. This result was further confirmed by another

study based on a subset of this dataset (Westgaard et al., 2017);

yet, neutral markers did not show the differentiation observed

with outlier loci, even when using a bigger sample size, meaning

that additional and more powerful analyses are needed to better

resolve the European hake population structure.

Here, we have discovered and genotyped genome-wide SNP

markers in European hake to (i) define the population structure

of this commercially important species along the Mediterranean–

Norwegian gradient, (ii) investigate the possibility of seasonal ge-

netic changes within southern stock samples, and (iii) test if the

current assessment and management units and population struc-

ture of European hake coincide. In order to reach these goals, we

generated Restriction-site-Associated DNA sequencing (RAD-

seq) data from 111 European hake individuals that span four geo-

graphic areas where this species inhabits: the Norwegian Sea, the

eastern Bay of Biscay, the northwestern Iberian Peninsula (includ-

ing samples from both spawning seasons) and the Mediterranean

Sea (Balearic Sea), enabling the opportunity to explore popula-

tion genetic structure and scan for selective divergences in this

species. Our study reveals a mismatch between biological popula-

tions and management units in the European hake, which should

be considered in the assessment of this commercially important

species.

Material and methods
Sampling, DNA extraction, and RAD-seq library
preparation
European hake samples from the Mediterranean Sea, the north-

western Iberian Peninsula (southern stock), the eastern Bay of

Biscay (northern stock), and the Norwegian Sea (northern stock)

were obtained from scientific surveys and commercial fishery

(Figure 1; Supplementary Table S1). Samples include fish in

spawning and prespawning condition, assumed to be at or close

to where they will spawn, and juveniles of age 0 (<20 cm), as-

sumed to be close to where they were born (de Pontual et al.,

2013). From each specimen, a �1 cm3 muscle sample was excised

and stored in 96% molecular grade ethanol at �20�C prior to

DNA extraction. Genomic DNA was extracted from about 20 mg

of muscle tissue using the Wizard
VR

Genomic DNA Purification

kit (Promega, WI, USA) following manufacturer’s instructions.

Extracted DNA was suspended in Milli-Q water and concentra-

tion was determined with the Quant-iT dsDNA HS assay kit us-

ing a Qubit
VR

2.0 Fluorometer (Life Technologies). DNA integrity

was assessed by electrophoresis. RAD-seq libraries were prepared

following the methods of Etter et al. (2011). Between 300 and

400 ng of genomic DNA per sample was digested using the SbfI

restriction enzyme then ligated to modified Illumina P1 adapters

containing 5 bp sample-specific barcodes. Pools of 32 DNA

samples were sheared using the Covaris
VR

M220 Focused-

ultrasonicatorTM Instrument (Life Technologies) and size-

selected to 300–500 pb by cutting DNA fragments migrated

though an agarose gel. Following the ligation of the Illumina P2

adaptors, each genomic library was amplified using 12 PCR

cycles. Finally, the pools were paired-end sequenced (100 bp) on

an Illumina HiSeq2000. Raw sequences are available at NCBI SRA

Bioproject PRJNA556115.

RAD-tag assembly and SNP calling
Generated RAD-tags were analysed using Stacks version 2.1

(Catchen et al., 2013). Quality filtering and demultiplexing was

performed using the Stacks module process_radtags, truncating all

reads to 90 nucleotides after sequence quality verification in

FastQC (version 0.11.7; Andrews, 2010) in order to avoid lower

quality bases at the end of the read. The module clone_filter was

applied to reads whose forward and reverse pairs passed quality

filtering to remove PCR duplicates, and only samples with at least

400 000 clone and quality-filtered reads remaining were kept. The

module ustacks was then used to assemble orthologous tags

(stacks) per individual, with a minimum coverage depth required

to create a stack (parameter -m) of five, and a maximum nucleo-

tide mismatches allowed between stacks (parameter -M) of two.

