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Abstract 

European hake is an economically important fishery resource with known declines in population abundances and biomass in the last 
decades. However, little is known about the effect of these abundance declines on the genetic di ver sity levels of the stocks. In this 
study, we analysed genomic data of Atlantic and Mediterranean European hake populations, representing the main fishery stocks. The 
results indicate that abundance declines have likely affected the levels and patterns of genetic di ver sity within and among the three 
analysed populations. The Mediterranean population shows lower genetic di ver sity than the Atlantic ones and can be slightly genetically 
differentiated from them. Results indicate significant deviations from neutral expectations for constant population sizes, and substantial 
population declines in all three populations. Estimates of recent and ancestral effective population size ( Ne ) obtained from coalescence, 
linkage disequilibrium and sibship methods were coherent with each other. Historical Ne estimates suggest drastic declines of more 
than 90% in all three populations within the last 15 generations (i.e. nearly 50 year s). Positi ve correlations observed between historical 
Ne and stock parameters indicative of abundances support the historical trends of estimated Ne . Since genetic variation is essential for 
populations facing anthropogenically induced environmental changes, this study demonstrates the importance of population genetic 
estimates for planning management strategies targeting the long-term sustainability of European hake fisheries. 

Keywords: hake; Genomics; adaptive potential; climate change; fisheries; genetic diversity; sustainability; conservation 
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Introduction 

Fluctuations in the abundance of wild fish populations are ex- 
pected to occur due to environmental stochasticity. However,
whether and how this natural variation synergises with fish- 
ing activities to drive population evolution has yet not been 

exhaustively investigated (Allendorf et al. 2008 , Kuparinen 

et al. 2016 ). Population dynamics are determined by the in- 
teraction of different factors such as the carrying capacity of 
the environment, reproductive rates, life-history traits, strate- 
gies of population growth, and harvesting rate. Thus, fish- 
eries management needs to consider as much relevant bio- 
logical and ecological information as possible to ensure long- 
term sustainability in the use of marine resources (Ovenden et 
al. 2016 ). However, knowledge of the relevant biological and 

ecological factors influencing population dynamics of marine 
species is fragmentary and methodologically complex to col- 
lect. Whereas more than 30% of the fisheries worldwide are 
exploited at levels considered biologically unsustainable (FAO 

2022 ), anthropogenically induced environmental changes are 
accelerating (Ceballos et al. 2017 ). Thus, fish populations are 
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License
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xperiencing multiple environmental selective pressures, be- 
ond those of fishing. Hence, it becomes essential to estimate
urrogates’ indexes such as those offered by population ge- 
etics (Ovenden et al. 2016 ) to forecast population tendencies
nder the current global scenario of environmental change. 
The resilience and potential of adaptation to future envi- 

onmental challenges of populations largely depend on their 
mount of genetic diversity (Lynch & Conery 2003 , Spielman
t al. 2004 ). This latter is shaped by different factors, such as
atural and artificial selection, mutation, migration and ge- 
etic drift (Caballero 2020 ). Fish species subjected to persis-
ent high fishing mortality are expected to undergo popula- 
ion size declines, but also truncated demographies and in- 
uced adaptive changes given the selective nature of fishery 
Allendorf et al. 2008 , Hidalgo et al. 2014 ). These changes
ay increase genetic drift, the random change in allele fre-
uencies in finite populations, leading to loss of genetic vari-
tion and consequently reduced adaptation capacity and in- 
reased vulnerability (Allendorf et al. 2008 , Pinsky & Palumbi
014 , Kuparinen et al. 2016 , Petit-Marty et al. 2022 ). A
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arameter which quantifies the amount of genetic drift in
 population is the effective population size ( Ne ), the size
f an ideal population which shows the same amount of
enetic drift and inbreeding as the population under study
Waples 2024a , Wright 1931 , Caballero 1994 , Wang et al.
016 ). Under a neutral model of molecular evolution, the
enetic diversity of a population is a function of the muta-
ion rate and Ne (Nei 1987 ). Thus, a decline in Ne directly
mplies a loss in genetic diversity and the adaptive poten-
ial of the population (Frankham 1995 , Spielman et al. 2004 ,
etit-Marty et al. 2022 ). 
The effective size of a population is strongly related with the

eproductive strategy and success, body size, geographic dis-
ribution, and generation time length (Lynch & Conery 2003 ,

ang et al. 2016 ). It is expected that species with shorter
eneration times, lower body sizes, and wider distributions
end to have larger Ne than species with narrower distribu-
ions, and large body sizes and/or generation times (Lynch and
onery 2003 , Manel et al. 2020 , Petit-Marty et al. 2022 ). All

hese factors directly related to Ne are also relevant to fish-
ries management strategies. In fishery management, spawn-
ng stock biomass (SSB) is often used as an index of the stock
eproductive potential (SRP), and hence to predict future re-
ruitment through stock-recruitment relationships, a corner-
tone in fisheries management to determine biological refer-
nce points informing management decisions. However, it has
een largely demonstrated that SSB is not proportional to
RP due to the existence of parental effects (Saborido-Rey
nd Junquera 1999 , Hixon et al. 2014 ). Additionally, the re-
roductive success is often attributed to a small portion of
he adult population consistent with the concept of sweep-
take reproductive success (Hauser & Carvalho 2008 , Árna-
on et al. 2023 ). In this context, Ne arises as a parameter that
rovides valuable information on stock sustanaibility (Oven-
en et al. 2016 ), as changes in Ne associated with fishing are
ainly due to reduced capacity of the parental stock to pro-
uce a sufficient level of recruitment to maintain levels of ge-
etic diversity, whereas changes in abundance depend on both
ecruitment and mortality (Kuparinen et al. 2016 ). Thus, fish-
ng may have a large impact on reducing population sizes,
roductivity and recruitment and, consequently, accelerating
he loss of genetic diversity and eroding adaptive potential
Spielman et al. 2004 , Pinsky and Palumbi 2014 ). However,
he recovery of abundance is not necessarily accompanied by
 parallel recovery of genetic diversity, as the latter is ex-
ected to take much longer (Lynch and Conery 2003 , Petit-
arty et al. 2022 ). This is particularly relevant for species
ith large effective population sizes ( Ne ), such as for ma-

ine species (Clarke et al. 2024 ), because the time required
o recover genetic diversity after a bottleneck is proportional
o Ne . 

In practice, as Ne is strongly affected by declines in popu-
ation abundance, an assessment of whether recovery of de-
leted stocks has restored the population’s genetic diversity
evels can be made by comparing Ne estimates before and af-
er abundance depletion. Historical changes in Ne for long pe-
iods of time (up to thousands of generations back) can be
stimated by coalescence methods (Excoffier et al. 2021 , Fe-
orca et al. 2024 ). In addition, the amount of linkage dise-
uilibrium (LD) between genetic markers allows reliable esti-
ates of contemporary Ne from a single set of sampled indi-

iduals (Waples 2024b , Santiago et al. 2024 , 2025 ). More-
ver, if high-density markers, such as SNPs, are available,
D between pairs of SNPs at different genetic distances al-
ows the estimation of historical Ne for periods of time back
o two hundred generations (Santiago et al. 2020 , 2025 ).
hus, in this study we evaluated the current genetic diver-
ity and the historical changes in Ne of one of the most im-
ortant fisheries in Europe, the European hake, Merluccius
erluccius . 
European hake is an important fishery resource widely dis-

