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ABSTRACT

Hybridization is relatively common between closely related species that share part of their distribution. Understanding its dy-
namics is important both for conservation purposes and to determine its role as an evolutionary mechanism. Here we have
studied the case of black hakes (Merluccius polli and Merluccius senegalensis) in its contact zone. The area of study is located in
the FAO fishing area 34, in Mauritania and Senegal waters, where both species are exploited jointly in multi-species fisheries
involving national and foreign fleets. Using a ddRADSeq approach and based on a set of 5820 SNPs and a total of 240 individu-
als, we identified one F| hybrid and several backcrossed individuals among 90 M. polli samples and none in 90 M. senegalensis
samples obtained in 2020, suggesting unidirectional introgression towards M. polli. Hybridization signals were not found in any
of the 60 historical samples from 2000. Excluding the hybrids and developing two separate sets of SNPs (5093 SNPs for M. polli
and 2794 SNPs for M. senegalensis), our results detected two distinct genetic clusters within M. polli that show different genetic
diversity estimates, with one of the clusters showing a higher potential vulnerability to exploitation. This pattern was observed in
both contemporary and historical samples, and both groups presented subtle depth segregation. Moreover, 109 outlier loci were
identified between the two groups, that could be developed into molecular markers to further study differentiation between both
clusters and contribute to improved stock assessment and management of these important demersal resources.

1 | Introduction viable interspecies offspring (Barton 2001; Moran et al. 2021).

On the other hand, introgressive hybridization can integrate
Hybridization is a known driver of evolution (Abbott new advantageous variants in the gene pool of one or the two
et al. 2013; Seehausen 2004). On the one hand, hybridization involved species, in a process called adaptive introgression
can negatively affect the involved populations due to post- (Edelman and Mallet 2021; Hedrick 2013). This could be at
zygotic barriers, which reduced the probability of producing the origin of events of species radiation (Kautt et al. 2016;
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Meier et al. 2017; Seehausen 2004), or even be the cause of
reverse speciation between two diverging species (Seehausen
et al. 2008).

Secondary contacts zones, that is, regions where species over-
lap due to the loss of former barriers, or by expansion of one
of them, are zones where hybridization is more likely (Abbott
et al. 2013). For this reason, hybridization often occurs in the
margins of species distributions, where these species may over-
lap (Chhatre et al. 2018; Faust et al. 2021). Populations at the
edges of a species’ range often exhibit differential characteris-
tics compared to those in the central part of the distribution.
Edge populations are typically smaller (abundant-centre-
hypothesis), have lower genetic diversity and exhibit reduced
connectivity with other parts of the species’ distribution
(Cahill and Levinton 2016; Fristoe et al. 2023). Due to the
limited availability of partners, there may be higher chances
of interspecific reproduction if one of the species is more
abundant than the other (Qvarnstrom et al. 2023; Rohde
et al. 2015). This effect is more accentuated in expanding
distributions. Currently, the rise of temperatures is causing
species displacements, provoking a poleward shift of their
distribution ranges (Hastings et al. 2020; Hickling et al. 2006;
Oke et al. 2023; Pinsky et al. 2020; Poloczanska et al. 2013).
This trend may cause new species overlapping and over-
all important changes in their relative abundance (Gregory,
Christophe, and Martin 2009; Maire et al. 2019; Taylor,
Larson, and Harrison 2015; Warren et al. 2016). Accordingly,
hybridization rate between species, as well as the zones where
it occurs, will also be altered (Kersten et al. 2023). Identifying
and understanding these dynamics is necessary for biological
conservation, especially when hybrids exhibit reduced fitness
compared with the pure species.

Fisheries might have a strong effect on the exploited species.
At sea, fishing is a major driver of changes in wild populations
(Planque et al. 2010). As many as 35.4% of marine stocks are
overfished (FAO 2022). The combined effect of fisheries and
species displacement driven by climate change must be care-
fully considered. Notably, multi-species fisheries exploit sev-
eral species that are in some cases managed as single stocks.
This is often the case of species that are morphologically simi-
lar, like hakes (Blanco-Fernandez et al. 2022; Garcia-Vazquez
et al. 2012). These fisheries have to deal with changes in
the relative abundance of the target species because of dis-
tributional shifts (Baudron et al. 2020; Collie, Wood, and
Jeffries 2008; Perry et al. 2005). Cryptic species, distinct pop-
ulations, and the overall genetic characterisation of stocks
are rarely integrated into fisheries management (Waples
et al. 2008). Consequently, hybridization is seldom considered
or reported in fisheries studies. How the differential exploita-
tion of overlapping species (e.g., species with different depth
preferences targeted by various fishing techniques (Ward and
Myers 2005)) might alter hybridization rates, has not been in-
vestigated so far.

Black hakes Merluccius polli and Merluccius senegalensis are
two closely related species that are managed together in mixed
fisheries (FAO 2020). They are caught jointly in the area where
their distributions overlap, in the northern West African coasts
(FAO Area 34) (Pitcher and Alheit 1995). These species are well

differentiated, having diverged over a million years ago (Campo
et al. 2009; Pérez et al. 2021). However, their morphological
similarity makes them difficult for non-experts to distinguish
(FAO 2020; Lloris, Matallanas, and Oliver 2003). Differences are
subtle, primarily involving general coloration (M. polli tends to
be darker, while M. senegalensis is generally lighter), caudal fin
colouration (white in the edges only for M. polli), scale size or
the number of gill rakers (Fall et al. 2018), among others. The
morphological similarity lead to a high level of misreporting in
catches, primarily due to a directionality on misidentifications,
which could impact the overall conservation status of both spe-
cies (Blanco-Fernandez et al. 2022).

These species live along West African coast in the East
Atlantic Ocean. M. senegalensis ranges from 33.00°N to
10.00°N (Fernandez-Peralta, Quintanilla, and Rey 2017; Lloris,
Matallanas, and Oliver 2003), and the distribution for M. polli
has been reported between 28.00°N and 18.30°S (Manchih
et al. 2018; Lloris, Matallanas, and Oliver 2003). Therefore, they
overlap from 28.00°N to 10.00°N latitude. M. polli has a pref-
erence for deeper waters in comparison to M. senegalensis, that
is more common in shallower waters (Froese and Pauly 2021).
Both species migrate southwards in summer and northwards in
winter. They reproduce between October and March, with some
overlap in their spawning grounds. M. senegalensis primarily
spawns between 18°N and 19° N, while M. polli spawns between
16° and 18°N. They spawn at different depths: (M. senegalen-
sis at 274-316 m, and M. polli at 566-653 m) (Fernandez-Peralta
etal. 2011). Despite different spawning depth preferences within
the Merluccius genus, certain species can hybridise under some
circumstances. For example, M. capensis and M. paradoxus oc-
cupy different depth niches, but they can spawn together and
hybridise in years of drastic environmental alterations like La
Nina (Miralles, Machado-Schiaffino, and Garcia-Vazquez 2014).
Other species of the Merluccius genus also hybridise, i.e. M.
albidus and M. bilinearis (Machado-Schiaffino, Juanes, and
Garcia-Vazquez 2010).

Given the previous records of hybridization within the genus,
along with environmental changes associated with pole-
ward shifts in species distribution (Hickling et al. 2006) and
fluctuations in the relative abundance of the two species
(Fernandez-Peralta, Quintanilla, and Rey 2017), hybridization
events between M. polli and M. senegalensis are likely. Mixed
fisheries targeting black hakes are located near the edge of M.
polli's distribution, making it essential to consider potential
changes in hybridization rates when managing these fisheries.
Additionally, the role of hybridization as a potential evolution
driver highlights the importance of characterising hybridization
events between the two species.

To our knowledge, this is the first study about hybridization in
black hakes. Using ddRAD-sequencing approach on historical
and contemporary black hakes (Merluccius polli and Merluccius
senegalensis) samples, we aim to (i) evaluate the level and extent
of inter-specific gene flow (e.g., hybridization events) between
the two species of black hake in their contact zone (Mauritania
and Senegal waters), (ii) assess whether there is directionality in
crosses and (iii) to characterise within-species genetic differen-
tiation in the overlapping area where the two species are jointly
exploited.
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2 | Material & Methods
2.1 | Sampling

Tissue samples (fin) or whole individuals from Merluccius polli
and M. senegalensis were obtained from commercial vessels
fishing along the coasts of Mauritania and Senegal between
20.762° N and 14.95525°N, covering a distance of approximately
640km in a straight line from the northernmost to the southern-
most point (Figure 1). A total of 90 individuals of each species
were sampled between November 2019 and September 2021.
Samples were collected within the sampling range and, for ana-
lytical purposes, were divided in 3 groups (from north to south)
of 30 individuals each to ensure an even distribution along the
study region (Figure 1). Two campaigns were involved in the
collection of these samples. All M. senegalensis samples and 60
M. polli samples were self-sampled by fishermen as part of the
FARFISH project (H2020) as described in Blanco-Fernandez
et al. (2022). Thirty M. polli samples were kindly provided by
fishing boats landing in the Port of Cadiz. In addition, 30 his-
torical samples from each species, collected in 2000 as part of
the EU MARINEGGS project, were included to incorporate a
temporal dimension into the analyses. This makes a total of 240
samples in this study.

Sample codes have the two first letters for the species (MP for
M. polli and MS for M. senegalensis), followed by the group
(Contemporary (C) or Historical (H)), and the identification
number of sample from 001 to 250. For contemporary sam-
ples obtained from commercial fisheries (2019-2021), data on
sex, length, depth and coordinates of the catch area were re-
corded; for the samples provided by the Port of Cadiz (2020),
data on sex, length and weight were available (Table S1).
Unfortunately, none of this data was available for the histor-
ical samples (2000). Samples of either fin or muscle were pre-
served in 100% ethanol and transported to the laboratory for
further analyses.

The species identity of all the samples was verified using a
barcoding approach on a 450bp fragment from the mito-
chondrial Control Region, as published in Blanco-Fernandez
et al. (2022).