RAD-loci were then assembled using the module cstacks with a

maximum of two mismatches allowed between sample tags when

generating the catalogue (parameter -n). Matches to the catalogue

for each sample were searched using sstacks. The module
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populations were used to export from the catalogue the SNPs pre-

sent in RAD-loci found in at least 75% of the individuals. The

software PLINK version 1.07 (Purcell et al., 2007) was used to fur-

ther filter the data. The initial filtering steps were based on a max-

imum of 10% of missing values per locus, and a maximum of

25% of missing values per individual. Subsequently, SNPs with a

minimum allele frequency (MAF) smaller than 0.05 and which

failed the Hardy–Weinberg equilibrium (HWE) test at p< 0.05 in

at least two areas of study were excluded from downstream analy-

ses. Only the first filtered SNP of each RAD-tag was kept.

Additionally, an alternative dataset with M¼ 4 and n¼ 6 (keep-

ing the rest of the parameters unchanged) and another with MAF

threshold of 0.1 (keeping the rest of the parameters unchanged)

were also explored for consistency as suggested (Dı́az-Arce and

Rodrı́guez-Ezpeleta, 2019). The genotype files are available at

https://sites.google.com/site/naiararodriguezezpeleta/resources.

Identification of outlier loci
Outlier loci, potentially under selection, were identified using the

independent approaches used by Bayescan version 2.0 (Foll and

Gaggiotti, 2008) and Arlequin version 3.5.2.2 (Excoffier and

Lischer, 2010) using the whole dataset and only the Bay of Biscay

(Western and Eastern) samples. In Bayescan, 20 pilot runs of

5000 iterations each were run, with a burn-in of 50 000 iterations,

5000 samples with a thinning interval of 10 and a prior odd in-

creased to 100 in order to minimize potentially false positives in a

dataset with >10 000 loci. Using these parameters, loci with an

a-value significantly >0 (indicative of diversifying selection) and

q-values <0.05 were considered “outliers.” In addition, in the

hierarchical Fdist model implemented in Arlequin, loci with

significantly higher fixation index (FST) values (p< 0.001) were

considered “outliers.” These stringent parameters were used to

account for potential false positive outliers discovery (Narum and

Hess, 2011; Ahrens et al., 2018). Outputs from Bayescan and

Arlequin were intersected in order to create a consensus panel of

shared loci potentially under selection, which were annotated by

matching the SNP flanking regions against non-redundant data-

base of GenBank (www.ncbi.nlm.nih.gov/genbank/) using BLAST

(Altschul et al., 1990). In addition, a multivariate approach to

outlier loci discovery was also applied using the package pcadapt

(Luu et al., 2016) in R version 3.5.0 (R Core Team, 2018).

Genetic diversity and structure analyses
Analyses were performed on the whole SNP dataset, on the neu-

tral SNP dataset, and on the outlier SNP dataset. Expected and

observed heterozygosity per group (He and Ho respectively),

pairwise average FST among groups and distributions of FST and

inbreeding coeficient (FIS) values were computed with Arlequin

version 3.5.2.2 (Excoffier and Lischer, 2010). Principal compo-

nent analyses (PCAs) and a three-cluster based discriminant anal-

yses of principal components (DAPC; Jombart et al., 2010) were

performed without any a priori assignment of individuals to pop-

ulations using the package adegenet (Jombart and Ahmed, 2011)

in R version 3.5.0 (R Core Team, 2018). The best number of PCs

to retain for the DAPC analysis was inferred using the cross-

validation test. The genetic ancestry of each individual was esti-

mated using the admixture model as implemented in the

Bayesian clustering approach in STRUCTURE version 2.3.4

(Pritchard et al., 2000) without any prior population assignment.

Estimations were obtained from the 300 000 iterations that fol-

lowed a burn-in period of 100 000 iterations. Each value of poten-

tial ancestral population (K from 1 to 5) was examined with

CLUMPP (Jakobsson and Rosenberg, 2007) to identify common

modes, and results were plotted using DISTRUCT (Rosenberg,

2003). The value of K that better fits the data were identified

according to the Evanno method (Evanno et al., 2005) as imple-

mented in StructureHarvester (Earl and vonHoldt, 2012).