ributed across the eastern Atlantic and the Mediterranean
ea, being the third most valuable species in Europe. Fish-
ries stock assessments are performed yearly for the two At-
antic populations, the Southern and Northern stocks, and in
ifferent regions of the Mediterranean Sea. European hake
tocks have decreased over several decades, with most of the
opulations severely affected in the late 20th century (ICES
024 ; STECF 2025 ). As a consequence, several recovery plans
nd reductions in fishing effort were implemented, leading to
he recovery in abundance of the two Atlantic stocks, which
re now considered within safe biological limits (ICES 2024 ).
he Mediterranean stocks, however, are still declining and
everely overexploited (EU-STECF 2025 ). In spite of the well-
nown historical overexploitation rate of the majority of the
sh stocks worldwide, few studies have focused on the loss of
enetic diversity in exploited fish populations and their conse-
uences for stock dynamics and sustainability, sometimes even
ith contradictory results (Pinsky and Palumbi 2014 , Pinsky

t al. 2021 , Hoey et al. 2022 ). To fill this knowledge gap, we
nvestigated genetic diversity and demographic changes in Eu-
opean hake stocks using a diverse set of population genomic
ools, spanning allele frequency and linkage disequilibrium
ynamics over time, as well as population genetic differen-
iation and relatedness. 

ethods 

ampling 

 total of 480 specimens of European hake were sampled
n three different locations: 96 were collected at the North
ea (ATN), i.e. within the Atlantic Northern stock; another
6 specimens were collected on the Galician shelf in the
orthwest Atlantic Iberian Peninsula (ATS), i.e. within the
tlantic Southern stock; and finally, 288 hake individuals
ere collected around the Balearic Islands in the Mediter-

anean Sea (MED), in the Geographical Sub Area (GSA) 5.
ll samples were collected by bottom trawl as follows: ATN
uring research survey No. 428 of FRV Walther Herwig
II in summer 2019; ATS during the DREAMER-0617 re-
earch survey onboard R/V Sarmiento de Gamboa in June
017 and from commercial fisheries between February and
eptember 2017; MED during the MEDITS_ES05 2019 re-
earch survey, conducted between June 11 and 25 of 2019
nboard the R/V Miguel Oliver . For all specimens, length,
ex and maturity stage were recorded, and fin clips were
ollected and stored in absolute ethanol for genomic stud-
es ( Suppl. Table S1 ). A map showing the ubication of sam-
ling points within the three different locations is presented in
ig. 1 . 

ibrary preparation and sequencing 

enomic DNA of specimens was extracted from preserved fin
lips using the DNeasy Blood & Tissue kit (Qiagen). The qual-
ty and concentration were checked using a Qubit fluorometer

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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Figure 1. Location of samples collection. ATN: Atlantic Northern 
population. ATS: Atlantic Southern population. MED: Mediterranean 
population. 
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(Invitrogen) and a Nanodrop followed by gel electrophoresis 
prior to the preparation of single-digested RAD-seq libraries,
following the protocol of Etter et al. (2011) . Briefly, approx- 
imately 1 μg of DNA per sample was digested with the re- 
striction endonuclease SbfI (CCTGCA | GG recognition site) 
(NEB) and ligated to modified Illumina P1 adapters contain- 
ing 5 bp sample-specific barcodes to allow sample multiplex- 
ing. Pools of 48 individuals were sheared with a Q800R3 Soni- 
cator (Qsonica) and size-selected for fragments spanning 300–
500 bp via agarose gel electrophoresis. Purifications between 

steps were performed with QIAquick columns (Qiagen). Fol- 
lowing the ligation of the Illumina P2 adapters, each genomic 
library was amplified using 12 PCR cycles and quality checked 

by a 2100 Bioanalyzer using a DNA 1000 chip (Agilent tech- 
nologies). A step-by step protocol for library construction can 

be found at https://digital.csic.es/handle/10261/297272 . Li- 
braries were sequenced on a HiSeqX platform (Illumina) with 

150-bp paired reads. 

Data processing 

The European hake reference genome was downloaded from 

NCBI (fMerMel1.1 Accession: GCA_964660975.1, Martinez 
et al. 2025 ). RADseq reads from the three European hake pop- 
ulations were demultiplexed using the process_radtags mod- 
ule from Stacks v2.0 (Catchen et al. 2011 ). The reads were 
subsequently processed for quality filtering with FastQC with 

default commands (Andrews 2010 ), and fastq files contain- 
ing less than 500 000 reads were discarded. The final datasets,
ATN ( n = 94), ATS ( n = 87), and MED ( n = 269) were 
aligned to the reference genome using bwa-mem (Li 2013 ) 
with default parameters. Statistics on average number of 
reads, and genome coverage are presented in Suppl. Table S2 
nd Suppl. Fig. S1 . Genomic alignments were then converted
o bam format, indexed and sorted using samtools (Danecek 

t al. 2021 ). 

enetic di ver sity estimates 

o get insight into the levels of genetic diversity and neutral-
ty deviations, bam files for each population were separately 
nalysed using ANGSD (Korneliussen et al. 2014 ) with the
ollowing commands: -doSaf, -minInd 50, -minMapQ 30, - 
inQ 20, -GL 1, with identical ancestral (-anc), and refer-

nce genome (-ref). To get the folded Site Frequency Spec-
rum (SFS), the realSFS script of ANGSD was used with the
ommands -fold 1, -maxIter 100. Statistics of the total num-
er of analysed sites and number of SNPs in the SFS of each
opulation are presented in Table 1 . Genetic diversity esti-
ates were obtained from the analysis of the SFS using re-

lSFS saf2theta function and thetaStat do_stat scripts. In par- 
icular, the average amount of mutations within a popula- 
ion θW 

(Watterson 1975 ), and the average pairwise differ- 
nces in the number of mutations within a population θπ

Nei 1987 ) by site, were obtained. While the first considers
nly numbers of mutations, the second also considers their 
requencies in the population. The difference between θW 

nd θπ is measured by the D statistic (Tajima 1989 ), which
ives a direct insight into deviations from the neutral equi-
ibrium model expected for populations with constant sizes 
cross time, where the difference between the two genetic di-
ersity estimates is expected to be null. Resampling of ge-
etic diversity estimates was obtained by bootstrapping SFS 
n ANGSD with the script realSFS and commands: -boostrap 

00, -fold 1. Each bootstrapped SFS was processed with 

af2theta function and thetaStat do_stat scripts, returning esti- 
ates of genetic diversity for the 100 re-sampled SFSs for each
opulation. 
In order to compare genetic diversity estimates to those ex-

ected under a neutral model with constant size, 100 neutral
FSs were obtained with ANGSD by processing 100 coales- 
ent simulations generated with ms software (Hudson 2002 ).
ommand lines were: ms 188 100 -t 35 for ATN, 174 100

t 44 for ATS and 538 100 -t 49 for MED; where 188, 174
nd 538 are the number of haplotypes in the sample, 100 is
he number of replicates and -t is the composed estimate of
enetic diversity θ ≈ 4 Ne μ, where μ is the mutation rate. θ
as estimated for each population from θW 

obtained in the 
revious step for a genomic region of size 1000 bp ( θW 

/total
ites × 1000 ) . Output files from ms were then processed with
NGSD the same way as for the real populations. Differences

n levels of genetic diversity were tested by Wilcoxon rank
um test with continuity correction in R (R Core Team 2024 ).
-values were obtained by comparing Tajima’s D of each 

opulation to the distribution of the 100 simulated dataset 
ith ms for the same population. Finally, simulated SFS for

wo populations with constant size of Ne = 4 000 000 and
e = 10 000 were obtained using ms and processed with
NGSD to constrast differences in the percentage of low fre-
uency mutations between the expected and observed SFS 
 Suppl. Fig. S2 ). 

stimation of recent and ancestral effective 

opulation size by coalescence methods 

he neutral theory of molecular evolution allows us to 

race back in time the frequency of the currently ob-

https://digital.csic.es/handle/10261/297272
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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Table 1. Statistics from the analysis of genetic diversity of European hake: θW 

(Watterson 1975 ), θπ (Nei 1987 ), Tajima’s D (Tajima 1989 ). 