2.2 | Library Preparation

DNA was extracted from fin or muscle of each sample depend-
ing on availability, using a standard DNA extraction protocol of
phenol-chloroform. ddRADseq libraries were prepared follow-
ing a protocol adapted from Peterson et al. (2012) and Recknagel
et al. (2015). Briefly, after DNA extraction each sample was di-
gested with the enzymes PstI and MpsI (New England Biolabs).
The resulting fragments were ligated with combinations of
two different Illumina adaptors (P1 and P2), enabling them to
be pooled together. A fragment size range of 200 to 400 pb was
set after simulating the number of digested fragments in silico
using SimRAD (Lepais and Weir 2016), in R (v.4.1.1) (R Core
Team 2021), against the M. polli reference genome (GenBank
Accession No.: GCA_030340625.1) (Mateo et al. 2023). The
size selection was performed in an agarose gel, followed by a
PCR enrichment consisting of an initial denaturing step of 10s

FIGURE1 | Distribution of black hakes, based on Fernandez-Peralta
et al. (2011); Fernandez-Peralta, Quintanilla, and Rey (2017); Lloris,
Matallanas, and Oliver (2005). M. polli in orange and M. senegalensis
in blue. The black square indicates the sampling area, covering approx-
imately 640 km from north to south.

at 98°C, 15 cycles of 10s at 98°C, 30s at 65°C, 30s at 72°C and a
final elongation step of 5min at 72°C. Samples were randomly
distributed into three different libraries and were sequenced in
three lanes of Illumina HiSeqX in Macrogen Inc. (Korea), for
paired-end reads of 150 bp.

2.3 | Data Filtering and SNP Calling

Raw reads were demultiplexed using process_radtags from
STACKS v.2.54 (Catchen et al. 2013). Reads were truncated at
95bp and those below a quality filter of 20 within a window of
0.15 were discarded. TRIMMOMATIC v.0.39 (Bolger, Lohse,
and Usadel 2014) was used to trim the sequences. Then, re-
sulting sequences were aligned to the reference genome for M.
polli (GenBank Accession No.: GCA_030340625.1) using BWA
v.0.7.17 (H. Li and Durbin 2009). Low quality alignments (qual-
ity below 25) and partial and secondary alignments were filtered
out. After that, final alignments were used to build a catalogue
of loci running ref map.pl from STACKS v.2.54. Final SNP
filtering was done using the populations script from STACKS.
Three different catalogues were built. One included all sam-
ples from both species, and the other two separated by species
were used for population analyses within species. Minimum al-
lele frequency (maf) of 0.05 and keeping common presets were
employed for the three different runs of populations (both spe-
cies together, only M. polli, and only M. senegalensis). For the
common analysis (considering both species), populations was
run with —p 8 and —r 0.75. The analysis of both M. polli and
M. senegalensis were run separately with —p 4 and —r 0.7. In all
cases the minimum allele frequency (maf) was kept at 0.05, only
one SNP was kept per locus, and SNPs out of Hardy-Weinberg
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equilibrium were filtered out except for the RDA analyses (see
below). In all cases, samples with over 30% of missing data were
filtered out.

2.4 | Inter-Species Genetic Differentiation
and Hybrids Assessment

Data generated from the joint SNP panel, considering both
species, was used to assess hybridization. Three different ap-
proaches were used for this process: ADMIXTURE (Alexander,
Novembre, and Lange 2009), NEWHYBRIDS (Anderson and
Thompson 2002), and Introgress (Gompert and Buerkle 2012).
Sample clustering was visualised with a PCA using adegenetin R
(Jombart 2008),and ADMIXTURE was run to analyse clustering
among the samples. Given the separation between both species,
k=2 was considered for the hybrid detection. ADMIXTURE
k=2 results were used to select 10 putative parental individuals
as a reference for the NEWHYBRIDS and Introgress analyses.
The NEWHYBRIDS (Anderson and Thompson 2002) analysis
was run with a burn-in of 50,000 and 500,000 sweeps. It was
run 10 times using 10 random subsets of 200 SNPs due to the
maximum loci limitation of the software. Introgress package
was run in R to further categorise and select the hybrid candi-
dates, and to check for the distribution of introgressed regions
along the genome in the hybrid candidates. AMOVA was run
in ARLEQUIN v.3.5.2.2 (Excoffier and Lischer 2010) to deter-
mine what percentage of variation was explained by the species
in contrast to the percentage explained by groups and intraindi-
vidual variation.

2.5 | Within-Species Characterisation
of Populations

Data from each single species was analysed using the same
procedure. For these analyses candidate hybrids identified as
explained in 2.4 were excluded. General statistics to assess
genetic variation were calculated using R packages: poppr
(Kamvar, Tabima, and Griinwald 2014), diveRsity (Keenan
et al. 2013), hierfstat (Goudet and Jombart 2022). Population
differentiation was first visualised with a PCA (adegenet) and
supported by ADMIXTURE results. The optimal number of
clusters was chosen with StructureSelector (Li and Liu 2018;
Puechmaille 2016). When more than one genetic cluster was
detected (as was the case for M. polli), clustering group was
assigned by Axis 1 value from the PCA. For M. polli, the next
analyses were performed to search for differences between
genetic clusters. Differentiation between groups was calcu-
lated with pairwise Fg;'s in ARLEQUIN. The Axis 1 values
obtained from PCA were compared across sampling variables
to identify potential environmental factors (e.g., depth, prox-
imity to coast) or morphological traits (e.g., length) that differ-
entiate between clusters. These variables were available only
for part of the contemporary samples (2019-2021); thus, the
analysis was done only on those samples (38 out of 90 samples
for M. polli). The variables included were length, sex, depth,
latitude, sampling date, and distance to the coast. A PCA was
run to visualise relationships between the variables, and a
multiple regression analysis was run in PAST 4.03 (Hammer,
Harper, and Ryan 2001) to assess whether the measured

variables partially explained the genetic differentiation found
between genetic clusters. For this multiple regression analysis,
the values of the Axis 1, previously obtained from the genetic
distance PCA (see above), was considered as the dependent
variable, representing how genetically distant a sample is from
the other group.

We searched for outlier loci between genetic clusters using
BayeScan (Foll and Gaggiotti 2008). In order to search for
adaptation signatures, Redundancy Analyses (RDA) were
performed against Depth, Sex and Length using all SNPs (no
HWE filter) to detect loci significantly associated to these
variables. Contemporary samples (2019-2021) (See Table S1)
were used for this analysis, since the others did not include
data on these variables. Significant loci from both the RDA
and the BayeScan analysis were mapped to the reference ge-
nome and annotated.

Finally, effective population sizes for both species were inferred
using the Linkage Disequilibrium Method in NeEstimator2 (Do
et al. 2014) on the contemporary samples (2019-2021). Since
NeEstimator2 estimates population size from linkage disequi-
librium, SNPs from the same contig were filtered out, keeping
one at random to avoid bias on the analysis. The analysis was
run separately for each genetic cluster (one single analysis for M.
senegalensis, and two in M. polli).

3 | Results
3.1 | Data Analysis and SNPs Filtering

A total of 3,165,470,046 raw reads were obtained. After qual-
ity filtering with process_radtags and TRIMMOMATIC,
1,653,594,842 reads were retained. Then, the reads were
mapped to the reference genome (GenBank Accession No.:
GCA_030340625.1), and all resulting alignments were pro-
cessed jointly with STACKS. For the study of hybridization, a
total of 404,923 loci were genotyped with mean depth coverage
of 22.0x and standard deviation of 12.9x. After filtering, 5820
SNPs were retained.

STACKS run on M. polli samples alone, generated a total of
300,124 markers with mean depth coverage of 25.4x and stan-
dard deviation of 11.6X, keeping 5093 SNPs that suited the fil-
tering criteria after running populations. Following the same
procedure, 244,311 loci were genotyped when STACKS was run
with M. senegalensis samples only, with mean depth of 20.4x,
and standard deviation of 11.7X. After running populations
2794 M. senegalensis SNPs were finally kept. For the RDA anal-
yses, populations was run for each species separately including
SNPs out of HWE and excluding hybrid individuals. This analy-
sis kept 6763 SNPs for M. polli and 3838 SNPs for M. senegalensis.

3.2 | Inter-Species Genetic Differentiation
and Hybrid Detection

Taking the joint dataset containing both species, AMOVA re-
sults showed that most of the variation in this dataset was ex-
plained by the variation among groups (90.60%), supporting that
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FIGURE 2 | Genetic differentiation between species. (A) PCA plot showing genetic differentiation between both species. M. senegalensis are
shown in blue (contemporary) and violet (historical) and M. polli are shown in orange (contemporary) and brown (historical). (B) Admixture plot
(K=2) showing genetic differentiation between both species. Each bar represents one individual, and the different colours represent the percentage
of contribution of each cluster to each sample. Sample coding: MS and MP, M. senegalensis and M. polli respectively; C, contemporary and H, histor-

ical samples.

these species are well differentiated (Table S2). This was also
reflected in the PCA and the ADMIXTURE (Figure 2). The PCA
showed a clear separation between species (Figure 2A), with
most of the variation explained by Axis 1 (86.8%). Both species
formed clusters in opposite sides of the axis, but some of the sam-
ples were distributed towards a central position along the axis 1:
sample MS-N-226 appeared in the centre of the graph, and five
samples assigned as M. polli, MP-C-080, MP-C-041, MP-C-119,
MP-C-236 and MP-C-082, were also close to the centre in com-
parison to the rest of the M. polli samples (Figure 2A).

Similar results were obtained from ADMIXTURE analysis
(Figure 2B). Within all the samples assigned to M. polli, samples

MP-C-041 and MP-C-080 were assigned to the M. senegalensis
cluster over a 15%. Within M. senegalensis samples, MS-C-226
exhibited evident signs of admixture, with 40.8% assigned to the
M. polli cluster (Figure 2B).

The results of the NEWHYBRIDS analysis further assigned
these intermediate samples as hybrids and categorised them ei-
ther as F}, F, or introgressed backcrosses. All iterations using
different subsets gave the same assignations. Samples MP-C-
040, MP-C-80 and MP-C-236 were assigned as a M. polli back-
cross with a probability of 1.0 across all iterations. MP-C-119 had
a probability of 0.391 of being a M. polli backcross, and MS-N-226
was assigned as F; with a 100% in all iterations (Figure S1A).
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Accordingly, a similar pattern involving the same samples was
obtained from introgress analysis (Figure S1B). The combina-
tion of hybrid index and heterozygosity are similar to the results
from the previous analysis (PCA, Admixture and NewHybrids),
suggesting that individuals MP-C-080, MP-C-041, MP-C-119,
MP-C-236 and MP-C-082 are introgressed backcrosses for M.
polli and MS-C-226 is a F, between the two Merluccius species.
In contrast to the rest of the analyses, from introgress MS-C-
247 could be a M. senegalensis backcross. The genomic clines
did not show common genomic introgressed regions between
the different backcrosses (Figure 3). This pointed to different
events of hybridization as the origin of the backcrossed indi-
viduals. The hybrid and the introgressed individuals identified
were five females (MP-C-080, MP-C-119, MP-C-236, MP-C-082
and MS-C-226) and one male (MP-C-041).