Additionally, 10 subsets of 300 randomly selected SNPs were ana-

lysed with K¼ 3 in order to investigate the effect of using a

smaller dataset of genome-wide representative SNPs.

Results
SNP datasets
Of the 111 analysed samples, only one was removed for having

too few reads. Considering the remaining samples, between

402 599 and 3 053 042 quality-filtered RAD-tags per individual

were obtained (average of 1 365 352). Ninety per cent of the reads

were used to build the stacks, with a range per individual between

81 and 95%, and the average effective per sample coverage is

34.1� (stdev¼ 12.8�, min¼ 11.3�, max¼ 72.9�). The number

of RAD-loci present in at least 75% of the individuals was 29 090,

totalling 452 702 SNPs. After filtering for missing data, minor al-

lele frequency and HWE and keeping a single SNP per tag, the

number of RAD-loci and SNPs remaining for analysis was 14 120

Figure 1. Sampling sites of European hake and ICES delimitation for
the northern (top) and southern (bottom) stock management units.
The border between northern and southern stocks approximates
the Capbreton Canyon.
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(Supplementary Figure S1). The amount of missing data was

<5% overall, and datasets with 0 and 1% of missing data, albeit

composed of fewer SNPs produced equivalent results (not

shown). Of the remaining SNPs, 147 (1% of the total) and 217

SNPs (1.5% of the total) were considered outliers according to

the Bayesian approach implemented in Bayescan and the hierar-

chical Fdist model implemented in Arlequin when using the

whole dataset (Supplementary Figure S2), and 116 of them were

common to both approaches. No outlier loci were found when

using only the northwestern Iberian Peninsula and the Eastern

Bay of Biscay samples. Additionally, 347 SNPs (2.4% of the total)

were considered outliers according to the multivariate approach

implemented in pcadapt. Of these loci, 108 were included

in the 116 shared outlier datasets by Bayescan and Arlequin.

Annotation of each of the outlier SNPs is available in

Supplementary Table S2.

Genetic diversity and population structure
Ranges of observed and expected heterozygosity per groups were

similar, both when using the whole or the only outlier SNP data-

set, indicating no deficits of heterozygous genotypes in all samples

(Table 1). STRUCTURE analyses using the best K values accord-

ing to the Evanno method for the whole or the outlier only data-

sets (Supplementary Table S3) resulted in three well

differentiated clusters: (i) the Mediterranean Sea samples, (ii) the

northwestern Iberian Peninsula and the eastern Bay of Biscay

samples, and (iii) the Norwegian Sea samples (Figure 2), with no

further structure observed when including only the eastern Bay of

Biscay and the northwestern Iberian Peninsula samples. Analyses

based on higher values of K resulted in no further differentiation

(Supplementary Figure S3). Analyses based on 10 subsets of 300

randomly selected SNPs datasets provided varying results

(Supplementary Figure S4): same differentiation pattern (five

subsets), no differentiation within the Atlantic (four subsets) dif-

ferentiation between the Mediterranean plus Norwegian Sea sam-

ples and the northwestern Iberian Peninsula plus the eastern Bay

of Biscay samples (one subset).The Analysis of Principal

Components (PCA) on the whole dataset were congruent with

the STRUCTURE analyses, revealing the same three well differen-

tiated groups (Figure 3), even with alternative RAD-tag assembly

parameter and MAF threshold values (Supplementary Figure S5),

and with the Discriminant Analysis of Principal Component

(DAPC) when using three clusters (Supplementary Figure S6).