Population 
Total analysed 

positions 

Number 
estimated SNPs 

by SFS 

Minimum 

analysed 
MAF 

Percentage of 
SNPs MAF < 

0.10 (Expected a ) 

θ de 
Watterson 

( θW 

) Pi ( θπ) Tajima’s D 

ATN 15 678 479 3 219 523 5.3e−3 91.6% (63.1%) 1.9e−4 8.9e−5 –1.85 
ATS 16 390 231 4 221 403 5.7e−3 94.2/% (61.3%) 2.6e−4 8.4e−5 –2.19 
MED 19 970 377 6 795 686 1.9e−3 94.7% (89.4%) 8.7e−5 3.2e−5 –1.92 

a from a neutral model with constant population size and the same observed θ = 4 Ne μ as in the populations. 
Note: Site Spectrum Frequency (SFS) was estimated using ANGSD software (Korneliussen et al. 2014 , see Methods). ATN: Atlantic Northern population. 
ATS: Atlantic Southern population. MED: Mediterranean population. 
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erved mutations by using the so-called coalescent meth-
ds. Demographic changes affect the Site Frequency Spec-
rum (SFS) with respect to that expected in a popula-
ion evolving under constant population size. Thus, the
bserved SFS can be contrasted to different demographic
odels to get insight on the demographic history of the
opulations. 
The full (i.e. invariant plus SNP positions) folded SFSs

btained in the genetic diversity analyses for each popula-
ion by using ANGSD software (Korneliussen et al. 2014 )
ere used for contrasting to the expectations of five demo-

raphic models by running coalescent simulations in Fast-
imCoal27 ( fsc27 , Excoffier et al. 2021 ): M0 = constant
opulation size; M1 = one change in population size; and
2_1 = two changes in population size. Two additional mod-

ls were ran for M2_1: 1) M2_2, by adjusting parameters
earch according to the results of M2_1 model, and 2) M2_3,
y adding a population growth rate of 0.001 to M2_2 (see
uppl. Table S3 and Suppl. Fig. S3 ). Maximum Likelihood pa-
ameter estimates of contemporary ( Nec ) and ancestral ( Nea )
ffective population size and the time of population changes
i.e. T1 and T2; see Suppl. Table S3 and Suppl. Fig. S3 )
ere obtained by running 100 simulations for each model
ith commands -t file.pop.tpl (demographic model file, see

uppl. Table S3 ), -n 100 000 (number of coalescent simula-
ions), -m (minimun allele frequency), -e file.pop.est (file with
he search range of parameters to be estimated), -M (Maxi-
um Likelihood) -L 40 (number of EMC cycles to search for

he ML). 
To obtain confidence intervals of the estimated parame-

ers in fsc27, 100 boostrapped SFS were generated for each
opulation by using the ANGSD script realSFS and the com-
ands: -boostrap 100, -fold 1. Each bootstrapped SFS was
rocessed as input in fsc27 and simulations were ran using
he -initvalues command and the .pv output file of the sim-
lation ran with the best estimated parameters in the best
tted model ( Suppl. Table S3 , Suppl. Fig. S3 ). A total of
00 simulations were performed for each population, 500
or searching ML parameters and 100 for confidence in-
ervals estimates of the parameters of the best fitted model
i.e. M2_3). 

Additionally, ancestral effective population sizes of each
opulation were investigated by non-model-based coales-
ent simulations as implemented in StairWay Plot software
 SWP , Liu & Fu 2020 ). To run it we tested two different
eneration time lengths: 3 and 6 years. We used the full
olded SFS (i.e. invariant plus SNP positions), a mutation
ate of 2.5e−8 , and 200 pseudoreplicates to estimate 95%
I of Ne . SWP reports the median and quartiles of Ne by
ears/generations. 
stimation of contemporary effective population 

ize and recent historical demographic changes by 

inkage disequilibrium methods 

nother way frequently used in population genetics to esti-
ate the contemporary and recent changes in historical effec-

ive population sizes from a sample of individuals, is by look-
ng at the pattern of linkage disequilibrium between markers
see, e.g. Fedorca et al. 2024 ). Here, we used currentNe2 and
ONE2 (Santiago et al. 2025 ) to estimate contemporary and

ecent historical changes in Ne of the three populations of Eu-
opean hake. 

First, we ran ANGSD software (Korneliussen et al. 2014 )
or each population with the following commands: -doPlink
 (output in tfam tped format), -GL 1 (genotype likelihoods
rom samtools), -doMajorMinor 1 (major and minor allele
requencies from GL), -doMaf 2 (fixed Major, unknown Mi-
or), -doPost (using frequencies as prior), -postcutoff 0.99
set missing genotypes below cutoff), -SNP_pval 1e−6 (only
ositions with p value below 1e−6 were considered SNPs), -
enomindepth 10 (minimum depth for consider a genotype).
utput tfam and tped files were then transformed to plink
ap/ped format using PLINK v1.9 (Chang et al. 2015 ). The
utput map/ped files contained 3.34 millions of SNPs that
ere then filtered for a MAF of 0.01, resulting in 1 875 616

NPs; 1 819 003 SNPs; and 2 050 864 SNPs for ATN, ATS,
nd MED, respectively. However, it has been shown that when
orking with RADseq, estimates of Ne by LD can be properly

stimated avoiding high levels of missing data, which can sub-
tantially bias the estimates of both contemporary and histor-
cal Ne (Nunziata and Weisrock 2018 , Marandel et al. 2020 ,
argiulo et al. 2024 ). Thus, we restricted our estimates of Ne 

o a set of SNPs with no missing values. The resulting datasets
onsisted of 290 897, 211 177, and 287 144 SNPs for ATN,
TS, and MED, respectively. 
Estimates of contemporary Ne by currentNe2 were ob-

ained from pairs of SNPs from different chromosomes, which
o not require assumptions on the recombination rate of the
pecies. It was ran twice for each population assuming: 1)
anmixia (default option) and 2) population structure with
he -x option. If the estimates assuming structure are signifi-
antly larger than those assuming panmixia, this suggests pop-
lation structure with limited migration among subpopula-
ions. Otherwise, full panmixia or structure with very high
igration rates among subpopulations can be inferred. The

oftware provides 90% CI obtained by a neural network ap-
roach (Santiago et al. 2025 ). 
GONE2 (Santiago et al. 2025 ) analyses were performed

onsidering unknown phase, SNP pair windows with a max-
mum value of recombination frequency of 0.05 (default
alue), and an average recombination rate of 3.24 cM/Mb,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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as obtained by Venu et al. (2024) . This estimate is a reason- 
able one given the genome size ( ∼700 Mb) and chromosome 
number (21) found for the European hake by Martinez et al.
(2025) . Given the uncertainty of the recombination rate, we 
estimated historical Ne using recombination values ranging 
from 3.0 to 3.5 cM/Mb and a 95% CI was obtained from the 
variation among these estimates. 