3.3 | Intra-Species Genetic Differentiation
3.3.1 | Merluccius senegalensis

We did not find significant genetic differentiation across M.
senegalensis, either in historical or contemporary samples
(Figure 4A). PCA did not show any differentiation between
groups, with the first axis explaining only 1.5% of the variation.
The ADMIXTURE analysis also suggests all samples belong to
the same group (Figure S2). Global expected heterozygosity av-
eraged 0.231 (Table 1). The inbreeding coefficients (F,¢) were all
close to 0 (F;q range: —0.004; Table 1).

100 150

Individuals

50

Markers

For M. senegalensis the estimated Ne was 1999.7, with a 95% con-
fidence interval between 1463.4 and 3143.6.

3.3.2 | Merluccius polli

We found genetic structure within M. polli samples. PCA
analysis showed two differentiated clusters (Figure 4B). The
first two axes explained 2.8% and 2.4% of variance respec-
tively, higher percentages than in the case of M. senegalen-
sis (Figure 4A). These clusters were further supported by the
ADMIXTURE analysis, which showed an optimal clustering of
two (Figure S3). M. polli samples were then grouped accord-
ing to their cluster assignation as MP-01 and MP-02. Samples
were assigned to clusters regardless of their geographic or tem-
poral distribution (contemporary and historical samples were
equally represented in the two clusters; y*=2.035; p=0.154).
We found a higher number of private alleles in MP-01 than in
MP-02; 77 and 8, respectively. The rest of the genetic diversity
indexes (expected heterozygosity, allele richness, nucleotide
diversity) were similar in the two clusters yet slightly higher
in MP-1 (Table 1). Fq values between these groups also sup-
ported differentiation between the two different genetic
clusters regardless the sampling period—2000 or 2020 decade
(Table 2).

Effective population sizes were estimated separately for each
group with the disequilibrium linkage method. Within M. polli,
the cluster MP-01 was estimated to have 2318.5 Ne with a 95%

0’5 10

Proportion
Population 2 ancestry

FIGURE 3 | Genomic Cline showing the assignation of every bi-allelic locus (columns) as assigned to one of the species for each sample (rows).
For each locus, one of the alleles is assigned to one of the species, and the second one is assigned to the second species. Orange is assigned to homozy-

gotes of the allele associated to M. polli, blue represents homozygotes for the allele associated to M. senegalensis, and black represents heterozygotes.
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FIGURE 4 | Within species genetic differentiation. PCA plot showcasing genetic distances between (A) Merluccius senegalensis (MS) and (B)
Merluccius polli (MP) samples. The samples are presented as follows: MS-C in blue, MS-H in violet, MP-C in orange and MP-H in brown. C, contem-

porary; H, historical samples.

TABLE1 | Genetic diversity statistics for Merluccius senegalensis (MS) and each cluster of Merluccius polli (MP).

PopID Private alleles Allelicrichness Observed heterozigosity Expected heterozygosity T Fiq

MS — 1.975 0.232 0.231 0.233  —0.004
MP-01 77 1.783 0.275 0.258 0.262  —0.065
MP-02 8 1.756 0.251 0.249 0.254  -0.005

Note: From left to right private alleles between Merluccius polli clusters, allelic richness, observed heterozygosity, expected heterozygosity, nucleotide diversity (m), and

inbreeding coefficient (F ).

TABLE2 | Calculated Fq values for genetic differentiation between
different groups of M. polli.

FST/p-Value MP-C1 MP-C2 MP-H1 MP-H2
MP-01-C <0.0001 0.516 <0.0001
MP-02-C 0.014 <0.0001 0.129
MP-01-H —0.003 0.017 <0.0001
MP-02-H 0.017 0.001 0.000

Note: Bottom diagonal shows pairwise Fg values for each comparison, and top
diagonal shows their corresponding p-values. Significant values are shown in
bold. MP-01 and MP-02 represent the two genetic clusters. C, contemporary
samples (2020); H, historical samples (2000).

confidence interval between 1347.0 and 8195.7, and the genetic
cluster MP-02 had 198.2 Ne with a 95% confidence interval be-
tween 184.1 and 214.5.

3.3.3 | Inferred Factors Contributing to M. polli Cluster
Differentiation

In the multiple regression analysis, the dependent variable was
genetic distance (between M. polli clusters: MP-01 and MP-02)
as measured from the values of the first component of the PCA
(Figure 4B), and the independent variables geographical location
(latitude), distance to the coast, depth, date of capture, length
and sex of the individual. Genetic differentiation between M.
polli clusters was significantly explained by depth and sampling

date (Table 3). From the sign of the coefficient, MP-01 would
contain individuals caught at a greater depths. For MP-01, the
average depth was 515.61 +£107.62m and for MP-02, the average
depth was 473.80+£118.73 m.

The relationships among the variables included in the multiple
regression can be seen in the PCA scatter plot (Figure 5A). PC1
of the PCA explains 40.1% of the variance and PC2 explains
21.7% (See eigenvalues and factor loadings for the first two com-
ponents in Table S3).

BayeScan analysis revealed 109 outliers between the two ge-
netic clusters of M. polli (Figure S4). Mapping of these outliers
to the reference genome showed that 16 of them are located
in exon regions. Out of this, were synonymous changes and
five were non-synonymous changes and fell in exons of the
genes Harbil_156, znf598, Gga3_1, cdr2l_1, radil_1 (full list
in Table S4).

RDA analysis contrasted SNPs variation to depth, length and
sex. Different SNPs were significantly correlated to each of
these variables for each genetic cluster (See Figure 5B,C for M.
polli and D for M. senegalensis). Most remarkably, 64 SNPs (27 of
them fall in exons, four of which are non-synonymous changes)
were correlated to Sex in M. senegalensis (see Figure 5C). Ten
SNPs (four in exons) were related to length of the fish, and 11
SNPs (one in an exon) had a significant correlation to the depth
of the samples. Regarding M. polli cluster MP-01, 12 SNPs (one
in an exon) were significantly correlated to depth, seven SNPs
(one fell in an exon and was a non-synonymous change) were
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TABLE 3

and depth, latitude, date and distance to coast of the capture as independent variables.

| Multiple regression analysis with genetic distance as a dependent variable, and explanatory variables length and sex of the individuals,

Coefficient SE T p R?
Constant 8.153 6.203 1.314 0.198
Length -0.017 0.030 —0.552 0.585 0.022
Sex 0.290 0.404 0.717 0.479 0.009
Depth —-0.007 0.003 —2.312 0.028 0.028
Latitude —0.216 0.295 -0.731 0.470 0.002
Date 0.025 0.011 2.310 0.028 0.008
Distance to coast 0.000 0.000 —0.366 0.717 0.001
A B
Length
" Distance to Coast °
2 __..-Depth
® Length
Ien‘(g:h ® Sex
i 3 e Depth
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; } D?pth
Sex d
N 3 4 Length
Length, : _Depth
] ® Length “ ® Length
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FIGURE 5 | Genetic differentiation among clusters and environmental variables. (A) Biplot showing the two first components of a PCA. Each

arrow represents one of the explanatory variables (PCA_1 as a proxy for genetic differentiation, length and sex of the individuals, and depth, latitude,
date, and distance to coast of the capture). Dots represent the individuals analysed. (B-D) Results from the RDA analysis. Plot showing the two main

axes for both species (B. Merluccius polli genetic cluster 1, C. M. polli genetic cluster 2, and D. M. senegalensis). Each SNP is represented by a dot. Grey

dots indicate non-significant SNPs for any of the variables. SNPs significantly correlated to Length are shown in green, those significantly correlated

to Sex are in red, and SNPs significantly correlated to depth are highlighted in purple.

correlated to sex, and six SNPs (three in exons) were correlated
to length. In M. polli genetic cluster MP-02, 20 SNPs (eight in
exons, four of them associated with non-synonymous changes)
were associated to sex, four SNPs had a significant correlation
to length and only one SNP was associated with depth (full list
in Table S4).

4 | Discussion
4.1 | Hybridization Between Black Hake Species

We found potential hybrids between the two hake species con-
sidered. All performed analyses delimited the species clearly, as
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expected, having diverged a long time ago (Pérez et al. 2021),
but also the occurrence of intermediate genotypes at a genomic
level. One potential F; hybrid with mitochondrial DNA of M.
senegalensis lineage, and four backcrossed individuals between
M. polli and hybrids point to introgression from the parental
populations (e.g., M. polli), indicating viable offspring between
hybrids and M. polli. Introgression was only found within M.
polli, suggesting directionality in the crosses, as no clear intro-
gressed individuals were found within M. senegalensis. This is
the first time introgressive hybridization is found in black hakes.
This discovery has profound implications at both the evolution-
ary and conservation levels, considering that these species are
heavily over-fished (FAO 2020).

Incomplete lineage sorting can often be mistaken for hybridiza-
tion (Wang et al. 2018), which is particularly relevant in sister
species with short divergence times. However, in the specific
case of M. polli and M. senegalensis, this scenario is unlikely.
Several studies strongly support the early divergence (~1.9
MYA, Pérez et al. 2021) of two Euro-African lineages of hakes:
one comprising M. polli and M. paradoxus, and another includ-
ing M. senegalensis, M. merluccius and M. capensis (Roldan
et al. 1999; Quinteiro, Vidal, and Rey-Méndez 2000; Campo
et al. 2007).

Hybridization does not seem to be rare in the genus Merluccius.
Moreover, a species within the genus, M. australis, has been
suggested to have a hybrid origin (Campo et al. 2009; Pérez
etal.2021). Using microsatellites, hybrids were found between M.
albidus and M. bilinearis along the East coast of North America
(Machado-Schiaffino, Juanes, and Garcia-Vazquez 2010), and
between M. capensis and M. paradoxus in southern Africa
(Miralles, Machado-Schiaffino, and Garcia-Vazquez 2014). One
of the overlapping species of each pair prefers shallower waters
(i.e., M. bilinearis, M. capensis, M. senegalensis) and the other
greater depths (i.e., M. albidus, M. paradoxus, M. polli). Perhaps
hybridization occurs between other overlapping species within
the genus, like M. productus and M. angustimanus, M. capensis
and M. polli and M. gayii and M. australis. New genomic tech-
nologies will allow to study this genus in depth, since the use of
panels of several thousand SNPs (over 5000 markers) contrib-
utes to a higher confidence in the hybrid assignment, allowing
higher resolution and precision (Miralles et al. 2023; Szatmari
et al. 2021; Zimmerman, Aldridge, and Oyler-Mccance 2020). In
any case, results to date suggest that depth could be a barrier be-
tween Merluccius species, and that the barrier can be broken at
least in some circumstances. Miralles, Machado-Schiaffino, and
Garcia-Vazquez (2014) attributed hybridization to alterations of
oxygen concentration in water, related with La Nifia, that would
force the species to move and spawn in similar depths. In the
case of black hakes, the weakening of between-species barriers
could be also related with climate, but it could be due to very
different factors, as we will explain next.