The locus-by-locus FST and FIS were distributed around zero

(Supplementary Figure S7) suggesting a balanced amount of

heterozygosity and homozygosity along the loci, which is congru-

ent with the small number of outliers detected. Pairwise FST val-

ues among the three differentiated areas were significant ranging

from 0.023 to 0.058, from 0.443 to 0.498, and from 0.014 to 0.042

(Table 2, Supplementary Tables S4 and S5) when using all, only

the outlier SNPs and only the neutral SNPs, respectively. Low and

not significant differentiation was detected within samples from

southern Europe, even when using only adult samples or only

outlier SNPs suggesting that all samples from the northern

Spanish coast are part of a single population with no seasonal de-

mographic changes.

Discussion
Genome-wide population structure of European hake
does not support current stock delineation
Our genome-wide marker-based population structure inference

of European hake supports differentiation between

Mediterranean and Northeast Atlantic hake. Within the

Northeast Atlantic, our study showed a clear differentiation be-

tween the Norwegian Sea and southern Europe, but did not find

differences between samples of the Bay of Biscay and northwest-

ern Iberian Peninsula, belonging to the northern and southern

stocks. These results confirm previous findings using microsatel-

lites that found no differentiation between samples within the

Bay of Biscay and Celtic Sea, but found differentiation between

these regions and the Norwegian Sea (Lundy et al., 1999; Pita

et al., 2014). Interestingly, the only previous study based on SNP

markers (Milano et al., 2014) failed to detect population structure

within the Northeast Atlantic when using neutral markers, which

could be because of a lack of evolutionarily informative signal in

the few (299) markers used. Yet, when we base our inferences in

300 randomly selected SNPs, we still observe population struc-

ture, but only in half of the 10 subsets. This suggests that using a

few selected hundreds SNPs as in previous studies (Milano et al.,

2014) are not enough for a reliable inference of hake population

structure. Using a small subset of outlier SNPs (n¼ 7 or n¼ 6)

both Milano et al. (2014) and Westgaard et al. (2017) showed dif-

ferentiation between the Bay of Biscay and the North Sea and/or

Norwegian Sea samples and argued that the differences obtained

using neutral and outlier loci are because of adaptation to local

conditions. Although it is not unusual to find adaptive divergen-

ces in fish even when neutral markers suggest panmixia at local

Figure 2. Graphical representation of the Bayesian clustering
approach implemented in STRUCTURE when using all (top) or only
outlier SNPs (bottom) and all (left) or only the eastern Bay of Biscay
and northwestern Iberian Peninsula samples (right) for the best K
value according to the Evanno method, which is K¼ 2 for all dataset
except for the all SNPs all samples dataset, for which it is K¼ 4.
Refer to Table 1 for location codes.

Table 1. Observed and expected heterozygosities per group of
samples when using all or only outlier SNPs.

POP n
14 120 total SNPs 116 outlier SNPs

Ho He Ho He

MED 14 0.25732 0.26521 0.29418 0.30206
EBOB 18 0.24744 0.24918 0.27476 0.27110
NWIPs 30 0.23193 0.24219 0.27043 0.27541
NWIPw 30 0.2348 0.24144 0.25000 0.24945
NOR 18 0.25252 0.25221 0.31828 0.31676

MED, Mediterranean Sea; EBOB, Eastern Bay of Biscay; NWIPs, Northwestern
Iberian Peninsula (summer); NWIPw, Northwestern Iberian Peninsula (win-
ter); NOR, Norwegian Sea.
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level (Hemmer-Hansen et al., 2007; Freamo et al., 2011), this

does not seem to be the case for European hake. The analysis of a

consensus panel of 116 outlier SNPs potentially under selective

divergence confirmed the genetic structure observed with the to-

tal dataset with a stronger signal and failed in finding additional

substructure, as observed before (Moore et al., 2014), suggesting

that the genetic divergence observed in the European hake

is not only because of selection. This contradicts the views of

Milano et al. (2014) and Westgaard et al. (2017), and further

highlights the importance of using genome-wide based markers

in order to reliable detect genetic differentiation and local

adaptation.