Estimation of contemporary effective population 

size by the sibship method 

An alternative estimate of the contemporary Ne can be ob- 
tained by inferring the number of full-sib and half-sib pairs 
in a sample of individuals using maximum likelihood from 

marker information. Estimates were obtained with the soft- 
ware COLONY (Jones & Wang 2010 ) assuming polygamy 
and the default options. A random sample of 20 000 SNPs 
were used for analyses to reduce computing time. 

Estimation of average inbreeding and coancestry 

Estimates of the coefficient of inbreeding ( F ) of individuals,
and of the coancestry (relatedness or kinship, f ) between pairs 
of individuals in each population, were obtained with the soft- 
ware EMIBD9 (Wang 2025 ). This method infers the allele fre- 
quencies of markers for a putative reference population of 
unrelated and non-inbred individuals with an Expectation- 
Maximization method, and then applies a maximum likeli- 
hood method to estimate the relatedness between individu- 
als. Thus, the method provides estimates of inbreeding and 

coancestry of individuals (with range 0 to 1) relative to the 
mentioned reference population in the past. 

Population genetic differentiation and admixture 

We estimated different statistics to explore the genetic dif- 
ferentiation among the three stocks as a surrogate of the 
gene flow among them. The FST statistic (Wright 1951 ) mea- 
sures the levels of genetic differentiation by quantifying the 
differences in allele frequencies among populations and it 
is considered closely related to the number of migrants (i.e.
FST ≈ 1/[4 Ne m + 1] , where m is the migration rate). Global 
estimates of FST among population pairs were obtained using 
ANGSD (Korneliussen et al. 2014 ) by processing site allele fre- 
quencies (i.e. .saf files) of all three populations together with 

the realSFS scripts: fst index, fst stats, and fst print. 
To further explore genetic differentiation among popula- 

tions we used ANGSD to get genotypes-likelihoods followed 

by NGStools ngsCovar script (Fumagalli et al. 2013 ) to anal- 
yse the covariance matrix of allele frequency in a Principal 
Component Analysis (PCA). To do this, we eliminated from 

the dataset the individuals with evidence of kinship among 
them ( n = 29) and used the following commands of ANGSD: 
-minMapQ 30, -minQ 20, -minInd 421 (i.e. no missing data),
-doCounts 1, -GL 1, -doMajorMinor 1, -doMaf 1, -SNP_pval 
1e−6 , -doGeno 32, -doPost 1; which resulted in 553 666 SNPs.
Next, ngsCovar script was run with the commands -nind 421 

(i.e. no missing individuals), -call 1 (i.e. perform genotype call- 
ing), and -minmaf 0.01; which resulted in 212 562 SNPs for 
all three populations altogether. A PCA plot was obtained by 
using the Rscript of NGStools ngsPopGen (Fumagalli et al.
2013 ). 

We inferred population structure and admixture propor- 
tions between populations by running ANGSD and NGSad- 
mix (Skotte et al. 2013 ) with beagle genotype likelihoods 
ith the following commands of ANGSD for all population 

ogether -minMapQ 20, -minQ 20, -doCounts 1, -GL 2, -
oMajorMinor 4, -doMaf 1, -doGlf 2, -SNP_pval 1e−6 , and 

minind 421 (i.e. no missing data). Then, NGSadmix was run
or 3 alternative clustering of individuals (K = 2 to 4), The
valuation of the best clustering model (K) was performed us-
ng EvalAdmix software (Garcia-Erill and Albrechtsen 2020 ).

Finally, as linkage among SNPs could obscure genetic differ- 
ntiation and structure analyses we obtained a reduced dataset 
f SNPs randomly distributed across the genome. This dataset 
as produced by filtering SNPs by MAF > 0.01 and minimum
epth of 10 reads using vcftools (Danecek et al. 2021 ). The
esulting vcf was filtered by taking one random SNP for each
lignment block. The final dataset consisted of 16 982 SNPs,
hich was analysed using alternative methods. FST indices 
ere obtained by using vcftools (Danecek et al. 2021 ). Pop-
lation structure and admixture proportions were estimated 

sing ADMIXTURE v1.3.0 (Alexander et al. 2009 ), assessing
wo to four genetic clusters (K = 2–4). Finally, a PCA analysis
as performed using PLINK v1.9 (Chang et al. 2015 ). R (R
ore Team 2024 ) was used to plot all results. Additionally,

or this reduced SNP dataset, the phylogenetic relationships 
mong all individuals were estimated by computing a Max- 
mum Likelihood (ML) tree with RAxML-NG (Kozlov et al.
022 ) using the unphased diploid genotype model (GT10) de-
cribed in Kozlov et al. (2022) and 100 bootstrap replicates.
esults were visualized using FigTree v1.4.4 (Rambaut 2018 ).

orrelation between Ne and stock parameters 

hree stock parameters were used to investigate the relation- 
hip between the historical estimates of Ne across time as ob-
ained by GONE2 and stock trends. First, recruitment (REC,
easured in number of individuals) is the result of the re-
roductive success of the population and hence clearly linked 

o Ne . Second, in fisheries management the spawning stock 

iomass (SSB, measured in tonnes) is normally used as an in-
ex of the adult population contributing to the annual re-
ruitment, i.e. potentially the gene pool of the next genera-
ion. And third, fishing is the major source of mortality and
ence potentially impacting Ne ; we used here the reported 

atch (measured in tonnes) as used in the stock assessments
s a measure of mortality. Estimates of stock parameters were
btained from the 2020 stock assessments by GFCM in the
SA5 section for Balearic Islands ( https://www.fao.org/), and 

CES (2024) for the two Atlantic stocks, the Northern and 

outhern stocks. Spearman rank correlations were performed 

etween the three stock parameters and historical estimates 
f Ne using R (R Core Team 2024 ). Since Ne is estimated per
eneration whereas stock parameters are estimated annually,
o correlate stock parameters to Ne per generation, the year 
f sampling collection (e.g. 2019) and the two previous years
ere considered to have the Ne of generation 1, the period
etween 2016 to 2014 the Ne of generation 2, the period be-
ween 2013 to 2011 the Ne of generation 3, etc. The three
ears interval was selected as generation time based on the
stimated age at which 50% of individuals become mature 
or sexes-combined and the mean age of mature population 

Piñeiro and Sainza 2003 ). For a better visualization of the
oint historical trends in Ne and stock parameters, the latter 
ere averaged over three-year intervals, beginning with the 

ear of sampling (i.e. 2017 or 2019) and proceeding back-
ards. 

https://www.fao.org/
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Additionally, as annual adult abundances ( Na ) for the hake
outhern stock were available from the ICES WGBIE, the rela-
ionship between Na and Ne was also explored for this popula-
ion. This ratio is important for assessing the relative risks that
emographic, environmental, and genetic factors may pose to
opulation persistence, especially since Ne is typically much
maller than Na in natural populations (Palstra and Fraser
012 , Hoban et al. 2020 ). 

esults 

ecline in genetic di ver sity and effective 

opulation size of European hake 

he levels and pattern of genetic diversity in the European
ake populations were analysed by using four different pop-
lation genetics methods: 1) deviations from neutral expec-
ations, 2) coalescent simulations, 3) genome-wide linkage-
isequilibrium estimates, and 4) sibship analyses. 