Although based on a limited number of samples, there was a
clear unidirectionality in the introgression, the five introgressed
individuals having M. polli mitochondrial DNA only; thus, the
mother in a hybrid cross, either the F, or the backcross, was M.
polli. Directionality can be caused by asymmetrical pre- and/or
post-mating barriers between the involved species (Li, Ohadi,
and Mesgaran 2021; While et al. 2015), but also to the scarcity

of conspecifics (Lepais et al. 2009; Mckelvey et al. 2016). This
could be the case here. Surveys from the sampled area report
a higher abundance of M. polli than of M. senegalensis (in a 4:1
ratio) (Fernandez-Peralta, Quintanilla, and Rey 2017). Perhaps
hybrids are more likely to reproduce with more abundant M.
polli simply because of a higher probability of encounters (Lepais
et al. 2009). The hypothesis of asymmetric barriers (mating only
M. polli females with M. senegalensis males, or only hybrids of
M. polli mother being viable) could be more difficult to explain,
because the F, found with M. senegalensis mitochondrial DNA
demonstrates that hybridization between M. senegalensis fe-
males and M. polli males is also possible, and the offspring can
reach adulthood.

Interestingly, hybrids were only found in the modern set of
samples, perhaps suggesting a potential increase of the hybrid-
ization over the last 20years. It is worth noting that the sample
size of historical samples was relatively small (27 M. polli and
19 M. senegalensis after all sample filtering) and this potential
increase in hybridization rates must be taken with caution, as
even if the rates are maintained, the chance of no finding any
hybrid is not negligible. Given the percentage of introgression
estimated within M. polli modern samples (five out of 77, 6.5%),
finding around two introgressed individuals in the historical set
would be expected (0.065 x 27 =1.755) outcome, if the rates were
maintained over time. Furthermore, the introgressed samples
do not show a common pattern of introgression (See Figure 3),
suggesting that they come from different crosses instead of
being issued from a common hybrid cross. An increase in re-
cent hybridization would be consistent with northward shift
of the M. polli distribution, supported from the distribution re-
cords of M. polli, whose northern boundary was first described
as 20.00°N (Pitcher and Alheit 1995) and later widened to
28.00°N (Manchih et al. 2018). New records of black hake spe-
cies landings in the Canary Islands for the first time have been
described in Gonzalez-Lorenzo et al. (2020). Fernandez-Peralta,
Quintanilla, and Rey (2017) also describe a relatively lower
abundance of M. senegalensis than that reported 30years earlier
in Senegalese waters (Lopez Abellan and Ariz Telleria 1993).
Studying the relative abundance of these two species along the
contact area could be useful to further understand the introgres-
sion patterns revealed in our study.

Indeed, climate variability affects black hakes. The North
Atlantic Oscillation (NAO) has been linked to changes in the
abundance of these species within Northwest African fish-
eries (Meiners et al. 2010). Likewise, temperature is key for
fish reproduction, whose effects have been seen in different
fishes (Fincham, Rijnsdorp, and Engelhard 2013; Jansen and
Gislason 2011; Morgan, Wright, and Rideout 2013; Sandstrom
et al. 1997). Increments of temperature could affect spawning
areas, depths, and seasonality of both species, leading to greater
overlapping in spawning and thus to an increase of introgressive
hybridization.

Nevertheless, the number of introgressed individuals found,
as well as the low density of markers is not enough for an in-
depth study to detect signs of adaptive introgression. A higher
of density of markers would allow to identify introgressed re-
gions, if any are present (Edelman and Mallet 2021; Upadhyay
et al. 2021).
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The case of black hakes is not unique but is likely to occur in
other fish groups, as the distribution ranges shift polewards,
hybridization windows shift as well (Taylor, Larson, and
Harrison 2015). For instance, in the case of horse mackerels
(Trachurus), various species (Trachurus trachurus, T. pictura-
tus, T. mediterraneus, and T. capensis) partially overlap their
distributions in certain areas, making them potentially vulner-
able to new hybridization events (Healey et al. 2020). Moreover,
regardless of the effects on hybridization rates, changes on dis-
tribution may affect the management efforts of joint fisheries,
accentuating the need for correct identification of stocks as the
basic unit for management, and the damaging effects of pooled
data for two or more morphologically similar species as is the
case with black hake fisheries (Blanco-Fernandez et al. 2022).

4.2 | Implications of the Different Pattern
of Genetic Structuring in Black Hakes

Within species, we expected to find no genetic differentiation
due to the high mobility of hake. Generally, fishes with high
mobility as such as is the case for many species within the
Gadiformes order are characterised by low Fys between popu-
lations due to the high dispersal capabilities (Drinan et al. 2018;
Salmenkova 2011). In other studies, exploring genetic structure
in hakes, differentiation was found over long distances and
often associated to obvious oceanographic barriers (Garcia-De
Leon et al. 2018; Longo et al. 2024; Machado-Schiaffino, Campo,
and Garcia-Vazquez 2009; Machado-Schiaffino, Juanes, and
Garcia-Vazquez 2011; Westgaard et al. 2017). The geographi-
cal scale of this study is much smaller (i.e., black hake fisheries
from the coast of Mauritania and Senegal) and does not include
any apparent oceanographic barrier that could imply genetic
differentiation. As expected, we did not find any differentiation
among the M. senegalensis samples. However, M. polli showed
two differentiated genetic clusters. This clustering was not as-
sociated to geographic distance but to depth and date of capture
that contributed significantly to explain the variance between
clusters, suggesting some degree of segregation between the two
groups. Notably, this structuring was found both in the contem-
porary and the historical set of samples, indicating consistency
of this differentiation over time. In marine environments, depth
is often a driver of genetic differentiation (Costantini et al. 2016;
Piertney et al. 2023). In fishes, depth is one more spatial dimen-
sion that has to be considered when looking at spatial segrega-
tion within species (Stefansson et al. 2009). Nevertheless, the
differences in depth found between M. polli clusters are subtle
and both groups have a great overlap. Spatial differences be-
tween the two groups may vary depending on seasonality and
migration patterns (Goethel, Berger, and Cadrin 2023).

Despite these differences, significantly differentiated loci be-
tween the two clusters were not associated with any known
depth-linked genes. Likewise, the same happened within the
different groups (both clusters of M. polli and the population of
M. senegalensis) in the RDA analysis, where most significant loci
were associated with sex. However, it is not possible to fully dis-
card adaptive differences between the groups, since ddRADseq
is a reduced sequencing strategy, and many parts of the genome
are left uncovered (Lowry et al. 2017). Further research into

adaptative signals with techniques covering a higher percentage
of the genomes (e.g., WGS) could identify stronger signals.

Genetic diversity was slightly higher in cluster MP-01 than in
MP-02 (Table 1). Notably, MP-01 exhibited a higher number
of private alleles than MP-02, and an effective population size
(2318.5) one order of magnitude greater than the one estimated
for MP-02 (198.2). This could have implications for the conser-
vation of hakes within the fishery. Generally, populations of
demersal fishes like hake are characterised by large censuses.
Even if the effective population size is magnitudes smaller
(Hauser and Carvalho 2008), the effect of genetic drift in these
populations is expected to be minimal. However, with smaller
effective population sizes, as seems to be the case of MP-02 (the
shallower cluster), drift could have a stronger effect in the pop-
ulation (Willi et al. 2013). Overall, the occurrence of genetic
differentiation within M. polli indicates that its fishery should
be reconsidered taking into account a higher vulnerability (at
least partially) of the smaller genetic group. It is advisable to in-
tegrate this structuring in the management of black hake fisher-
ies, perhaps establishing differential quotas not only according
to species, but also to the fishing depths. As seen for the case of
identification between the two black hake species, due to the dif-
ferences in depth preference for both, the depth of capture would
influence the capture of one species over the other (Blanco-
Fernandez et al. 2022). A similar pattern may be found between
the two genetic clusters of M. polli. While there is evidence of
limited gene flow, it is necessary to understand the extent of this
differentiation: Distinct units may converge in time only season-
ally (Cadrin 2020; Goethel, Berger, and Cadrin 2023). Moreover,
different adaptations and life strategies may be reflected on the
genetic structure. Genetic structure can be associated to differ-
ences in habitat, depth and different life strategies (Grabowski
et al. 2011; Knutsen et al. 2009). Moreover, outlier loci has been
previously associated with different ecotypes and the detection
of fine scale population structure (Milano et al. 2014). We found
109 outlier loci between the two clusters that could be applied
in fisheries management of Black hakes. They could be used
for identification of the groups, and a marker set could be de-
veloped for further routine monitoring. Indeed, it is advisable to
study this differentiation in more detail, determining its main
drivers as well as its extension with more samples from other
zones within the distribution range of M. polli and controlling
for seasonality.

To our knowledge, this is the first genetic study conducted on
either of these species. Both species are fairly understudied in
all aspects, especially outside of the main area where they are
exploited in these multi-species fisheries. Details about the bi-
ology of M. polli along most part of its distribution are generally
unknown. There is an urgent need for a better understanding of
the genetic structure of these species along their entire distribu-
tion, to ensure the sustainable management, not only of M. polli,
but also of M. senegalensis.

5 | Conclusions

Our study aimed to disentangle underlying dynamics within the
contact zone of black hakes, where mixed fisheries take place,
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and the interaction between the two species. We have found
signs of hybridization between both species, and a directionality
that suggests that introgression occurs mostly towards M. polli,
most likely for opportunistic reasons.

In a Poleward shift of distributions scenario, it is likely that the
rates of introgression in M. polli will increase in this area due
to the relative increase of M. polli in its northern distribution
area, where it overlaps with M. senegalensis. According to these
results and other studies, hybridization is likely to be a common
occurrence between overlapping Merluccius hake species.

We found differentiation in two genetic clusters within M. polli,
partially associated with depth. It suggests different population
units that should be further explored for a better management
of the fishery.

Author Contributions

C.B.-F.: Conceptualization, Methodology, Data curation, Formal analy-
sis, Writing - original draft. J.R.-R.: Investigation, Methodology, review
and editing. J.L.M.: Investigation, Methodology, review and editing.
K.E.: Methodology, review and editing. E.G.-V.: Conceptualization,
Formal analysis, Writing - review and editing, Funding acquisition.
G.M.-S.: Conceptualization, Methodology, Writing - review and editing,
Supervision, Funding acquisition.