European hake within the Bay of Biscay constitutes a
seasonally stable homogeneous population
The lack of differentiation observed within the northwestern

Iberian Peninsula and the eastern Bay of Biscay, with very low

and not significant FST, suggests that all the specimens from the

area are representative of a unique genetic population, partially

solving the dubious genetic homogeneity present within the Bay

of Biscay (Castillo et al., 2005; Pita et al., 2014, 2016).

Additionally, in our study we have tested the seasonal stability of

the European hake connectivity within the southern stock (north-

western Iberian Peninsula). Our analyses, based either on neutral

or outlier loci do not show differentiation among samples col-

lected in summer and winter within the northwestern Iberian

Peninsula, supporting previous views (Lundy et al., 2000; Pita

et al., 2016) and most likely explained by the fact that hake can

spawn several times within the reproductive season (Murua et al.,

2006; Murua, 2010). Yet, further studies with bigger and seasonal

representative datasets and including only spawning individuals

are necessary to better investigate any potential spatio-temporal

substructuring within the Bay of Biscay.

Management implications
In the Northeast Atlantic, assessment and management of the

European hake is done independently for two stocks, the south-

ern and the northern, separated by the Capbreton Canyon. The

biomass of both stocks was in historical minimum and below

Figure 3. Principal component analysis (PCA) when using all (top) or only outlier SNPs (bottom) and all (left) or only the eastern Bay of
Biscay and northwestern Iberian Peninsula samples (right). The variance explained by each axis of the PCA reflects the amount of variation
observed when using the total or the outlier SNPs dataset.

Table 2. Pairwise FST value matrix when using all or only outlier
SNPs (below and above diagonal respectively).

MED EBOB NWIPs NWIPw NOR

MED / 0.464 0.443 0.480 0.470
EBOB 0.052 / 0.008 0.005 0.496
NWIPs 0.048 0 / 0.005 0.453
NWIPw 0.049 0 0 / 0.498
NOR 0.058 0.025 0.023 0.025 /

Values in bold are significant after Bonferroni correction for multiple testing.
MED, Mediterranean Sea; EBOB, Eastern Bay of Biscay; NWIPs, Northwestern
Iberian Peninsula (summer); NWIPw, Northwestern Iberian Peninsula (win-
ter); NOR, Norwegian Sea.
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precautionary biological reference points in the last years of the

previous century (ICES, 2018). At the beginning of the new cen-

tury the stocks started recovering and now the biomass of both is

above precautionary levels. In the case of the northern stock the

recovery has been extraordinary and the current biomass level

doubles the historical maximum estimated by the stock assess-

ment model at the beginning of the 1980s. Furthermore, the fish-

ing mortality is well below the maximum sustainable yield target.

However, the recovery of the southern stock has not been suffi-

ciently strong and although the biomass is above the reference

levels the fishing mortality is still too high. This study suggests

that the delimitation of the assessment and management areas

should be revised. About the assessment, the southern stock and

the southern part of the northern stock should be assessed jointly,

and a separate stock should be considered in the northern part of

the species distribution, which includes the Norwegian Sea and

possibly the North Sea, although this has yet to be confirmed

with additional analyses. Since 2006 the biomass of the northern

stock has increased tenfold (ICES, 2018), resulting in an increased

abundance of the stock in the North Sea during spring and sum-

mer (Baudron and Fernandes, 2015). Additionally, recent explicit

stock assessment models (Vigier et al., 2018) predict significant

movement between the North Sea and the Celtic Sea and the Bay

of Biscay suggesting that, under the hypothesis of a separate pop-

ulation in the northern part of the distribution, the North Sea

could be a mixing area of both populations.

In sum, our results support the need for defining new assess-

ment and management units for European hake. Yet, despite cov-

ering a wide range of the species distribution, our study does not

provide information on where the new stock boundary should be

located; therefore, future studies including samples from addi-

tional locations between the southern Bay of Biscay and the

Norwegian Sea are necessary. Importantly, genetic analyses

should also be complemented with additional evidence based on

alternative techniques (morphometrics, vital rates, etc.) that

would help providing biologically meaningful information for ad-

equately defined stock boundaries.
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