1. Current levels of genetic diversity and deviations from
neutral equilibrium 

The two estimators of genetic diversity (i.e. θ ≈ 4 Ne μ, Nei
987 ) of European hake showed differences among popula-
ions, with ATS population showing significantly higher val-
es of the average amount of allelic variants within a pop-
lation (Watterson´s θW 

), and MED significantly lower val-
es of the average pairwise differences in the number of
ariants within a population, θπ , (Wilconson test correct p-
alue < 0.001 for both genetic diversity estimates, Fig. 2 A-
). Tajima’s D showed negative values in all three populations
 Fig. 2 C), significantly deviating from the expectations of
onstant population size obtained by coalescent simulations
 p < 0.01). Moreover, the percentage of SNPs with minimum
llele frequency lower than 10% was significantly higher than
xpected under a neutral model of constant population size (2-
ample test for equality of proportions, p-value < 2e−9 ). Sum-
ary statistics are presented in Table 1 . Suppl. Fig. S2 shows
ifferences in the proportion of SNPs with minimum allele
requency lower than 10% between the observed in popula-
ions and the expected under constant population size with a
ontemporary Ne = 10 000 or Ne = 4 000 000. 

2. Recent and ancestral effective population size estimated
using coalescent simulations 

FastSimCoal27 (Excoffier et al. 2021 ) was used to simu-
ate five different demographic models for each population
 Suppl. Fig. S3 and Suppl. Table S3 ). M0: constant popula-
ion size; M1: one change in population size, and M2_1: two
opulation changes. Additionally, two refined models, aimed
o explore more complex demographic scenarios, were de-
eloped to improve model fit based on M2_1: 1) M2_2: ad-
usted model parameters based on the results of M2_1, and 2)

2_3: further refined M2_2 by incorporating recent popula-
ion growth (see Suppl. Fig. S3 , and Suppl. Table S3 ). The re-
ults show significant differences between M0 vs M1, and M1
s M2 models (AIC > 4), but not significant differences among
2 models. However, M2_3 got a slightly better Maximum

ikelihood adjustment than the other models ( Suppl. Fig. S3
nd Suppl. Fig. S4 ), and therefore we took the parameters es-
imated by this model as a reference. Confidence intervals of
he contemporary ( Nec ) and ancestral ( Nea ) effective popula-
ion sizes are presented in Table 2 . Overall, coalescent simu-
ations indicate that, in terms of long-term genetic variation,
ll three populations share a common history with large an-
estral estimates and sharp reductions in recent effective pop-
lation sizes. Estimates of contemporary Nec from fsc27 were
f the order of a few thousand individuals with confidence
ntervals ranging from a few hundred to hundred thousands
 Table 2 ). In contrast, average estimates of ancestral Nea where
igher than 2 million individuals ranging from 100 000 to
ore than seven millions ( Table 2 ). Two times of demographic

hanges (i.e. coalescent times T1 and T2, see Suppl. Fig. S3 )
ere found. The most recent (T1) was found within the last
 generations, evidencing a recent decline, and the oldest T2
round 200 000 generations ago, showing an ancestral expan-
ion. Confidence intervals for coalescent times were narrow
or T1 (i.e. population bottleneck), from 2 to 5 generations
go, and varied from 193 000 to 324 000 generations ago for
2 (i.e. population expansion). 
Non-model-based coalescent simulations as implemented

n StairWay Plot2 ( SWP , Liu & Fu 2020 ) showed large effec-
ive population sizes around 2 million individuals in all three
opulations. This large ancestral effective population size ap-
ears to have been nearly constant since nearly 600 000 to
 000 years ago with a sharp decline beginning in recent times,
 1 000 generations ago ( Table 2 ; Fig. 3 -A). Similar results
ere found for a generation time of six years. Thus, model-
ased and non-model based coalescent simulations show the
ame historical trend in all three populations with ancestral
arge and reduced contemporary Ne . Estimates from fsc27
howed wider confidence intervals than those from SWP ,
ikely because the former are based on bootstrapping SFS,
hile the latter are based on pseudo-boostrapping. The mean

and confidence intervals) of the percentage of population de-
lines estimated as 100-( Nec / Nea × 100) were 99% (97–99)
or ATN, 90% (38–99) for ATS, and 99% (87–99) for MED.
or SWP all estimates were > 99%. 

3. Estimates of effective population sizes from linkage dis-
equilibrium between SNPs and the sibship method 

Results from currentNe2 (Santiago et al. 2025 ) showed al-
ost identical estimates of contemporary Ne for the ATN

9 485) and ATS (9 498) populations, and the lowest one for
he MED population (3 314), which was significantly lower
han those from the Atlantic populations ( Table 2 ). Running
he program with the option -x to assume population structure
ave the following estimates of Ne (Confidence Intervals): For
TN, 5 628 (3 686–8 593); for ATS, 10 413 (5 870–18 471);
nd for MED, 1 870 (1 674–2 089). These three estimates are
ot significantly higher than those assuming panmixia in Table
 , indicating that none of the three populations shows signs
f population structuring with restricted migration from other
opulations. 
The sibship method, which has less power than the linkage

isequilibrium method when the values of Ne are very large,
rovided an infinite estimate for ATS, an estimate of 9 012
or ATN, with an infinite upper limit, and a much lower esti-
ate of 1 670 for the MED population. The lowest estimate of
e for the MED population is fully concordant with the esti-
ates of the average inbreeding coefficient ( F ) and coancestry

oefficients ( f ), being the highest for the MED population (av-
rage F of 0.22 vs about 0.02 for the Atlantic populations;
nd average f of 0.28 vs < 0.03 for the Atlantic populations;
uppl. Table S4 ). Additionally, and also in agreement with the
bove results, the software COLONY did not infer any full-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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Figure 2. Differences in genomics levels of genetic diversity in European hake populations ATN (light blue): Atlantic Northern population. ATS (dark blue): 
Atlantic Southern population. MED (green): Mediterranean population. (A) θW 

by site, (B) θπ by site, and (C) Tajima’s D . Boxplots represent the variation 
in genetic diversity estimates among 100 replicates obtained by bootstrapping the Site Frequency Spectrum (SFS) of the populations. Differences 
among pairwise populations are significant (Wilconson test correct P -value 2e−16 ). Diamonds = mean values, dots = outlier values, horizontal 
line = median values, box = 1st and 3rd quartiles, vertical lines = lower and upper limits. 
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Table 2. Estimates of contemporary (Nec ) and ancestral (Nea ) effective population size from the coalescent simulations FastSimCoal27 (fsc27, Excoffier et 
al. 2021 ) and StairWay Plot (SWP, Liu & Fu 2020 , linkage disequilibrium between SNPs (currentNe2 and GONE2, Santiago et al. 2025 ), and sibship method 
(COLONY, Jones & Wang 2010 ). 

fsc27 SWP GONE2 

Nec Nea 
a Nec 

b Nea 
c Nec Nea 

d currentNe2 Nec COLONY Nec 

ATN 4 366 2.0e7 4 397 2.0e6 3 500 4.3e6 9 485 9 012 
(1 150–1.5e d ) (3.0e5 –1.5e9 ) (2 024–17 672) (1.5e6 –4.0e6 ) (2 878–4 122) (3.7e6 –4.8e6 ) (4 802–18 736) (3 881–∞ ) 

ATS 13 719 5.0e6 10 743 2.0e6 10 294 1.5e6 9 498 ∞ 

(8 561–4.0e5 ) (1.0e5 –7.0e6 ) (1 661–61 541) (1.5e6 –4.0e6 ) (8 581–12 007) (1.2e6 –1.8e6 ) (4 588–19 665) (1 —∞ ) 
MED 12 153 8.0e6 1 851 2.0e6 548 2.2e5 3 314 1670 

(312–2.4e5 ) (1.8e5 –3.5e9 ) (370–3 832) (1.5e6 –4.0e6 ) (382–714) (4.2e4 d –4.0e5 ) (2 753–3 988) (1 368–2 104) 

a . at the coalescent time T2 : 225 079 (ATN), 279 427 (ATS), 277 432 (MED) generations ago. See Suppl. Table S3 . 
b . at 10 generations ago. 
c . at about 1 000 to 200 000 generations ago (See Fig. 2 -A). 
d . at 25 generations ago (See Fig. 2 -B). 
Note: For fsc27 the best likelihood estimates of Nec and Nea , and 1st and 3rd quartiles of these estimations obtained by 100 re-sampling of the Site Frequency 
Spectrum (SFS) of each population are presented. Confidence intervals for GONE2 estimates were obtained from variation across estimates assuming slightly 
different recombination rates (see Methods and Suppl. Fig. S5 ). For SWP, currentNe2, and COLONY presented confidence intervals are as given for each 
program (see Methods). ATN: Atlantic Northern population. ATS: Atlantic Southern population. MED: Mediterranean population. 