Acknowledgements

This study was funded from Spanish Ministry of Science and
Innovation Grant GLOBALHAKE PID 2019-108347RB-100. Samples
originated from No. 727891 FarFish project and MARINEEGGS proj-
ect. The authors would like to thank the Lonja de Cadiz for donating
the samples. K.E. received national funds from FCT—Foundation for
Science and Technology (Portugal) through projects UIDB/04326/2020,
UIDP/04326/2020 and LA/P/0101/2020 to CCMAR.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All sequencing data generated in this study have been submitted to the
NCBI BioProject database (http://www.ncbi.nlm.nih.gov/bioproject/)
under accession number PRINA1160467.

References

Abbott, R., D. Albach, S. Ansell, et al. 2013. “Hybridization and
Speciation.” Journal of Evolutionary Biology 26: 229-246. https://doi.
org/10.1111/j.1420-9101.2012.02599.x.

Alexander, D. H., J. Novembre, and K. Lange. 2009. “Fast Model-Based
Estimation of Ancestry in Unrelated Individuals.” Genome Research 19:
1655-1664. https://doi.org/10.1101/gr.094052.109.

Anderson, E. C.,and E. A. Thompson. 2002. “A Model-Based Method for
Identifying Species Hybrids Using Multilocus Genetic Data.” Genetics
160: 1217-1229. https://doi.org/10.1093/genetics/160.3.1217.

Barton, N. H. 2001. “The Role of Hybridization in Evolution.” Molecular
Ecology 10: 551-568. https://doi.org/10.1046/j.1365-294X.2001.01216.x.

Baudron, A. R., T. Brunel, M. A. Blanchet, et al. 2020. “Changing
Fish Distributions Challenge the Effective Management of European
Fisheries.” Ecography 43: 494-505. https://doi.org/10.1111/ecog.04864.

Blanco-Fernandez, C., K. Erzini, S. Rodriguez-Diego, et al. 2022. “Two
Fish in a Pod. Mislabelling on Board Threatens Sustainability in Mixed
Fisheries.” Frontiers in Marine Science 9: 1-10. https://doi.org/10.3389/
fmars.2022.841667.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. “Trimmomatic: A Flexible
Trimmer for Illumina Sequence Data.” Bioinformatics 30, no. 15: 2114
2120. https://doi.org/10.1093/bioinformatics/btul70.

Cadrin, S. X. 2020. “Defining Spatial Structure for Fishery Stock
Assessment.” Fisheries Research 221: 105397. https://doi.org/10.1016/].
fishres.2019.105397.

Cahill, A. E., and J. S. Levinton. 2016. “Genetic Differentiation and
Reduced Genetic Diversity at the Northern Range Edge of Two Species
With Different Dispersal Modes.” Molecular Ecology 25, no. 2: 515-526.
https://doi.org/10.1111/mec.13497.

Campo, D., G. Machado-Schiaffino, J. L. Horreo, and E. Garcia-
Vazquez. 2009. “Molecular Organization and Evolution of 5S rDNA in
the Genus Merluccius and Their Phylogenetic Implications.” Journal of
Molecular Evolution 68, no. 3: 208-216. https://doi.org/10.1007/s0023
9-009-9207-8.

Campo, D., G. Machado-Schiaffino, J. Pérez, and E. Garcia-Vazquez.
2007. “Phylogeny of the Genus Merluccius Based on Mitochondrial and
Nuclear Genes.” Gene 406: 171-179. https://doi.org/10.1016/j.gene.2007.
09.008.

Catchen, J., P. A. Hohenlohe, S. Bassham, A. Amores, and W. A.
Cresko. 2013. “Stacks: An Analysis Tool Set for Population Genomics.”
Molecular Ecology 22: 3124-3140. https://doi.org/10.1111/mec.12354.

Chhatre, V. E., L. M. Evans, S. P. DiFazio, and S. R. Keller. 2018.
“Adaptive Introgression and Maintenance of a Trispecies Hybrid
Complex in Range-Edge Populations of Populus.” Molecular Ecology 27,
no. 23: 4820-4838. https://doi.org/10.1111/mec.14820.

Collie, J. S., A. D. Wood, and H. P. Jeffries. 2008. “Long-Term Shifts
in the Species Composition of a Coastal Fish Community.” Canadian
Journal of Fisheries and Aquatic Sciences 65: 1352-1365. https://doi.org/
10.1139/F08-048.

Costantini, F., A. Gori, P. Lopez-Gonzalez, et al. 2016. “Limited
Genetic Connectivity Between Gorgonian Morphotypes Along a Depth
Gradient.” PLoS One 11, no. 8: e0160678. https://doi.org/10.1371/journ
al.pone.0160678.

Do, C., R. S. Waples, D. Peel, G. M. Macbeth, B. J. Tillett, and J. R.
Ovenden. 2014. “NeEstimator v2: Re-Implementation of Software for
the Estimation of Contemporary Effective Population Size (Ne) From
Genetic Data.” Molecular Ecology Resources 14, no. 1: 209-214. https://
doi.org/10.1111/1755-0998.12157.

Drinan, D. P., K. M. Gruenthal, M. F. Canino, D. Lowry, M. C. Fisher,
and L. Hauser. 2018. “Population Assignment and Local Adaptation
Along an Isolation-By-Distance Gradient in Pacific Cod (Gadus mac-
rocephalus).” Evolutionary Applications 11: 1448-1464. https://doi.org/
10.1111/eva.12639.

Edelman, N. B., and J. Mallet. 2021. “Prevalence and Adaptive Impact of
Introgression.” Annual Review of Genetics 55: 265-283. https://doi.org/
10.1146/annurev-genet-021821-020805.

Excoffier, L., and H. E. L. Lischer. 2010. “Arlequin Suite ver 3.5: A New
Series of Programs to Perform Population Genetics Analyses Under
Linux and Windows.” Molecular Ecology Resources 10: 564-567. https://
doi.org/10.1111/j.1755-0998.2010.02847.x.

Fall, M., A. Cervantes, F. N. Sow, et al. 2018. “Rapport de la Réunion
Annuelle du Comité Scientifique Conjoint Relatif & I'Accord de péche
Signé Entre la République du Sénégal et 1'Union européenne. In
Rapports des Comités Scientifiques Conjoints.”

FAO. 2020. “Report of the FAO/CECAF Working Group on the
Assessment of Demersal Resources-Subgroup North Nouakchott,
Mauritania, 2-10 December 2019/Rapport du Groupe de Travail FAO/

11 of 14

85U80| SUOWUIWOD SAIER1D 3|cedl|dde aus Ag pausenof are sappie YO 8N Jo sajni oy Areiqiauliuo A8|1m Uo (SUoRIpuod-pue-SLLRILI0Y" A8 | 1M AR 1[BU1IUO//SONY) SUORIPUOD PUe SWS L BU1 885 *[G202/20/€0] U0 ARiq1Tauliuo A3|1Mm ‘eneby od apepsieAiun AQ 759, T-08W/TTTT OT/I0P/WOd A3 | 1M AReiq 1 puluo//Sdiy WOy papeojuMoq ‘v ‘SZ0Z ‘XY6ZS9ET


http://www.ncbi.nlm.nih.gov/bioproject/
https://doi.org/10.1111/j.1420-9101.2012.02599.x
https://doi.org/10.1111/j.1420-9101.2012.02599.x
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1093/genetics/160.3.1217
https://doi.org/10.1046/j.1365-294X.2001.01216.x
https://doi.org/10.1111/ecog.04864
https://doi.org/10.3389/fmars.2022.841667
https://doi.org/10.3389/fmars.2022.841667
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.fishres.2019.105397
https://doi.org/10.1016/j.fishres.2019.105397
https://doi.org/10.1111/mec.13497
https://doi.org/10.1007/s00239-009-9207-8
https://doi.org/10.1007/s00239-009-9207-8
https://doi.org/10.1016/j.gene.2007.09.008
https://doi.org/10.1016/j.gene.2007.09.008
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.14820
https://doi.org/10.1139/F08-048
https://doi.org/10.1139/F08-048
https://doi.org/10.1371/journal.pone.0160678
https://doi.org/10.1371/journal.pone.0160678
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1111/eva.12639
https://doi.org/10.1111/eva.12639
https://doi.org/10.1146/annurev-genet-021821-020805
https://doi.org/10.1146/annurev-genet-021821-020805
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x

COPACE Sur 1'évaluation Des Ressources Démersales—Sous-Groupe
Nord Nouakchott, M. FAO.” https://doi.org/10.4060/cb1539b.

FAO. 2022. The State of World Fisheries and Aquaculture 2022. Rome:
Towards Blue Transformation.

Faust, E., E.Jansson, C. André, et al. 2021. “Not That Clean: Aquaculture-
Mediated Translocation of Cleaner Fish has Led to Hybridization on
the Northern Edge of the Species’' Range.” Evolutionary Applications 14:
1572-1587. https://doi.org/10.1111/eva.13220.

Fernandez-Peralta, L., L. F. Quintanilla, and J. Rey. 2017. “Overlapping
Distribution of Two Sympatric Species: The Case of Black Hakes,
Merluccius polli Cadenat 1960 and Merluccius senegalensis Cadenat
1960, off Mauritania.” In Deep-Sea Ecosystems off Mauritania:
Research of Marine Biodiversity and Habitats in the Northwest African
Margin, 241-275. Dordrecht: Springer. https://doi.org/10.1007/
978-94-024-1023-5.

Fernandez-Peralta, L., F. Salmerdn, J. Rey, M. A. Puerto, and R. Garcia-
Cancela. 2011. “Reproductive Biology of Black Hakes (Merluccius Polli
and M. senegalensis) Off Mauritania.” Ciencias Marinas 37, no. 4B: 527-
546. https://doi.org/10.7773/cm.v37i4B.1841.

Fincham, J. I., A. D. Rijnsdorp, and G. H. Engelhard. 2013. “Shifts in
the Timing of Spawning in Sole Linked to Warming Sea Temperatures.”
Journal of Sea Research 75: 69-76. https://doi.org/10.1016/j.seares.2012.
07.004.

Foll, M., and O. Gaggiotti. 2008. “A Genome-Scan Method to Identify
Selected Loci Appropriate for Both Dominant and Codominant
Markers: A Bayesian Perspective.” Genetics 180, no. 2: 977-993. https://
doi.org/10.1534/genetics.108.092221.

Fristoe, T. S., B. Vilela, J. H. Brown, and C. A. Botero. 2023. “Abundant-
Core Thinking Clarifies Exceptions to the Abundant-Center
Distribution Pattern.” Ecography 2: e06365. https://doi.org/10.1111/
ecog.06365.

Froese, R., and D. Pauly. 2021. “FishBase.” www.fishbase.org.

Garcia-De Ledn, F. J., C. Galvan-Tirado, L. Sanchez Velasco, et al. 2018.
“Role of Oceanography in Shaping the Genetic Structure in the North
Pacific Hake Merluccius productus.” PLoS One 13, no. 3: e0194646.
https://doi.org/10.1371/journal.pone.0194646.

Garcia-Vazquez, E., G. Machado-Schiaffino, D. Campo, and F. Juanes.
2012. “Species Misidentification in Mixed Hake Fisheries May Lead to
Overexploitation and Population Bottlenecks.” Fisheries Research 114:
52-55. https://doi.org/10.1016/j.fishres.2011.05.012.

Goethel, D. R., A. M. Berger, and S. X. Cadrin. 2023. “Spatial Awareness:
Good Practices and Pragmatic Recommendations for Developing
Spatially Structured Stock Assessments.” Fisheries Research 264:
106703. https://doi.org/10.1016/j.fishres.2023.106703.

Gompert, Z., and C. A. Buerkle. 2012. “Introgress: Methods for
Analyzing Introgression Between Divergent Lineages. (v 1.2.3).”

Gonzdlez-Lorenzo, J. G., R. Triay-Portella, J. F. Gonzdlez-Jiménez, P.
Martin-Sosa, S. Jiménez, and J. A. Gonzalez. 2020. “Merluccius Polli
and M. senegalensis (Merlucciidae) as First Records From the Canary
Islands (North-Eastern Atlantic), With Morphology Data.” Cybium 44,
no. 1: 57-60. https://doi.org/10.26028/cybium/2020-441-007.

Goudet, J., and T. Jombart. 2022. “Hierfstat: Estimation and Tests of
Hierarchical F-Statistics (R Package Version 0.5-11).” https://cran.r-
project.org/package=hierfstat.

Grabowski, T. B., V. Thorsteinsson, B.J. McAdam, and G. Marteinsdottir.
2011. “Evidence of Segregated Spawning in a Single Marine Fish Stock:
Sympatric Divergence of Ecotypes in Icelandic Cod?” PLoS One 6, no. 3:
€17528. https://doi.org/10.1371/journal.pone.0017528.

Gregory, B., L. Christophe, and E. Martin. 2009. “Rapid Biogeographical
Plankton Shifts in the North Atlantic Ocean.” Global Change Biology 15:
1790-1803. https://doi.org/10.1111/j.1365-2486.2009.01848.x.

Hammer, @., D. A. T. Harper, and P. D. Ryan. 2001. “PAST:
Paleontological Statistics Software Package for Education and Data
Analysis.” Palaeontologia Electronica 4, no. 1: 1-9.

Hastings, R. A., L. A. Rutterford, J. J. Freer, R. A. Collins, S. D. Simpson,
and M. J. Genner. 2020. “Climate Change Drives Poleward Increases
and Equatorward Declines in Marine Species.” Current Biology 30:
1572-1577. https://doi.org/10.1016/j.cub.2020.02.043.

Hauser, L., and G. R. Carvalho. 2008. “Paradigm Shifts in Marine
Fisheries Genetics: Ugly Hypotheses Slain by Beautiful Facts.” Fish and
Fisheries 9: 333-362. https://doi.org/10.1111/j.1467-2979.2008.00299.x.

Healey, A. J. E., M. W. Farthing, F. K. E. Nunoo, et al. 2020. “Genetic
Analysis Provides Insights Into Species Distribution and Population
Structure in East Atlantic Horse Mackerel (Trachurus trachurus and T.
capensis).” Journal of Fish Biology 96: 795-805. https://doi.org/10.1111/
jfb.14276.

Hedrick, P. W. 2013. “Adaptive Introgression in Animals: Examples
and Comparison to New Mutation and Standing Variation as Sources of
Adaptive Variation.” Molecular Ecology 22: 4606-4618. https://doi.org/
10.1111/mec.12415.

Hickling, R., D. B. Roy, J. K. Hill, R. Fox, and C. D. Thomas. 2006. “The
Distributions of a Wide Range of Taxonomic Groups Are Expanding
Polewards.” Global Change Biology 12: 450-455. https://doi.org/10.
1111/j.1365-2486.2006.01116.x.

Jansen, T., and H. Gislason. 2011. “Temperature Affects the Timing
of Spawning and Migration of North Sea Mackerel.” Continental Shelf
Research 31: 64-72. https://doi.org/10.1016/j.csr.2010.11.003.

Jombart, T. 2008. “Adegenet: A R Package for the Multivariate Analysis
of Genetic Markers.” Bioinformatics 24, no. 11: 1403-1405. https://doi.
org/10.1093/bioinformatics/btn129.

Kamvar, Z. N., J. F. Tabima, and N. J. Griinwald. 2014. “Poppr: An R
Package for Genetic Analysis of Populations With Clonal, Partially
Clonal, and/or Sexual Reproduction.” PeerJ 2: e281. https://doi.org/10.
7717/peerj.281.

Kautt, A. F., G. Machado-Schiaffino, and A. Meyer. 2016. “Multispecies
Outcomes of Sympatric Speciation After Admixture With the Source
Population in Two Radiations of Nicaraguan Crater Lake Cichlids.”
PLoS Genetics 12, no. 6: 1-33. https://doi.org/10.1371/journal.pgen.
1006157.

Keenan, K., P. Mcginnity, T. F. Cross, W. W. Crozier, and P. A. Prodchl.
2013. “DiveRsity: An R Package for the Estimation and Exploration of
Population Genetics Parameters and Their Associated Errors.” Methods
in Ecology and Evolution 4: 782-788. https://doi.org/10.1111/2041-210X.
12067.

Kersten, O., B. Star, A. K. Krabberod, et al. 2023. “Hybridization of
Atlantic Puffins in the Arctic Coincides With 20th-Century Climate
Change.” Science Advances 9, no. 40: 1-14. https://doi.org/10.1126/
sciadv.adh1407.

Knutsen, H., P. E. Jorde, H. SannA&s, et al. 2009. “Bathymetric Barriers
Promoting Genetic Structure in the Deepwater Demersal Fish Tusk
(Brosme brosme).” Molecular Ecology 18: 3151-3162. https://doi.org/10.
1111/j.1365-294X.2009.04253.x.

Lepais, O., R. J. Petit, E. Guichoux, et al. 2009. “Species
Relative Abundance and Direction of Introgression in Oaks.”
Molecular Ecology 18: 2228-2242. https://doi.org/10.1111/j.1365-294X.
2009.04137.x.

Lepais, O., and J. Weir. 2016. “SimRAD: Simulations to Predict the
Number of RAD and GBS Loci. R Package Version 0.96.”

Li, C., S. Ohadi, and M. B. Mesgaran. 2021. “Asymmetry in Fitness-
Related Traits of Later-Generation Hybrids Between Two Invasive
Species.” American Journal of Botany 108, no. 1: 51-62. https://doi.org/
10.1002/ajb2.1583.

12 of 14

Molecular Ecology, 2025

85U80| SUOWUIWOD SAIER1D 3|cedl|dde aus Ag pausenof are sappie YO 8N Jo sajni oy Areiqiauliuo A8|1m Uo (SUoRIpuod-pue-SLLRILI0Y" A8 | 1M AR 1[BU1IUO//SONY) SUORIPUOD PUe SWS L BU1 885 *[G202/20/€0] U0 ARiq1Tauliuo A3|1Mm ‘eneby od apepsieAiun AQ 759, T-08W/TTTT OT/I0P/WOd A3 | 1M AReiq 1 puluo//Sdiy WOy papeojuMoq ‘v ‘SZ0Z ‘XY6ZS9ET


https://doi.org/10.4060/cb1539b
https://doi.org/10.1111/eva.13220
https://doi.org/10.1007/978-94-024-1023-5
https://doi.org/10.1007/978-94-024-1023-5
https://doi.org/10.7773/cm.v37i4B.1841
https://doi.org/10.1016/j.seares.2012.07.004
https://doi.org/10.1016/j.seares.2012.07.004
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1111/ecog.06365
https://doi.org/10.1111/ecog.06365
http://www.fishbase.org
https://doi.org/10.1371/journal.pone.0194646
https://doi.org/10.1016/j.fishres.2011.05.012
https://doi.org/10.1016/j.fishres.2023.106703
https://doi.org/10.26028/cybium/2020-441-007
https://cran.r-project.org/package=hierfstat
https://cran.r-project.org/package=hierfstat
https://doi.org/10.1371/journal.pone.0017528
https://doi.org/10.1111/j.1365-2486.2009.01848.x
https://doi.org/10.1016/j.cub.2020.02.043
https://doi.org/10.1111/j.1467-2979.2008.00299.x
https://doi.org/10.1111/jfb.14276
https://doi.org/10.1111/jfb.14276
https://doi.org/10.1111/mec.12415
https://doi.org/10.1111/mec.12415
https://doi.org/10.1111/j.1365-2486.2006.01116.x
https://doi.org/10.1111/j.1365-2486.2006.01116.x
https://doi.org/10.1016/j.csr.2010.11.003
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.7717/peerj.281
https://doi.org/10.7717/peerj.281
https://doi.org/10.1371/journal.pgen.1006157
https://doi.org/10.1371/journal.pgen.1006157
https://doi.org/10.1111/2041-210X.12067
https://doi.org/10.1111/2041-210X.12067
https://doi.org/10.1126/sciadv.adh1407
https://doi.org/10.1126/sciadv.adh1407
https://doi.org/10.1111/j.1365-294X.2009.04253.x
https://doi.org/10.1111/j.1365-294X.2009.04253.x
https://doi.org/10.1111/j.1365-294X.2009.04137.x
https://doi.org/10.1111/j.1365-294X.2009.04137.x
https://doi.org/10.1002/ajb2.1583
https://doi.org/10.1002/ajb2.1583

Li, H., and R. Durbin. 2009. “Fast and Accurate Short Read Alignment
With Burrows-Wheeler Transform.” Bioinformatics 25, no. 14: 1754-
1760. https://doi.org/10.1093/bioinformatics/btp324.

Li, Y. L., and J. X. Liu. 2018. “StructureSelector: A Web-Based Software
to Select and Visualize the Optimal Number of Clusters Using Multiple
Methods.” Molecular Ecology Resources 18: 176-177. https://doi.org/10.
1111/1755-0998.12719.