Figure 3. Long and short-term demographic history of European hake populations, (A) Estimated ancestral demographic history using StairWay Plot (Liu 
& Fu 2020 ) with a generation time length of 3 years. Graph was constructed by representing means values of Ne in periods of 3 0 0 0 years (i.e. 1 0 0 0 
generations). Folded full (i.e. invariant and SNPs positions) Site Frequency Spectrum (SFS) were obtained with ANGSD (Korneliussen et al. 2014 ) for each 
population (see Methods). Mutation rate = 2.5e−8 . (B) Recent historical effective population sizes ( Ne ) of European hake populations estimated by 
GONE2 (Santiago et al. 2025 ). Generations are scaled to years for a generation time length of 3 years. Results from fsc27 (Excoffier et al. 2021 ) support 
both ancestral and recent demographic history (see Table 2 ). ATN: Atlantic Northern population. ATS: Atlantic Southern population. MED: Mediterranean 
population. 
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ib or half-sib family for the ATS population (explaining the
nfinite estimate of Ne for that population), and inferred no
ull-sib families and two half-sib families of two members each
or the ATN population. In contrast, for the MED population,
hree full-sib families were inferred with 8, 3 and 2 members,
espectively, and 10 half-sib families (one with 5 half-sibs, one
ith 4 half-sibs, four with 3 half-sibs, and four with 2 half-

ibs), reflecting the much lower estimate of Ne for this popu-
ation. 

Historical estimates of Ne from GONE2 indicated a decline
f at least two orders of magnitude across all three popu-
ations over the past 25 generations ( Table 2 , Fig. 3 -B, and
uppl. Fig. S5 ). Again, in agreement with the above results,
he contemporary estimate ( Ne c ) for the MED population was
ignificanty lower than those for the Atlantic populations, and
hat for ATS significantly higher than that for ATN ( Table 2 ).
he declines observed by GONE2 in the two Atlantic popu-
ations seemed to have occurred somewhat earlier in the ATS
opulation (approximately 12 generation back) than in the
TN population (about 8 generations back), with some recent
ecovery in the ATS population ( Fig. 3 -B, Suppl. Table S5 ).
he Mediterranean population, in contrast, seems to have
ad a much lower ancestral effective size sharply dropping
gain in the most recent generations. However, the time of
ecline for this population and the ancestral estimates varied
ubstantially depending on the recombination rate assumed
 Suppl. Fig. S5 ). 

Thus, similarly to results obtained by coalescent simula-
ions, estimates of historical Ne by linkage-disequilibrium in-
icate a relatively recent strong decline in all three popula-
ions. This decline amounts to more than 95% for all three
opulations estimates. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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Figure 4. Genetic differentiation among European hake populations. (A) Distribution of individuals based on the first two components of the principal 
component analysis (upper graph) and third and fourth PCA components (lower graph), estimated using the full SNPs dataset (212 562 SNPs, see 
Methods). (B) Population structure plots showing the ancestry of each individual (vertical bars), estimated using the same SNP dataset as for PCA. 
Models assumed K = 2, 3 and 4 genetic clusters (from top to bottom), with K = 2 being enough to explain the differences among populations the 
according to EvalAdmix analyses (Garcia-Erill & Albrechtsen 2020 ) (see Suppl. Fig. S8 ). (C) Simplified Maximum Likelihood tree between the 450 hake 
individuals as inferred by the concatenated SNP matrix by raxML-NG using the reduced dataset of 1 SNP by RAD locus (16 982 SNPs, see Methods). 
Principal Component Analyses and Admixture analyses for this reduced SNP dataset are presented in Suppl. Fig. S7 . ATN: Atlantic Northern population. 
ATS: Atlantic Southern population. MED: Mediterranean population. 
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Population genetic differentiation and admixture of European 

hake populations 
Global genomic estimates of genetic differentiation measured 

by FST index were not significantly different between popu- 
lation pairs ( Suppl. Fig. S6 ), with mean values of 0.007 for 
ATN-ATS pair, and 0.010 for both MED-Atlantic pairs. Simi- 
lar results were obtained by using the reduced set of unlinked 

SNPs, although slightly higher FST estimates were found be- 
tween the Atlantic populations and the Mediterranean one 
( Suppl. Table S6 ). Principal Component Analysis (PCA) show 

a clear differentiation between Mediterranean and Atlantic 
populations ( Fig. 4 -A), although first and second components 
only explain around 2% of the total genetic variation. Third 

and fourth component explained less than 1% of the variation 

( Fig. 4 -A). Similar results were found by using a reduced set of 
unlinked SNPs but, like FST estimates, the percentage of vari- 
ation explained by PC1-2 was also higher ( Suppl. Fig. S7 -A). 

The results of the admixture analyses are presented in Fig.
4 -B. EvalAdmix (Garcia-Erill & Albrechtsen 2020 ) estimates 
indicate that two genetic clusters are enough to explain the 
observed pattern (K = 2, Atlantic vs Mediterranean popula- 
tions; Suppl. Fig. S8 ). Similar results were found when using 
the reduced set of unlinked SNPs ( Suppl. Fig. S7 -B). 

The phylogenetic tree inferred for all individuals shows as 
well a deepest (and slightly supported) split defining two main 

clades formed exclusively by MED vs. Atlantic populations. In 
he Atlantic clade, two further subclades can be noted; one
ith most ATN and the other with most ATS individuals.
owever, some individuals of these latter clades appear in- 

ermingled ( Fig. 4 -C). 

elationship between stock parameters and Ne in 

uropean hake populations 

he temporal trends of the estimated stock parameters for 
ach population ( Suppl. Table S7 ) and the historical Ne ob-
ained using GONE2 for a recombination rate of 3.24 ( Suppl.
able S5 ) are shown in Fig. 5 . The length of the time series for
tock parameters varied among stocks, with the first year of
vailable data being 1978 for ATN, 1960 for ATS, and 1980
or MED ( Suppl. Table S7 ). Comparable trends in all stock
arameters were observed for the ATS population, charac- 
erised by a pronounced decline in all variables during approx-
mately the same period (1980–2000). This pattern is further 
videnced by the positive and statistically significant correla- 
ion among historical Ne and stock parameters obtained for 
his stock ( Table 3 and Suppl. Fig. S9 ). For ATS, SSB and Ne 

xhibit a highly similar pattern ( r = 0.96), but, interestingly,
he decline in SSB during the 1980s preceded the decline in

e ( Fig. 5 ). The ratio between the effective population size and
he annual adult abundance Ne /Na ( Fig. 6 ) remained relatively
onstant for several generations (approximately 1960–1980),

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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Figure 5. Relationship between the historical recent Ne and stock parameters: recruitment (first column), spawning stock biomass (SSB, second 
column) and catches (third column) for the Atlantic Northern, ATN, Atlantic Southern, ATS; and Mediterranean, MED stocks. Note the differences in the 
starting time of the abundance data series. Ne estimates are shown in log scale and stock parameters in real scale for a better visualisation of the 
trends. Spearman’s rank correlations for non-transformed data are presented in Table 3 . ATN: Atlantic Northern population. ATS: Atlantic Southern 
population. MED: Mediterranean population. 