Lloris, D., J. Matallanas, and P. Oliver. 2003. “Merluzas del Mundo
(Familia Merlucciidae). Catalogo Comentado e ilustrado de las merlu-
zas conocidas.” FAO Catalogo de Especies Para Los Fines de La Pesca
2:57.

Lloris, D., J. Matallanas, and P. Oliver. 2005. “Hakes of the World
(Family Merlucciidae). An Annotated and Illustrated Catalogue of
Hake Species Known to Date.” In FAO Species Catalogue for Fishery
Purposes no.2. Rome: FAO.

Longo, G. C., M. A. Head, S. L. Parker-Stetter, et al. 2024. “Population
Genomics of Coastal Pacific Hake.” North American Journal of Fisheries
Management 44: 222-234. https://doi.org/10.1002/nafm.10969.

Lépez Abellan, L. J., and J. Ariz Telleria. 1993. “Aspectos Generales
de la Distribucion y Bologia de las Especies del Genero Merluccius
Rafinesque, 1810, en Aguas de Senegal y Gambia (16°00’ N-12°25'N).”
Boletin del Instituto Espanol de Oceanografia 9, no. 1: 101-121.

Lowry, D. B., S. Hoban, J. L. Kelley, et al. 2017. “Breaking RAD: An
Evaluation of the Utility of Restriction Site-Associated DNA Sequencing
for Genome Scans of Adaptation.” Molecular Ecology Resources 17: 142~
152. https://doi.org/10.1111/1755-0998.12635.

Machado-Schiaffino, G., D. Campo, and E. Garcia-Vazquez. 2009.
“Strong Genetic Differentiation of the Austral Hake (Merluccius austra-
lis) Across the Species Range.” Molecular Phylogenetics and Evolution
53:351-356. https://doi.org/10.1016/j.ympev.2009.02.017.

Machado-Schiaffino, G., F. Juanes, and E. Garcia-Vazquez. 2010.
“Introgressive Hybridization in North American Hakes After Secondary
Contact.” Molecular Phylogenetics and Evolution 55: 552-558. https://
doi.org/10.1016/j.ympev.2010.01.034.

Machado-Schiaffino, G., F. Juanes, and E. Garcia-Vazquez. 2011.
“Identifying Unique Populations in Long-Dispersal Marine Species:
Gulfs as Priority Conservation Areas.” Biological Conservation 144, no.
1: 330-338. https://doi.org/10.1016/j.biocon.2010.09.010.

Maire, A., E. Thierry, W. Viechtbauer, and M. Daufresne. 2019.
“Poleward Shift in Large-River Fish Communities Detected With a
Novel Meta-Analysis Framework.” Freshwater Biology 64, no. 6: 1143-
1156. https://doi.org/10.1111/fwb.13291.

Manchih, K., L. F. Peralta, J. Bensbai, A. Najd, and M. Bekkali. 2018.
“Distribution of Black Hakes Merluccius Senegalensis and Merluccius
polli Along the Moroccan Atlantic Coast.” AACL Bioflux 11, no. 1:
245-258.

Mateo, J. L., C. Blanco-Fernandez, E. Garcia-Vazquez, and G.
Machado-Schiaffino. 2023. “A New Merluccius polli Reference Genome
to Investigate the Effects of Global Change in West African Waters.”
Frontiers in Marine Science 10: 1-8. https://doi.org/10.3389/fmars.2023.
1111107.

Mckelvey, K. S., M. K. Young, T. M. Wilcox, D. M. Bingham, K. L.
Pilgrim, and M. K. Schwartz. 2016. “Patterns of Hybridization Among
Cutthroat Trout and Rainbow Trout in Northern Rocky Mountain
Streams.” Ecology and Evolution 6, no. 3: 688-706. https://doi.org/10.
1002/ece3.1887.

Meier, J. 1., D. A. Marques, S. Mwaiko, C. E. Wagner, L. Excoffier, and
O. Seehausen. 2017. “Ancient Hybridization Fuels Rapid Cichlid Fish
Adaptive Radiations.” Nature Communications 8: 1-11. https://doi.org/
10.1038/ncomms14363.

Meiners, C., L. Fernandez, F. Salmeron, and A. Ramos. 2010. “Climate
Variability and Fisheries of Black Hakes (Merluccius Polli and

Merluccius senegalensis) in NW Africa: A First Approach.” Journal of
Marine Systems 80, no. 3—-4: 243-247. https://doi.org/10.1016/j.jmarsys.
2009.10.013.

Milano, I., M. Babbucci, A. Cariani, et al. 2014. “Outlier SNP Markers
Reveal Fine-Scale Genetic Structuring Across European Hake
Populations (Merluccius merluccius).” Molecular Ecology 23: 118-135.
https://doi.org/10.1111/mec.12568.

Miralles, A., J. Secondi, M. Pabijan, W. Babik, C. Lemaire, and P. A.
Crochet. 2023. “Inconsistent Estimates of Hybridization Frequency in
Newts Revealed by SNPs and Microsatellites.” Conservation Genetics
25: 215-225. https://doi.org/10.1007/s10592-023-01556-9.

Miralles, L., G. Machado-Schiaffino, and E. Garcia-Vazquez. 2014.
“Genetic Markers Reveal a Gradient of Hybridization Between Cape
Hakes (Merluccius Capensis and Merluccius paradoxus) in Their
Sympatric Geographic Distribution.” Journal of Sea Research 86: 69-75.
https://doi.org/10.1016/j.seares.2013.11.009.

Moran, B. M., C. Payne, Q. Langdon, D. L. Powell, Y. Brandvain, and M.
Schumer. 2021. “The Genomic Consequences of Hybridization.” ELife
10: 1-33. https://doi.org/10.7554/ELIFE.69016.

Morgan, M. J., P. J. Wright, and R. M. Rideout. 2013. “Effect of Age
and Temperature on Spawning Time in Two Gadoid Species.” Fisheries
Research 138: 42-51. https://doi.org/10.1016/j.fishres.2012.02.019.

Pérez, M., M. Ferndndez-Miguez, J. Matallanas, D. Lloris, and P. Presa.
2021. “Phylogenetic Prospecting for Cryptic Species of the Genus
Merluccius (Actinopterygii: Merlucciidae).” Scientific Reports 11, no. 1:
1-17. https://doi.org/10.1038/s41598-021-85008-9.

Perry, A. L., P. J. Low, J. R. Ellis, and J. D. Reynolds. 2005. “Ecology:
Climate Change and Distribution Shifts in Marine Fishes.” Science 308:
1912-1915. https://doi.org/10.1126/science.1111322.

Peterson, B. K., J. N. Weber, E. H. Kay, H. S. Fisher, and H. E. Hoekstra.
2012. “Double Digest RADseq: An Inexpensive Method for De Novo SNP
Discovery and Genotyping in Model and Non-Model Species.” PLoS One
7, no. 5: e37135. https://doi.org/10.1371/journal.pone.0037135.

Piertney, S. B., M. Wenzel, and A. J. Jamieson. 2023. “Large Effective
Population Size Masks Population Genetic Structure in Hirondellea
Amphipods Within the Deepest Marine Ecosystem, the Mariana
Trench.” Molecular Ecology 32: 2206-2218. https://doi.org/10.1111/mec.
16887.

Pinsky, M. L., R. L. Selden, Z. J. Kitchel, et al. 2020. “Climate-
Driven Shifts in Marine Species Ranges: Scaling From Organisms to
Communities.” Annual Review of Marine Science 12: 153-179. https://
doi.org/10.1146/annurev-marine-010419-010916.

Pitcher, T. J., and J. Alheit. 1995. “What Makes a Hake? A Review of
the Critical Biological Features That Sustain Global Hake Fisheries.”
In Hake: Biology, Fisheries and Markets, edited by J. Alheit and T. J.
Pitcher, 1-14. Springer, Dordrecht: Chapman & Hall.

Planque, B., J. M. Fromentin, P. Cury, et al. 2010. “How Does Fishing
Alter Marine Populations and Ecosystems Sensitivity to Climate?”
Journal of Marine Systems 79: 403-417. https://doi.org/10.1016/j.jmars
ys.2008.12.018.

Poloczanska, E. S., C. J. Brown, W. J. Sydeman, et al. 2013. “Global
Imprint of Climate Change on Marine Life.” Nature Climate Change 3,
no. 10: 919-925. https://doi.org/10.1038/nclimate1958.

Puechmaille, S. J. 2016. “The Program Structure Does Not Reliably
Recover the Correct Population Structure When Sampling Is Uneven:
Subsampling and New Estimators Alleviate the Problem.” Molecular
Ecology Resources 16: 608-627. https://doi.org/10.1111/1755-0998.
12512.

Oke, T. A., D. Stralberg, D. G. Reid, et al. 2023. “Warming Drives
Poleward Range Contractions of Beringian Endemic Plant Species at
High Latitudes.” Diversity and Distributions 29: 509-523. https://doi.
org/10.1111/ddi.13674.

13 of 14

85U80| SUOWUIWOD SAIER1D 3|cedl|dde aus Ag pausenof are sappie YO 8N Jo sajni oy Areiqiauliuo A8|1m Uo (SUoRIpuod-pue-SLLRILI0Y" A8 | 1M AR 1[BU1IUO//SONY) SUORIPUOD PUe SWS L BU1 885 *[G202/20/€0] U0 ARiq1Tauliuo A3|1Mm ‘eneby od apepsieAiun AQ 759, T-08W/TTTT OT/I0P/WOd A3 | 1M AReiq 1 puluo//Sdiy WOy papeojuMoq ‘v ‘SZ0Z ‘XY6ZS9ET


https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1111/1755-0998.12719
https://doi.org/10.1111/1755-0998.12719
https://doi.org/10.1002/nafm.10969
https://doi.org/10.1111/1755-0998.12635
https://doi.org/10.1016/j.ympev.2009.02.017
https://doi.org/10.1016/j.ympev.2010.01.034
https://doi.org/10.1016/j.ympev.2010.01.034
https://doi.org/10.1016/j.biocon.2010.09.010
https://doi.org/10.1111/fwb.13291
https://doi.org/10.3389/fmars.2023.1111107
https://doi.org/10.3389/fmars.2023.1111107
https://doi.org/10.1002/ece3.1887
https://doi.org/10.1002/ece3.1887
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1016/j.jmarsys.2009.10.013
https://doi.org/10.1016/j.jmarsys.2009.10.013
https://doi.org/10.1111/mec.12568
https://doi.org/10.1007/s10592-023-01556-9
https://doi.org/10.1016/j.seares.2013.11.009
https://doi.org/10.7554/ELIFE.69016
https://doi.org/10.1016/j.fishres.2012.02.019
https://doi.org/10.1038/s41598-021-85008-9
https://doi.org/10.1126/science.1111322
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1111/mec.16887
https://doi.org/10.1111/mec.16887
https://doi.org/10.1146/annurev-marine-010419-010916
https://doi.org/10.1146/annurev-marine-010419-010916
https://doi.org/10.1016/j.jmarsys.2008.12.018
https://doi.org/10.1016/j.jmarsys.2008.12.018
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1111/1755-0998.12512
https://doi.org/10.1111/1755-0998.12512
https://doi.org/10.1111/ddi.13674
https://doi.org/10.1111/ddi.13674

Quinteiro, J., R. Vidal, and M. Rey-Méndez. 2000. “Phylogeny and
Biogeographic History of Hake (Genus Merluccius), Inferred From
Mitochondrial DNA Control-Region Sequences.” Marine Biology 136:
163-174. https://doi.org/10.1007/s002270050019.