Table 3. Spearman rank correlations between stock parameters and effec- 
tive population size by years. 

Recruitment SSB Catch 

ATN −0.24 (0.12) -0.49 (0.35) −0.20 ( 0.84 ) 
ATS 0.58 0.96 0.73 
MED 0.23 0.30 0.30 

Note: Significant correlations ( P < 0.001) are shown in bold. Values in 
parenthesis for the ATN population show correlations for the period from 

1978 to 2006. Scatterplots of the correlations among historical Ne and SSB 
are presented in Suppl. Fig. S9 . ATN: Atlantic Northern population. ATS: 
Atlantic Southern population. MED: Mediterranean population. 
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ollowed by a steady decline over the next two decades (1980–
010), decreasing by nearly 20-fold. Since then, the ratio has
tabilized, suggesting a shift to a new demographic regime. 

For the MED population, for which historical abundance
ata are more limited, stock parameters exhibited substan-
ial fluctuations, whereas Ne remained largely constant during
980–2007. Consequently, no significant correlations were
etected ( Table 3 and Suppl. Fig. S9 ). It is noteworthy, how-
ver, that the sharp decline in Ne observed between 2007 and
010 was followed by subsequent decreases in recruitment,
SB, and, correspondingly, in catches, remaining all at low
evel since then ( Fig. 5 ). 

In the ATN population, trends in stock parameters and Ne 

ppeared to follow opposite patterns, with stock levels in-
reasing markedly in recent years while Ne declined sharply
 Fig. 5 ). This relationship was reflected by negative correla-
ions, significant only for SSB ( Table 3 and Suppl. Fig. S9 ).
owever, when the most recent years were excluded, the cor-
elations became positive, although significant only for catch
 Table 3 and Suppl. Fig. S9 ). 

iscussion 

he patterns of genomic diversity across the European hake
opulations were found to significantly deviate from neu-
ral expectations of constant population sizes. The significant
kew of the Site Frequency Spectrum towards low-frequency
ariants revealed by the Tajima’s D statistic is compatible with
he demographic scenery of a recent population bottleneck
Tajima 1989 ). Consequently, linkage disequilibrium analy-
is of historical Ne as implemented in GONE2 (Santiago et
l. 2025 ) and model-based coalescent simulations as imple-
ented in FastSimCoal ( fsc27 , Excoffier et al. 2021 ) provide

vidence of a recent sharp decline in Ne since around 2–15
enerations ago. Moreover, both methods infer a large ances-
ral effective population size of more than 100 fold the esti-
ated contemporary Ne . Additionally, non-model-based co-

lescent simulations as implemented in StairWay Plot2 (Liu
nd Fu 2020 ) also support large ancestral effective population
ize of around 2 million individuals between nearly 200 000
o 500 generations ago, and a sharp decline in Ne since then. 

Estimates of contemporary Ne obtained by currentNe2
Santiago et al. 2025 ) and COLONY (Jones & Wang 2010 )
re within the same order of magnitude as those from fsc27
nd GONE2. All estimates suggest that the Mediterranean
opulation has a significantly lower contemporary effective
ize than the Atlantic populations, and the Atlantic South-
rn population a slightly higher Ne than the Atlantic Northern.

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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Figure 6. Ratio between the recent historical effective population size ( Ne ) as obtained by GONE2 and the annual adult abundance ( Na ) for the Atlantic 
Southern population (ATS). 
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These results are also supported by a considerably higher av- 
erage inbreeding coefficient and average coancestry coefficient 
between individuals for the Mediterranean population, where 
three full-sib families and ten half-sib families were detected. 

The decline in Ne detected in the Atlantic Southern stock 

is also supported by previous studies by Pita et al. (2017) and 

Fernández-Míguez et al. (2023) who also found a recent de- 
cline in the effective population size of nearly 40-fold its size 
of 1978. Although this reduction in population size is lower 
than that we found for the same stock, reported estimates of 
Ne were also lower than those estimated here. This discrep- 
ancy in the magnitude of Ne estimates is possibly due to the 
enhanced power of our analyses, as we used hundreds of thou- 
sands of SNPs along with methods allowing trace back Ne 

estimates for a longer period. In this regard, using genotype- 
likelihood-based methods as implemented in ANGSD (Kor- 
neliussen et al. 2014 ) allows working at the minimum allele 
frequency possible according to sample size and alignments 
quality, likely improving the statistical power of both, coales- 
cent and disequilibrium-based estimates of recent and histor- 
ical effective sizes. 

In summary, all different approaches used to study the de- 
mographic history of the European hake populations, coincide 
in the same general pattern of large ancestral effective popu- 
lation size and a sharp decline in recent times. However, re- 
cent times could have a wide interval in evolutionary periods 
that may include from few to thousands of generations ago.
Nonetheless, both fsc27 and GONE2 analyses show evidence 
that strong declines ocurred within the last 15 generations (i.e.
nearly 50 years ago), although from our analyses it is not com- 
pletely clear when the main decline of the Mediterranean pop- 
ulation took place. Likelihood differences among the fsc 27 

results from the three models with two population changes 
were not significantly different among them, suggesting that 
demographic recent history of this population could include 
more than one bottleneck. In fact, GONE2 results show a con- 
siderable variation in the time of decline depending of subtle 
changes in the recombination rate used to obtain the estimates 
( Suppl. Fig. S5 ). Thus, it should be highlighted that variation 

in parameters unknown for the species, such as mutation and 

recombination rates, could produce changes in the estimated 

time and magnitude of the decline. 
In addition, it must be considered that any method used to
stimate Ne has limitations related to its theoretical assump- 
ions and methodological constraints. To highlight, estimates 
f historical Ne are more precise when a refined genetic map is
vailable (Santiago et al. 2020 ). This is usually unavailable for
on-model species, and an average recombination rate con- 
tant across the genome must be assumed instead. We assumed
n average recombination rate found for fish species and al-
owed for a certain variation in this parameter, which gave
lightly variable outcomes particularly for the Mediterranean 

opulation. Moreover, one assumption of the estimates of Ne 

s that generations are discrete. Overlapping generations usu- 
lly imply a downward bias of about 10% to 50% of estimates
ith the LD method (Waples 2024b ). Computer simulations 
erformed by Santiago et al. (2020) assuming three cohorts 
er generation involved downward biases of the estimated re- 
ent Ne by GONE of about 40%. Thus, the recent estimates of
ONE2 in Table 2 could be underestimates by that approxi-
ate proportion. Another assumption of all methods of esti- 
ation of Ne is that the population under study is a closed one
ithout migration from other populations. Estimates of con- 

emporary Ne can be biased when the population is structured 

ith migration between subpopulations (Waples 2024b ). Our 
esults from currentNe2, however, show that estimates assum- 
ng population structure are not significantly larger than es- 
imates assuming panmixia, which suggests that population 

tructure with limited migration between subpopulations is 
ot the most likely scenario for the analyzed European hake
opulations. Finally, estimating Ne in large marine popula- 
ions is generally difficult, and it has been concluded that sam-
le sizes of around 1% of the total number of individuals are
ecessary to obtain accurate estimates (Marandel et al. 2018 ).
hus, as recent Ne values estimated by fsc27 , GONE2, and
urrentNe2 in the three hake populations are generally below 

r around 10 000 individuals ( Table 2 ), the analysed sample
izes in this study (i.e. nearly 100 for the Atlantic populations
nd more than 200 for the Mediterranean one) seem to be in
he limit to obtain robust recent Ne estimates. 

The positive correlation between historical Ne and stock 

arameters is particularly notable in the Atlantic Southern 

tock. The high fishing pressure observed prior to 1995 

ppears to explain the sharp decline in Ne . Interestingly,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf231#supplementary-data
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pawning stock biomass (SSB) and Ne were highly correlated
 r = 0.96) although the effects of intense fishing pressure were
rst evident in SSB before becoming apparent in Ne . This sug-
ests that the stock was initially able to withstand a moder-
te reduction in SSB. However, continued declines in SSB ul-
imately may have led to a reduction in the stock’s reproduc-
ive potential, an erosion of reproductive resilience (Lowerre-
arbieri et al. 2017 ), and a subsequent rapid decline in Ne .
espite the reduction in fishing pressure over the past two
ecades, the population has not recovered their ancestral lev-
ls of genetic diversity. SSB remains approximately ten times
ower than in the 1960s, likely due to the persistently low Ne 

Hoey et al. 2022 ). Notably, the ratio between Ne and the an-
ual adult abundance ( Na ) is now much lower than it was
0 generations ago (circa 1960), indicating a decoupled re-
overy dynamic between demographic and genetic indicators.

hile adult abundance has returned to levels observed in the
id-1980s, Ne remains low. This disparity likely explains the

ack of full recovery of the Atlantic Southern stock, despite the
mplementation of a recovery plan by the European Commis-
ion in 2006 (Reg. EC No. 2166/2005). Positive correlations
ere also observed in the Mediterranean population, although

hey were weaker and not statistically significant, likely due to
he shorter historical time series of stock data and the limited
ariation in Ne during the observed period, as the majority
f the decline in Ne seems to have occurred earlier. Finally, in
he case of the Atlantic Northern stock, where negative cor-
elations were observed for the whole data series, it is impor-
ant to consider that the genomic data analyzed in this study
ere collected in the North Sea. Historically, hake biomass,

nd consequently, catches, in the North Sea have been low
Staby et al. 2018 ), whereas the majority of the population
nd fishery activity has been concentrated in the Celtic Seas
nd the Bay of Biscay. As a result, historical stock assessments
onducted by ICES were largely based on data (from surveys
nd catches) collected outside the North Sea. Thus, the stock
arameters used in this study could reflect that geographic
ias. Although the North Sea is officially considered part of
he Atlantic Northern stock, the lack of positive correlation
etween stocks parameters and Ne suggests that hake in this
rea may have followed a different population trajectory than
he main part of the stock. Whether this implies that the North
ea population constitutes a separate stock remains a subject
f ongoing debate. 
Previous studies on the genetic structure of European hake

n the Atlantic have reported differentiation between the
orth Sea (or Norwegian Sea) and other Atlantic regions (Mi-

ano et al. 2014 , Westgaard et al. 2017 , Leone et al. 2019 ),
hough the genetic boundary among them is not clear. The
resent study found lower levels of genetic differentiation be-
ween individuals from the North Sea and the Galician shelf
part of the Southern stock) than those found by Leone et al.
2019) . However, it is to note that the North Sea population
nalysed here is located south of that analysed by Leone et
l. (2019) . Our results are in agreement with earlier studies
y Pita et al. (2014) using mitochondrial and microsattelites
arkers, which suggest significant migration rates between
orth and South Atlantic stocks. Actually, it has been pro-
osed that the spawning biomass of the Atlantic Northern
tock could play a crucial role by allowing recovery of the
outhern stock (Pita et al. 2014 , 2017 ). 

The results of EvalAdmix (Garcia-Erill & Albrechtsen
020 ) indicated that clustering our data in two groups is
nough to explain the observed differences, supporting the
ow levels of genetic differentiation found by FST indices, PCA,
dmixture, and phylogenetic analyses among the two Atlantic
opulations. Gandra et al. ( 2021 ) found indices of genetic dif-
erentiation negatively correlated with the fish’s economic im-
ortance. These authors suggest that the lack of genetic dif-
erentiation in abundant intensively fished species is due to
genetic homogenization driven by fisheries-induced bottle-
ecks and subsequent population replacement through immi-
ration” (Gandra et al. 2021 ). The low genetic differentiation
ound between the two Atlantic populations and the evidence
f recent bottlenecks for both would support the hypothe-
is of Gandra et al. (2019). Nevertheless, it is clear that fur-
her investigation is needed, incorporating genomic and de-
ographic data from additional Atlantic locations. 
Although the genetic differentiation between the Mediter-

anean and the Atlantic populations is slightly higher than be-
ween the two Atlantic populations, it is still very low, sug-
esting that despite the Gibraltar Straight and the Almería-
ran barrier there is great connectivity between them. This
igh gene flow could be explained by the almost continu-
us distribution of the species through the Mediterranean and
he Atlantic coasts. Nonetheless, the more restricted genetic
ow among Mediterranean and Atlantic populations could
ave consequences in the recovery of Mediterranean popu-

ations when gene flow is additionally diminished by decays
n Ne (Hauser & Carvalho 2008 ). 

Finally, the Atlantic Southern population shows signs of Ne 

ecovery acompanying the recovery of abundances, although
ore slowly. Thus, if the observed recovery tendency in Ne 

nd abundance are maintained, it could be expected that the
emaining standing genetic variation will increase in allele
requency, while the population will gain new genetic varia-
ion by mutation. Altogether, this would reinforce the adap-
ive potential of the Atlantic Southern population, favouring
lso neighbouring populations. Thus, European hake popu-
ations could widely benefit of the implementation of spatial
sheries management considering meta-population dynamics
n the stock assessments (Fogarty & Botsford 2007 ). 

Although the primary goal of stock assessments is not
enetic recovery, but abundance, broader management ob-
ectives increasingly include the maintenance of population
tructure, genetic diversity, and therefore, the long-term adap-
ive potential, especially under environmental changes. Be-
ides the uncertainties regarding the exact time of Ne declines
nd the length of generation intervals, the overall results pre-
ented in this study indicate that the integration of population
enetic estimates into stock assessment is not only possible,
ut crucial for optimal long-term sustainable fisheries man-
gement. 

onclusions 

sing four different population genetic approaches, our study
rovides evidence of a recent and substantial decline in genetic
iversity and effective population sizes in European hake pop-
lations. These declines have reduced Ne by at least two orders
f magnitude compared to ancestral levels and are consistent
ith documented episodes of overexploitation. Such drastic

eductions in Ne can have profound consequences for the evo-
utionary trajectory of hake populations, potentially disrupt-
ng gene flow patterns and reducing adaptive capacity to re-
pond to environmental changes. Nonetheless, a likely recent
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small increase in effective size was observed in the Atlantic 
Southern population, suggesting that management strategies 
implemented in recent years may have begun to support the 
recovery of the stock’s genetic integrity although at very slow 

pace. Finally, the detailed methodology implemented in this 
study could be broadly applied in fisheries science to forecast 
the evolutionary pathways of other exploited marine species. 
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