Qvarnstrom, A., T. Veen, A. Husby, M. Alund, and F. I. Weissing.
2023. “Assortative Mating in an Ecological Context: Effects of Mate
Choice Errors and Relative Species Abundance on the Frequency and
Asymmetry of Hybridization.” American Naturalist 201, no. 1: 125-137.
https://doi.org/10.1086/722156.

R Core Team. 2021. “A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria
“4.1.1)”

Recknagel, H., A. Jacobs, P. Herzyk, and K. R. Elmer. 2015. “Double-
Digest RAD Sequencing Using Ion Proton Semiconductor Platform
(ddRADseq-Ion) With Nonmodel Organisms.” Molecular Ecology
Resources 15: 1316-1329. https://doi.org/10.1111/1755-0998.12406.

Rohde, K., Y. Hau, J. Weyer, and A. Hochkirch. 2015. “Wide Prevalence
of Hybridization in Two Sympatric Grasshopper Species May Be Shaped
by Their Relative Abundances.” BMC Evolutionary Biology 15, no. 1:
1-14. https://doi.org/10.1186/512862-015-0460-8.

Roldan, M. 1., J. L. Garcia-Marin, F. M. Utter, and C. Pla. 1999. “Genetic
Relationships Among Merluccius Species.” Heredity 83: 79-86. https://
doi.org/10.1038/sj.hdy.6885300.

Sandstrom, O., I. Abrahamsson, J. Andersson, and M. Vetemaa. 1997.
“Temperature Effects on Spawning and Egg Development in Eurasian
Perch.” Journal of Fish Biology 51: 1015-1024. https://doi.org/10.1006/
jfbi.1997.0506.

Salmenkova, E. A. 2011. “New View on the Population Genetic Structure
of Marine Fish.” Russian Journal of Genetics 47: 1279-1287. https://doi.
org/10.1134/S1022795411110159.

Seehausen, O. 2004. “Hybridization and Adaptive Radiation.” Trends
in Ecology & Evolution 19, no. 4: 198-207. https://doi.org/10.1016/j.tree.
2004.01.003.

Seehausen, O., G. Takimoto, D. Roy, and J. Jokela. 2008. “Speciation
Reversal and Biodiversity Dynamics With Hybridization in Changing
Environments.” Molecular Ecology 17: 30-44. https://doi.org/10.1111/j.
1365-294X.2007.03529.x.

Stefansson, M. O.,J. Reinert, O. Sigurosson, K. Kristinsson, K. Nedreaas,
and C. Pampoulie. 2009. “Depth as a Potential Driver of Genetic
Structure of Sebastes mentella Across the North Atlantic Ocean.” ICES
Journal of Marine Science 66: 680-690. https://doi.org/10.1093/icesjms/
fsp059.

Szatmari, L., T. Cserkész, L. Laczko, et al. 2021. “A Comparison of
Microsatellites and Genome-Wide SNPs for the Detection of Admixture
Brings the First Molecular Evidence for Hybridization Between Mustela
eversmanii and M. putorius (Mustelidae, Carnivora).” Evolutionary
Applications 14: 2286-2304. https://doi.org/10.1111/eva.13291.

Taylor, S. A., E. L. Larson, and R. G. Harrison. 2015. “Hybrid Zones:
Windows on Climate Change.” Trends in Ecology & Evolution 30, no. 7:
398-406. https://doi.org/10.1016/j.tree.2015.04.010.

Upadhyay, M., E. Kunz, E. Sandoval-Castellanos, et al. 2021. “Whole
Genome Sequencing Reveals a Complex Introgression History and the
Basis of Adaptation to Subarctic Climate in Wild Sheep.” Molecular
Ecology 30: 6701-6717. https://doi.org/10.1111/mec.16184.

Wang, K., J. A. Lenstra, L. Liu, et al. 2018. “Incomplete Lineage Sorting
Rather Than Hybridization Explains the Inconsistent Phylogeny of the
Wisent.” Communications Biology 1: 1-9. https://doi.org/10.1038/s4200
3-018-0176-6.

Ward, P., and R. A. Myers. 2005. “Inferring the Depth Distribution of
Catchability for Pelagic Fishes and Correcting for Variations in the
Depth of Longline Fishing Gear.” Canadian Journal of Fisheries and
Aquatic Sciences 62: 1130-1142. https://doi.org/10.1139/f05-021.

Warren, R. J., L. D. Chick, B. DeMarco, et al. 2016. “Climate-Driven
Range Shift Prompts Species Replacement.” Insectes Sociaux 63: 593
601. https://doi.org/10.1007/s00040-016-0504-0.

Waples, R. S., A. E. Punt, and J. M. Cope. 2008. “Integrating Genetic
Data Into Management of Marine Resources: How Can We Do It
Better?” Fish and Fisheries 9: 423-449. https://doi.org/10.1111/j.1467-
2979.2008.00303.x.

Westgaard, J. I., A. Staby, J. Aanestad Godiksen, et al. 2017. “Large and
Fine Scale Population Structure in European Hake (Merluccius merluc-
cius) in the Northeast Atlantic.” ICES Journal of Marine Science 74, no.
5:1300-1310. https://doi.org/10.1093/icesjms/fsw249.

Willi, Y., P. Griffin, and J. Van Buskirk. 2013. “Drift Load in Populations
of Small Size and Low Density.” Heredity 110: 296-302. https://doi.org/
10.1038/hdy.2012.86.

While, G. M., S. Michaelides, R. J. P. Heathcote, et al. 2015. “Sexual
Selection Drives Asymmetric Introgression in Wall Lizards.” Ecology
Letters 18: 1366-1375. https://doi.org/10.1111/ele.12531.

Zimmerman, S. J., C. L. Aldridge, and S. J. Oyler-Mccance. 2020.
“An Empirical Comparison of Population Genetic Analyses Using
Microsatellite and SNP Data for a Species of Conservation Concern.”
BMC Genomics 21, no. 1: 1-16. https://doi.org/10.1186/s12864-020-
06783-9.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

14 of 14

Molecular Ecology, 2025

85U80| SUOWUIWOD SAIER1D 3|cedl|dde aus Ag pausenof are sappie YO 8N Jo sajni oy Areiqiauliuo A8|1m Uo (SUoRIpuod-pue-SLLRILI0Y" A8 | 1M AR 1[BU1IUO//SONY) SUORIPUOD PUe SWS L BU1 885 *[G202/20/€0] U0 ARiq1Tauliuo A3|1Mm ‘eneby od apepsieAiun AQ 759, T-08W/TTTT OT/I0P/WOd A3 | 1M AReiq 1 puluo//Sdiy WOy papeojuMoq ‘v ‘SZ0Z ‘XY6ZS9ET


https://doi.org/10.1007/s002270050019
https://doi.org/10.1086/722156
https://doi.org/10.1111/1755-0998.12406
https://doi.org/10.1186/s12862-015-0460-8
https://doi.org/10.1038/sj.hdy.6885300
https://doi.org/10.1038/sj.hdy.6885300
https://doi.org/10.1006/jfbi.1997.0506
https://doi.org/10.1006/jfbi.1997.0506
https://doi.org/10.1134/S1022795411110159
https://doi.org/10.1134/S1022795411110159
https://doi.org/10.1016/j.tree.2004.01.003
https://doi.org/10.1016/j.tree.2004.01.003
https://doi.org/10.1111/j.1365-294X.2007.03529.x
https://doi.org/10.1111/j.1365-294X.2007.03529.x
https://doi.org/10.1093/icesjms/fsp059
https://doi.org/10.1093/icesjms/fsp059
https://doi.org/10.1111/eva.13291
https://doi.org/10.1016/j.tree.2015.04.010
https://doi.org/10.1111/mec.16184
https://doi.org/10.1038/s42003-018-0176-6
https://doi.org/10.1038/s42003-018-0176-6
https://doi.org/10.1139/f05-021
https://doi.org/10.1007/s00040-016-0504-0
https://doi.org/10.1111/j.1467-2979.2008.00303.x
https://doi.org/10.1111/j.1467-2979.2008.00303.x
https://doi.org/10.1093/icesjms/fsw249
https://doi.org/10.1038/hdy.2012.86
https://doi.org/10.1038/hdy.2012.86
https://doi.org/10.1111/ele.12531
https://doi.org/10.1186/s12864-020-06783-9
https://doi.org/10.1186/s12864-020-06783-9

	Hybridization and Introgression in Black Hakes (Merluccius polli and M. senegalensis): Evolutionary Dynamics and Conservation Implications in the Contact Zone Exploited by Multi-Species Fisheries
	ABSTRACT
	1   |   Introduction
	2   |   Material & Methods
	2.1   |   Sampling
	2.2   |   Library Preparation
	2.3   |   Data Filtering and SNP Calling
	2.4   |   Inter-Species Genetic Differentiation and Hybrids Assessment
	2.5   |   Within-Species Characterisation of Populations

	3   |   Results
	3.1   |   Data Analysis and SNPs Filtering
	3.2   |   Inter-Species Genetic Differentiation and Hybrid Detection
	3.3   |   Intra-Species Genetic Differentiation
	3.3.1   |   Merluccius senegalensis
	3.3.2   |   Merluccius polli
	3.3.3   |   Inferred Factors Contributing to M. polli Cluster Differentiation


	4   |   Discussion
	4.1   |   Hybridization Between Black Hake Species
	4.2   |   Implications of the Different Pattern of Genetic Structuring in Black Hakes

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


